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The International Energy Agency (IEA) was established in 1974 within the framework of the Organisation for Economic Co-operation
and Development (OECD) to implement an international energy programme. A basic aim of the IEA is to foster international co-
operation among the 30 IEA participating countries and to increase energy security through energy research, development and
demonstration in the fields of technologies for energy efficiency and renewable energy sources.

The IEA co-ordinates international energy research and development (R&D) activities through a comprehensive portfolio of
Technology Collaboration Programmes (TCPs). The mission of the IEA Energy in Buildings and Communities (IEA EBC) TCP is to
support the acceleration of the transformation of the built environment towards more energy efficient and sustainable buildings and
communities, by the development and dissemination of knowledge, technologies and processes and other solutions through
international collaborative research and open innovation. (Until 2013, the IEA EBC Programme was known as the |IEA Energy
Conservation in Buildings and Community Systems Programme, ECBCS.)

The high priority research themes in the EBC Strategic Plan 2019-2024 are based on research drivers, national programmes within
the EBC participating countries, the Future Buildings Forum (FBF) Think Tank Workshop held in Singapore in October 2017 and a
Strategy Planning Workshop held at the EBC Executive Committee Meeting in November 2017. The research themes represent a
collective input of the Executive Committee members and Operating Agents to exploit technological and other opportunities to save
energy in the buildings sector, and to remove technical obstacles to market penetration of new energy technologies, systems and
processes. Future EBC collaborative research and innovation work should have its focus on these themes.

At the Strategy Planning Workshop in 2017, some 40 research themes were developed. From those 40 themes, 10 themes of special
high priority have been extracted, taking into consideration a score that was given to each theme at the workshop. The 10 high priority
themes can be separated in two types namely 'Objectives' and 'Means'. These two groups are distinguished for a better understanding
of the different themes.

Objectives - The strategic objectives of the EBC TCP are as follows:

A reinforcing the technical and economic basis for refurbishment of existing buildings, including financing, engagement of
stakeholders and promotion of co-benefits;

A improvement of planning, construction and management processes to reduce the performance gap between design stage
assessments and real-world operation;

A the creation of 'low tech’, robust and affordable technologies;

A the further development of energy efficient cooling in hot and humid, or dry climates, avoiding mechanical cooling if possible;

A the creation of holistic solution sets for district level systems taking into account energy grids, overall performance, business
models, engagement of stakeholders, and transport energy system implications.

Means - The strategic objectives of the EBC TCP will be achieved by the means listed below:

A the creation of tools for supporting design and construction through operations and maintenance, including building energy
standards and life cycle analysis (LCA);

benefitting from 'living labs' to provide experience of and overcome barriers to adoption of energy efficiency measures;
improving smart control of building services technical installations, including occupant and operator interfaces;

addressing data issues in buildings, including non-intrusive and secure data collection;

the development of building information modelling (BIM) as a game changer, from design and construction through to operations
and maintenance.
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The themes in both groups can be the subject for new Annexes, but what distinguishes them is that the 'objectives' themes are final
goals or solutions (or part of) for an energy efficient built environment, while the 'means' themes are instruments or enablers to reach
such a goal. These themes are explained in more detail in the EBC Strategic Plan 2019-2024.

Overall control of the IEA EBC Programme is maintained by an Executive Committee, which not only monitors existing projects, but
also identifies new strategic areas in which collaborative efforts may be beneficial. As the Programme is based on a contract with the
IEA, the projects are legally established as Annexes to the IEA EBC Implementing Agreement. At the present time, the following
projects have been initiated by the IEA EBC Executive Committee, with completed projects identified by (*) and joint projects with the
| EA Sol ar Heating and Cooling Technology Coll aboration Progr amme

Annex 1: Load Energy Determination of Buildings (*)

Annex 2: Ekistics and Advanced Community Energy Systems (*)

Annex 3: Energy Conservation in Residential Buildings (*)

Annex 4: Glasgow Commercial Building Monitoring (*)

Annex 5: Air Infiltration and Ventilation Centre

Annex 6: Energy Systems and Design of Communities (*)

Annex 7: Local Government Energy Planning (*)

Annex 8: Inhabitants Behaviour with Regard to Ventilation (*)

Annex 9: Minimum Ventilation Rates (*)

Annex 10: Building HVAC System Simulation (*)

Annex 11: Energy Auditing (*)

Annex 12: Windows and Fenestration (*)

Annex 13: Energy Management in Hospitals (*)

Annex 14: Condensation and Energy (*)

Annex 15: Energy Efficiency in Schools (*)

Annex 16: BEMS 1- User Interfaces and System Integration (*)

Annex 17: BEMS 2- Evaluation and Emulation Techniques (*)

Annex 18: Demand Controlled Ventilation Systems (*)

Annex 19: Low Slope Roof Systems (*)

Annex 20: Air Flow Patterns within Buildings (*)

Annex 21: Thermal Modelling (*)

Annex 22: Energy Efficient Communities (*)

Annex 23: Multi Zone Air Flow Modelling (COMIS) (*)

Annex 24: Heat, Air and Moisture Transfer in Envelopes (*)

Annex 25: Real time HVAC Simulation (*)

Annex 26: Energy Efficient Ventilation of Large Enclosures (*)

Annex 27: Evaluation and Demonstration of Domestic Ventilation Systems (*)

Annex 28: Low Energy Cooling Systems (*)

Annex 29: p Daylight in Buildings (*)
Annex 30: Bringing Simulation to Application (*)

Annex 31: Energy-Related Environmental Impact of Buildings (*)

Annex 32: Integral Building Envelope Performance Assessment (*)

Annex 33: Advanced Local Energy Planning (*)

Annex 34: Computer-Aided Evaluation of HVAC System Performance (*)

Annex 35: Design of Energy Efficient Hybrid Ventilation (HYBVENT) (*)

Annex 36: Retrofitting of Educational Buildings (*)

Annex 37: Low Exergy Systems for Heating and Cooling of Buildings (LowEXx) (*)
Annex 38: p Solar Sustainable Housing (*)
Annex 39: High Performance Insulation Systems (*)

Annex 40: Building Commissioning to Improve Energy Performance (*)

Annex 41: Whole Building Heat, Air and Moisture Response (MOIST-ENG) (*)

Annex 42: The Simulation of Building-Integrated Fuel Cell and Other Cogeneration Systems (FC+COGEN-SIM) (*)
Annex 43: p Testing and Validation of Building Energy Simulation
Annex 44: Integrating Environmentally Responsive Elements in Buildings (*)

Annex 45: Energy Efficient Electric Lighting for Buildings (*)

Annex 46: Holistic Assessment Tool-kit on Energy Efficient Retrofit Measures for Government Buildings (EnERGO) (*)
Annex 47: Cost-Effective Commissioning for Existing and Low Energy Buildings (*)
Annex 48: Heat Pumping and Reversible Air Conditioning (*)

Annex 49: Low Exergy Systems for High Performance Buildings and Communities (*)
Annex 50: Prefabricated Systems for Low Energy Renovation of Residential Buildings (*)
Annex 51: Energy Efficient Communities (*)

Annex 52: p Towards Net Zero Energy Solar Buildings (*)
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Annex 54:
Annex 55:
Annex 56:
Annex 57:
Annex 58:
Annex 59:
Annex 60:
Annex 61:
Annex 62:
Annex 63:
Annex 64:
Annex 65:
Annex 66:
Annex 67:
Annex 68:
Annex 69:
Annex 70:
Annex 71:
Annex 72:
Annex 73:
Annex 74:
Annex 75:
Annex
Annex
Annex 78:
Annex 79:
Annex 80:
Annex 81:
Annex 82:
Annex 83:
Annex 84:
Annex 85:
Annex 86:
Annex 87:
Annex 88:
Annex 89:
Annex 90:
Annex 91:
Annex 92:
Annex 93:
Annex 94:
Annex 95:
Annex 96:
Annex 97:
Annex 98
Annex 99:

Total Energy Use in Buildings: Analysis and Evaluation Methods (*)
Integration of Micro-Generation and Related Energy Technologies in Buildings (*)
Reliability of Energy Efficient Building Retrofitting - Probability Assessment of Performance and Cost (RAP-RETRO) (*)
Cost Effective Energy and CO, Emissions Optimization in Building Renovation (*)
Evaluation of Embodied Energy and CO, Equivalent Emissions for Building Construction (*)
Reliable Building Energy Performance Characterisation Based on Full Scale Dynamic Measurements (*)
High Temperature Cooling and Low Temperature Heating in Buildings (*)
New Generation Computational Tools for Building and Community Energy Systems (*)
Business and Technical Concepts for Deep Energy Retrofit of Public Buildings (*)
Ventilative Cooling (*)
Implementation of Energy Strategies in Communities (*)
LowEx Communities - Optimised Performance of Energy Supply Systems with Exergy Principles (*)
Long-Term Performance of Super-Insulating Materials in Building Components and Systems (*)
Definition and Simulation of Occupant Behavior in Buildings (*)
Energy Flexible Buildings (*)
Indoor Air Quality Design and Control in Low Energy Residential Buildings (*)
Strategy and Practice of Adaptive Thermal Comfort in Low Energy Buildings
Energy Epidemiology: Analysis of Real Building Energy Use at Scale
Building Energy Performance Assessment Based on In-situ Measurements
Assessing Life Cycle Related Environmental Impacts Caused by Buildings
Towards Net Zero Energy Resilient Public Communities
Competition and Living Lab Platform
Cost-effective Building Renovation at District Level Combining Energy Efficiency and Renewables
76: p Deep Renovation of Historic Buil di,EmissionBowar ds

77: p Integrated Solutions for Daylight and Electric

Supplementing Ventilation with Gas-phase Air Cleaning, Implementation and Energy Implications
Occupant-Centric Building Design and Operation

Resilient Cooling

Data-Driven Smart Buildings

Energy Flexible Buildings Towards Resilient Low Carbon Energy Systems

Positive Energy Districts

Demand Management of Buildings in Thermal Networks

Indirect Evaporative Cooling

Energy Efficient Indoor Air Quality Management in Residential Buildings

Energy and Indoor Environmental Quality Performance of Personalised Environmental Control Systems
Evaluation and Demonstration of Actual Energy Efficiency of Heat Pump Systems in Buildings
Ways to Implement Net-zero Whole Life Carbon Buildings

Low Carbon, High Comfort Integrated Lighting (EBC Annex 90 / SHC Task 70)

Open BIM for Energy Efficient Buildings

Smart Materials for Energy-Efficient Heating, Cooling and IAQ Control in Residential Buildings
Energy Resilience of the Buildings in Remote Cold Regions

Validation and Verification of In-situ Building Energy Performance Measurement Techniques
Human-centric Building Design and Operation for a Changing Climate

Grid Integrated Control of Buildings

Sustainable Cooling in Cities

: Flexibilization and Optimization of Heat Pump Systems in Existing Buildings through Secondary-Side Digitalization

Air Cleaning for Sustainable and Resilient Buildings

Working Group - Energy Efficiency in Educational Buildings (*)

Working Group - Indicators of Energy Efficiency in Cold Climate Buildings (*)

Working Group - Annex 36 Extension: The Energy Concept Adviser (*)

Working Group - HVAC Energy Calculation Methodologies for Non-residential Buildings (*)
Working Group - Cities and Communities

Working Group - Building Energy Codes
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This report presents the main outcomes of Subtask

Subtask C focuses specifically on organising principles and impact assessment, offering a structured and
interdisciplinary framework for evaluating PEDs across the economic, environmental, and social dimensions
of sustainability. The report builds on an extensive literature review, methodological development, and case
study analysis, primarily drawing from the European context where PED initiatives have been most actively
tested and regulated.

PEDs are strongly tied to EU climate neutrality goals, the SET-Plan Action 3.2, and national strategies pro-
moting high-efficiency buildings, renewable energy integration, and citizen participation in the energy transi-
tion. This broader context highlights the need for harmonised definitions, transparent governance, and robust
assessment tools.

In detail, Chapter 1 introduces both Subtask C and the importance of PEDs.

The economic assessment (Chapter 2) provides an in-depth analysis of existing evaluation techniques, rang-
ing from cost-benefit analysis (CBA) and Life Cycle Costing (LCC) to multi-criteria decision analysis and
techno-economic modelling. It identifies the strengths and limitations of these methods when applied to dis-
trict-scale energy systems. Critical economic indicators have been identified and include CAPEX, OPEX,
payback period, net present value (NPV), internal rate of return (IRR), levelised cost of energy (LCOE), and
business-oriented KPIs such as stakeholder engagement, market readiness, and job creation. Case studies
from EU projects like EXCESS demonstrate how economic value can be generated through renewable inte-
gration, flexibility services, and new ownership models.

The environmental assessment (Chapter 3) expands beyond operational energy balance to include lifecycle
impacts. It reviews methods such as Life Cycle Assessment (LCA), embodied carbon analysis, environmental
KPIs, and district-level modelling tools. The chapter highlights common barriers such as data scarcity, limited
tools for district-scale LCA, and inconsistent boundary definitions. A methodological framework is proposed
for evaluating carbon emissions, renewable penetration, resource use, and retrofit scenarios, illustrated
through a case study from the University of Palermo that quantifies environmental impacts of district renova-
tion strategies.

The social assessment (Chapter 4) addresses the human dimension of PEDs, analysing issues of social
acceptance, equity, community engagement, and stakeholder roles. Using Social Life Cycle Assessment (S-
LCA) and survey-based approaches, the report maps the impacts on residents, workers, prosumers, and
vulnerable groups. The sin.ikia case study demonstrates how social sustainability indicators, such as afford-
ability, comfort, participation, and perception of benefits, can be incorporated in PED planning.

Chapter 5 introduces a multiple-benefit toolbox, integrating economic, environmental, and social insights into
a single decision-support framework. This holistic perspective supports policymakers, planners, and devel-
opers in evaluating trade-offs, maximising co-benefits, and aligning PED initiatives with urban sustainability
strategies, SDGs, and climate targets.

Finally, Chapter 6 discusses the main outcomes of the Subtask C study and outlines possible future direc-
tions for the establishment of an integrated, replicable, and robust framework for assessing PEDs, enabling
informed decision-making and supporting cities toward climate-neutral, sustainable, and inclusive urban en-
ergy systems.
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Positive Energy Districts (PEDs) represent a cutting-edge approach in urban energy planning,
aiming for districts that produce more energy than they consume on an annual basis with a net-
zero emission balance (JPI Urban Europe, 2020). This concept has also gained attention as cities
seek to become carbon-neutral with the call for research and development focused on energy
efficiency, renewable integration and sustainable and resilient cities.

Within this framework, there was the need for common definitions and standardised
methodologies for PEDs various implementation stages. It is in this context that the International
Energy Agency (IEA), within the Energy in Buildings and Communities (EBC) technology

coll aboration programme | aunched in 2020 the

preparation phase in late 2019, with the main aim of establishing a network of researchers to
advance PEDs. This report presents the results of one of its Subtasks, namely Subtask C

i Or geiamg Principles and | mpact Assessment 0.

methodologies and case studies, are mainly derived from the European context, building upon
the experience of EU-funded projects, regulatory frameworks, and policy initiatives that have
shaped the development of PEDs. It contributes to the existing knowledge of PED developments,
with a focus on sustainability impact assessments. The report includes the perspective of
economic, environmental and social impact assessment starting from the state-of-the-art,
following with the definition of suitable and applicable methodologies tailored to PEDs, and then
presenting case studies of PEDs in action, discussing therefore challenges and lessons learned.
To reflect on the role of PEDs in the broader energy transition context and to highlight how the
different spheres of economic, environmental and social pillars interact, a synthesis toolbox is
offered under the multi-benefit approach.

The PED concept did not emerge in isolation, rather it evolved from decades of research and
development in the field of energy-efficient buildings and communities. By the 2010s, net Zero
Energy Buildings (NZEBSs), i.e., buildings that with low energy demand and using renewables for
energy production, became a policy focus in the European Union, also in light of specific
Directives, such as the Energy Performance of Buildings Directive (EPBD, 2024 recast). As
NZEBs grew in adoption, researchers and policymakers began to study the scaling of the net-
positive energy idea from individual buildings to neighbourhoods and city districts (Hedman et al.,
2021). The foundations behind this scaling consist in the possibility for cities to integrate different
energy sources, to include urban planning aspects, to evaluate social benefits at the community
level, as well as to foster the overall emissions reduction and increase the economic return. In
this context of rapid diffusi on ,thé Eutopean Strategic
Energy Technology (SET) Plan included the targeted action 3.2 for supporting the planning and
deployment of 100 Positive Energy Districts in Europe (SET Plan, 2018).

With this growing interest, different initiatives and cities in Europe defined PEDs with varying
criteria, either focusing on the mere net energy balance of emphasising low carbon emissions.
Additionally, early PED pilots in Europe revealed the need to address barriers, such as the
regulatory ones. In Europe, organisations like JPI Urban Europe and other networks have
facilitated discussions among different stakeholders involved in the process: cities, industries,
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local communities and researchers, to reach a common understanding of PED ambitions as part
of holistic urban strategies (JPI Urban Europe, 2020). These efforts highlighted that PEDs must
integrate economic, environmental and social dimensions, moving beyond the mere achievement
of positive energy balance.

In this context, IEA EBC Annex 83 has been conceived as a five-year collaborative research effort
bridging together experts of different disciplines and from many countries worldwide to address
the open questions surrounding  PEDs (Hedman et al., 2021). The answers to these questions
under the |l ens of Subtask C AOrganizing pri
report. Subtask C of Annex 83 was dedicated to developing and applying methodologies to
assess the impacts of PEDs across three pillars of sustainability: economic, environmental and
social. The approach has been structured into three parallel analyses (and this structure is
reflected in this report, as well) for each sustainability dimension. In addition, the development
and implementation of PEDs are strongly influenced by national regulatory and strategic contexts,
reflecting a multi-level governance structure that connects European policy frameworks with local
planning and decision-making. National transposition of EU Directives, such as the Energy
Performance in Buildings Directive, as well as national energy and climate plans (NECPs) or also
regional urban strategies, play a crucial role in defining how PEDs are governed, financed, and
monitored.

The analyses have been divided into four main parts, i.e. the sections regarding the (i) literature
review, (ii) framework development, (iii) case study analysis and (iv) synthesis of lessons learnt.
Ultimately, the insights from all the three economic, environmental and social dimensions have
been integrated in the multi-benefit approach, delivering an interdisciplinary assessment toolkit
for PEDs. In the following, these Sections are introduced and described.

The economic impact assessment is presented in Chapter 2 and focuses on evaluating the
financial and economic viability of PEDs and their business environment. Starting from a review
of the literature and studies on topics such as cost-benefit analysis of district energy systems,
financing models, key performance indicators (KPIs) used in projects, existing economic
assessment methods relevant to PEDs, as well as case studies, it was possible to define
economic and financial models. These include models for renewable-energy consumption,
energy trading mechanisms within districts and various ownership tariffs to incentivise positive
energy outcomes. Building on this knowledge, an economic framework analysis has been
conducted to adapt and refine these methods for the PED context. Existing methodologies,
ranging from classical investment metrics (such as payback period, net present value of district
energy investments) to life cycle costing approaches were compared to see how they could be
framed within the specificities of PEDs. However, it is important to underline that economic
sustainability in PEDs does not depend solely on financial parameters. Technical feasibility, such
as system reliability, interoperability, and energy performance, as well as social acceptance, user
engagement, behavioural patterns (to mention a few) are integral elements that condition costs,
risks, and the overall viability of PED business models and should therefore be taken into account
within a broader framework. Organisational business models have also been examined with the
main grounding idea of how they could enable PEDs and affect revenue streams and risk
allocation. Part of this analysis was also dedicated to mapping key stakeholders in the economic
domain, from property developers and utilities to residents and local governments and
understanding economic barriers and drivers within each PED implementation to permit the
definition of new business models. These models have been then validated within the analysis of

existngcase studies from t he ERCEEB&gyhpdStveXKbbbkeSaseproject
2020

funded under the European Unionés Horizon
grant agreement N°870157 and led by Joanneum Research (Austria) to permit the definition of
economic guidelines and recommendations ensuring long-term economic sustainability.
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Chapter 3 offers the main outcomes of the environmental impact assessment studies. While PEDs
are designed to be net-positive in operational energy, the activities developed within Annex 83
focused on a life cycle perspective to also account for the embodied impacts of construction
materials, the effects on local environment, and end-of-life considerations. Coherently with the
above introduced approach, the first stage of study consisted in a comprehensive literature
analysis, with a focus on environmental impact assessment, projects and indicators. Many early
PED projects proposed basic metrics like annual CO2 emissions avoided or renewable energy
fraction, with same examples regarding air quality or biodiversity in the district (Chau et al., 2015).
Methods including Life Cycle Assessment (LCA) frameworks for neighbourhoods, tools for
calculating embodied energy and carbon in building stocks and environmental KPIs have been
analysed and compared to propose a recommended approach for PEDs, based on a combination
of operational performance metrics and LCS-based metrics. For the operational impact, KPIs
such as annual net CO2 emissions, energy self-sufficiency or renewable energy penetration have
been maintained from the existing knowledge and adapted to PEDs. In addition, for lifecycle
impact other KPIs have been included, such as the carbon footprint for construction. Barriers,
such as the lack of data or tools to easily perform district-level LCA, and drivers, such as the role
of certification schemes that can motivate a comprehensive environmental accounting, were also
included in the study. The developed environmental assessment approach has been tested in a
case study of the University of Palermo.

PEDs are not only technical or financial projects, but they are communities. Thus, the impact of
human and social dimensions is a core pillar when studying PEDs. In Chapter 4, the main
outcomes of the social impact assessment activities conducted within Subtask C are presented.
As a preliminary stage, a literature review on known social impacts of sustainable energy districts
has been conducted, such as the social acceptance of new technologies, community engagement
in the planning process, impacts on energy affordability and equity, impact on social cohesion.
Data have been gathered from existing surveys and studies in pioneering projects, along with
literature databases and methodologies for social impact assessments relevant to PEDs.
Afterwards, variousst akehol ders6 categories have been
refers to prosumers, consumers, workers, to mention some of these. For each, it has been studied
what social outcomes would be relevant and related metrics. A social life cycle assessment was
applied here too, maintaining the attention at social impacts during construction (e.g., jobs
created), operation (e.g., changes in lifestyle), and so on. The developed social strategy has been

denti fi

tested in a case slnhaudey-St afa Ctetbe fakr iuegdrainchdi strict in

studied within the sin.ikia project, an EU-funded project under the Horizon 2020 Research and
Innovation programme.

The final step of Subtask C activities is presented in Chapter 5 with a toolbox able to synthesise
the economic, environmental, and social analyses into an integrated assessment framework. The
presented multi-benefit approach considers the different sustainability dimensions presented and
how they can mutually influence each other. The tool has been developed to help policy makers,
city planners, and project developers when aiming to evaluate PEDs.
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PEDs are key urban forms in the broader energy transition, as they translate high-level climate
and energy targets into tangible on-the-ground action in cities and, as such, they support the
achievement of UN Sustainable Development Goals (United Nations, 2015). Urban areas account
for a dominant share of energy use and emissions, so interventions at the district scale can have
significant impact. As an eneuaralpitieshy 208Qwildikele rélg
on PED concepts to push some districts into net-positive territory (European Union, 2021). The
assessments conducted within Subtask C indicate that PEDs not only cut emissions, but also
create co-benefit effects in terms of innovation, new lifestyle, sustainable urban living and
environmental awareness. By tackling decarbonising at the district scale, PEDs permit to gain
knowledge on technical standards, financing schemes, citizen engagement models to inform city-
wide programs and also national policies on sustainable energy.

Rosaria Volpe, University of Catania, Italy, (rosaria.volpe@unict.it)

Adriano Bisello, Institute for Renewable Energy, Eurac Research, Italy
(adriano.bisello@eurac.edu)

Andreas Tuerk, Joanneum Research, LIFE T Institute for Climate, Energy Systems
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This Section deals with an extensive review of existing literature concerning the sustainable
development and economic evaluation of advanced urban districts. The objective is to derive
transferable insights applicable to the Positive Energy District (PED) framework, offering a
foundation for future investigative paths. The focus lies in examining how economic resilience is
integrated within the built environment, particularly when innovative technologies and low-
emission systems are involved. These economic evaluation strategies, when used proactively,
can support the prioritisation of design choices, enhance cost-efficiency, and increase the overall
value of interventions. Additionally, structured frameworks for assessing impacts are instrumental
in shaping adaptive strategies and providing direction for decision-makers and stakeholders
striving for enduring sustainability. Within this context, the review aims to:

A Explore existing research directions, identifying evaluation techniques, categories of
impacts, performance indicators, and spatial definitions relevant to urban districts;

A Highlight theoretical and methodological shortcomings while proposing new lines of
inquiry to support the long-term sustainability of PEDs.

An in-depth bibliometric analysis was carried out using various search queries across the
SCOPUS and SCIENCEDIRECT platforms, focusing on themes related to economic evaluation
and assessment, as outlined in Table 2.1. The study spans the full range of available literature,
covering publications from 1975 through 2024. The review is structured around three core
thematic areas: a broad, overarching category; a second domain emphasising spatial dimensions
such as urban, district, and neighbourhood scales; and a third area centered on specific
methodologies used for economic appraisal.

Table 1: Query strings in Scopus and Science Direct databases.

o N°
N .DOC' N° Doc. uniqu
Query Science S
. copus e
Direct .
items
( ALL ( economic AND evaluation ) OR ALL ( economic AND 90.54
valuation ) OR ALL ( economic AND assessment ) AND ALL ( 316,728 838,148 3
energy ) ) AND PUBYEAR > 1974 AND PUBYEAR < 2024
Field1 ( TITLE-ABS-KEY ( economic AND evaluation ) OR TITLE-
ABS-KEY ( economic AND valuation ) OR TITLE-ABS-KEY ( 2,398 50,610 7520
economic AND assessment ) AND TITLE-ABS-KEY ( energy ) '
) AND PUBYEAR > 1974 AND PUBYEAR < 2024
TITLE-ABS-KEY (("economic evaluation" OR "economic
Field 2 Vvaluation" OR "economic assessment”) AND ("energy”) AND 74 215 198

(Urban))
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TITLE-ABS-KEY (("economic evaluation" OR "economic
valuation" OR "economic assessment") AND ("energy") AND
(District))

41

211

184

TITLE-ABS-KEY (("economic evaluation” OR "economic
valuation” OR "economic assessment") AND ("energy") AND
(Neighbourhood))

14

14

14

Field 3

TITLE-ABS-KEY (("economic evaluation" OR "economic
valuation" OR "economic assessment") AND ("energy") AND
("Urban" OR " District" OR "Neighbourhood") AND ("Life cycle
Assessment (LCA)")

20

TITLE-ABS-KEY (("economic evaluation” OR "economic
valuation" OR "economic assessment") AND ("energy") AND
("Urban" OR " District" OR "Neighbourhood") AND ("Sensitivity
Analysis)")

49

40

TITLE-ABS-KEY (("economic evaluation" OR "economic
valuation" OR "economic assessment") AND ("energy") AND
("Urban" OR " District" OR "Neighbourhood") AND ("Cost
Benefit Analysis"))

22

29

28

TITLE-ABS-KEY (("economic evaluation" OR "economic
valuation" OR "economic assessment") AND ("energy") AND
("Urban" OR " District" OR "Neighbourhood") AND
("Environmental Impact Assessment"))

11

14

12

TITLE-ABS-KEY (("economic evaluation" OR "economic
valuation" OR "economic assessment") AND ("energy") AND
("Urban" OR " District” OR "Neighbourhood") AND ("Monte
Carlo Method"))

TITLE-ABS-KEY (("economic evaluation" OR "economic
valuation" OR "economic assessment") AND ("energy") AND
("Urban" OR " District" OR "Neighbourhood") AND
("Discounted Cash Flow"))

TITLE-ABS-KEY (("economic evaluation" OR "economic
valuation" OR "economic assessment") AND ("energy") AND
("Urban" OR " District" OR "Neighbourhood") AND ("Life Cycle
Cost" OR "LCCO))

19

13

13

TITLE-ABS-KEY (("economic evaluation" OR "economic
valuation" OR "economic assessment") AND ("energy") AND
("Urban" OR " District" OR "Neighbourhood") AND
("Multicriteria" OR "MCDA" OR "MCA" OR "Multi-Criteria" OR
"Multiple Criteria Decision Analysis"))

12

11

TITLE-ABS-KEY (("economic evaluation" OR "economic
valuation" OR "economic assessment") AND ("energy") AND
("Urban" OR " District" OR "Neighbourhood") AND ("Social
Return on I nvestment" OR " SRO
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TITLE-ABS-KEY (("economic evaluation" OR "economic

valuation" OR "economic assessment") AND ("energy") AND

("Urban" OR " District" OR "Neighbourhood") AND ("Preference 11 2 3
Evaluation" OR "Econometricso

TITLE-ABS-KEY (("economic evaluation" OR "economic

valuation" OR "economic assessment") AND ("energy") AND 4

("Urban" OR " District" OR "Neighbourhood") AND 19 2
("Quantitative Analysis"))

In the first thematic area, the broad search across "all fields" yielded a total of 85,043 records.
When the scope was narrowed to include only occurrences in titles, abstracts, and keywords, the
number dropped to 7,633 entries. Within the "all fields" dataset, a significant concentration of
publications (approximately 91%) was published between 2008 and 2021. Similarly, in the more
restrictive query, the highest publication output occurred over the past 15 years, accounting for
6,040 entries, which represents 31% of the total.

In the second domain, focused on spatial scales, the terms "urban" and "district" appear in 215
publications, whereas the term "neighbourhood" is considerably less frequent, appearing in only
14 records.

As for the third analytical dimension concerning economic evaluation techniques, Cost-Benefit
Analysis (CBA) emerges as the most frequently adopted methodology, identified in 49
documents. This approach is often complemented by Sensitivity Analysis, which appears in 29
publications.

A wide array of methods has been applied in the literature to assess the economic viability of
energy-related interventions within the built environment. These methods are increasingly
relevant to support the planning, design, and implementation phases of Positive Energy Districts
(PEDs). Through an in-depth examination of selected studies, recurring economic methodologies
(or those incorporating economic parameters) were identified, helping frame a systematic
approach to support decision-making in sustainable urban development.

Among the most widely adopted economic approaches is Cost-Benefit Analysis (CBA), which
enables the comparison of societal gains and expenditures linked to various energy technologies
and systems (Mansouri Kouhestani et al. 2019; Delwati et al. 2019; Pirouti et al. 2013, Chester et
al. 2013). This method is particularly suited for evaluating the comparative advantages of different
energy carriers (Mena-Carrasco et al., 2012, Macias and Islas 2010). It helps decision-makers
justify resource allocation by demonstrating how specific interventions can lead to net social
benefits.

Life Cycle Costing (LCC) offers another perspective by evaluating the total economic impact of a
technology or infrastructure over its operational lifespan, from initial investment through
maintenance and decommissioning (Bisello et al., 2020). This long-term vision makes it useful for
infrastructure planning and system upgrades.

Life Cycle Assessment (LCA), although originally developed to quantify environmental impacts,
is frequently combined with economic parameters to support sustainability-oriented strategies.
Examples include energy-from-waste systems (Zia et al., 2020) and solar heating systems with
thermal storage (Dahash et al, 2021; Eriksson and Kjellstrom, 2010).

A more technical and performance-oriented method is Techno-Economic or Thermo-Economic
Assessment, which focuses on estimating the unit cost of energy produced or saved through
specific technological solutions (Zia et al., 2020). These assessments are essential in comparing
alternatives from both energy and economic standpoints.

Multi-Criteria  Analysis (MCA) provides a broader evaluation structure that integrates
environmental, economic, and social parameters. It is designed to allow the simultaneous
treatment of heterogeneous indicators in terms of type (qualitative or quantitative) and referring
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to domains that are also very distant from each other, such as COFemissions, land costs, energy
pricing, and public well-being (Angelakoglou et al., 2019). In some cases, MCA is combined with
spatial analysis through the use of tools such as GIS to enhance planning accuracy (Mansouri
Kouhestani et al., 2019).

Regarding the scale of application and analysed systems, the CBA approach is most frequently
applied to urban or district-level studies, particularly when evaluating heating systems or district
energy networks. At the building level, however, its use is less common and more often
associated with nature-based solutions (e.g., green roofs or facades). Some district-scale studies
also leverage GIS tools to refine building inventories and optimise renewable integration [37-39].
In terms of technological systems, the studies include:

AHeating and District Heating (DH) Systems: these are critical in colder climates, as observed
in regions like Canada, Denmark, and the Netherlands (Delwati et al., 2019, Mena-Carrasco
et al., 2012; Chen et al., 2021; Zuberi et al., 2021). Different configurations and renewable
energy couplings (e.g., with geothermal or solar energy) are explored to minimise carbon
footprints (Pirouti et al., 2013; Dahash et al., 2021).

ADistributed Generation and Multi-Energy Systems (DMES): strategies involving decentralised
energy production, especially for thermal energy, are gaining attention in efforts to decarbonise
building stocks (Dahash et al., 2021; Zuberi et al., 2021).

AElectricity Generation: interventions focusing on solar (Mansouri Kouhestani et al., 2019;
Bandara et al., 2020; Calise et al. 2016) and wind (Macias and Islas, 2010; Mostafaeipour et
al., 2020) energy sources aim to reduce the environmental impact of the electricity demand in
buildings.

AWaste-to-Energy (WTE): addressing urban waste streams through energy recovery
mechanisms is another avenue for impact reduction, provided proper management systems
are in place (Zia et al., 2020; Leme et al., 2014).

ANature-Based Solutions: urban greening interventions such as vegetated roofs and facades
help improve outdoor air quality and thermal regulation, enhancing sustainability at the micro-
scale (Teotonio et al., 2018).

In several studies, the economic assessment also considers GHG emission reductions,
particularly COF, as a key output metric. However, few studies explicitly integrate emissions as a
quantifiable economic benefit in the evaluation (Delwati et al., 2019; Chester et al., 2013; Leme
etal., 2014).

It is worth mentioning that the literature reveals a growing interest in integrating financial metrics
and performance indicators into sustainability evaluations. While Net Zero Energy Buildings
(NZEBs) and Plus Energy Districts (PEDs) are often referenced in the studies (Bottero et al.,
2021; Isaac et al., 2020; Derkenvaeva et al., 2022), the methodologies adopted vary depending
on building type, climate zone, and urban density. Cost-optimal or cost-efficient solutions are
typically identified using dynamic investment models (Isaac et al., 2020; European Parliament,
2012; Becchio et al., 2018; Rehman et al., 2019), frequently complemented by lifecycle analysis
and present value calculations.

Some works employ CBA to measure the benefits not only to private investors but also to society
as a whole, for example through Social Return on Investment (SROI) frameworks (Becchio et al.,
2018). These are particularly useful for evaluating long-term community benefits of energy
interventions.

In certain cases, economic valuation is inferred through Hedonic Pricing Models, which assess
how sustainable features (e.g., rooftop PV systems, energy performance ratings) affect real
estate values (Mansouri Kouhestani et al., 2019; McCord et al., 2020; Dastrup et al., 2012). These
models often include spatial dimensions to account for regional variability and spill-over effects
(Mosannenzadeh et al., 2017). Alternatively, Stated Preference Techniques, such as Willingness
To Pay (WTP) studies, assess consumer readiness to invest in sustainable upgrades or support
|l ocal renewabl e energy initiatives (McCord
studies also examine employment creation, calculating the number of jobs supported by green
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interventions (Janssen and Dan; 2012), including savings from avoided social costs like
unemployment subsidies (Good et al., 2019).

Despite the widespread use of financial methods, not all studies apply discounted cash flow (DCF)
or similar techniques. Only about 45% of reviewed papers consider the time value of money.
When used, discount rates typically range between 3% and 7%, depending on the method. For
instance, 52% of CBA studies use a discount rate, while the percentage drops to 37% for thermo-
economic assessments. COl and WTP analyses, by contrast, rarely apply temporal discounting.
In this respect, it should be borne in mind that European regulations, such as Regulation (EU)
No. 244/2012, provide structured approaches to evaluating minimum energy performance
standards, offering national reference buildings and guidelines on cost-optimality for both private
and public stakeholders (European Parliament, 2012; Akande et al., 2019). These regulations
also distinguish between financial and macroeconomic perspectives, the former including taxes
and subsidies, the latter focusing on broader societal impacts such as carbon costs.

As a final observation, though many studies mention environmental advantages and energy
savings, fewer incorporate these directly into economic calculations. There is a clear need for
more integrative methodologies that capture both tangible and intangible benefits, especially
when assessing district-scale interventions and also considering a multi-stakeholder perspective,
able to frame the complexity and subjectivity of the value judgement. In addition, improved
knowledge exchange among research efforts would enhance coherence and foster
methodological innovation, as many studies show limited cross-referencing despite thematic
similarities.

The majority of the reviewed studies incorporate conventional financial metrics typically used in
investment analysis. These include indicators such as Net Present Value (NPV) (Isaac et al.,
2020), Payback Time (Mansouri Kouhestani et al., 2019), and Internal Rate of Return (IRR)
(Calise et al., 2016). Additional metrics also assess monetary outcomes such as net economic
benefits for both end-users and society at large, alongside assessments of total lifecycle or global
costs (Bisello et al., 2020).

Beyond purely financial criteria, several evaluations introduce energy-focused indicators. These
span from the share of self-generated energy used on-site to specific cost metrics like the
Levelised Cost of Electricity (LCOE) and Levelised Cost of Heat, as well as net cost reductions in
energy expenditure (Dastrup et a., 2012). Some analyses consider extended timeframes,
projecting costs and benefits over durations as long as 25 years (Zuberi et al., 2021).
Approaches grounded in broader economic perspectives tend to employ societal-level
performance indicators. Examples include employment intensity (e.g., number of jobs generated

per 01 million i nvest edegade hpriaons, and agagdgaten socia returimss s

often calculated as the combined value of
lifecycle, minus the associated capital outlay (Clark et al., 2008). Some investigations also
evaluate outcomes related to fuel poverty reduction (Rehman et al, 2019) showing interest
towards socio-economic issues and fragile stakeholders.

Economic indicators are frequently intertwined with technical and environmental key performance
indicators (KPIs). These may relate to indoor thermal comfort, building energy certification, energy
savings, demand for primary energy, or infrastructure resilience (e.g., deferred investments in grid
capacity). In many cases, financial metrics also account for indirect economic advantages, such
as awareness of the cost-saving potential of energy efficiency or the impact of public subsidies
and grants on reducing initial investment burdens (Kamer et al, 2017).

The main KPIs encountered in the papers analysed have been included in Table 2.
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Table 2: KPlIs for the economic impact assessment from literature

ECONOMIC METHOD

KPI

TECHNO/TERM ECONOMY

- LCOE (Levelised Cost of Energy)
- EEP (Electrical Power Produced)

- Energy efficiency
- Exergy efficiency
- Energy loss rate (Ren)
- Exergy loss rate (Rex)

- Endogenous avoidable exergy
destruction

- Exogenous avoidable exergy destruction
- Endogenous unavoidable exergy
destruction

- Exogenous unavoidable exergy
destruction

- LCOH (Levelised Cost of Heat)
- HEP (Heat Power Produced)

- Annual losses heating
- Cost of heat distribution

- NPV (Net Present Value)

- CAPEX

- OPEX

- IRR (Internal Rate of Return)
- PBP (PayBack Period)

- CAPEX

- OPEX

- Energy consumption

- Emissions (CO2 and other pollutants)

- NPV (Net Present Value)
-Anergy consumpti on
- Emissions (CO2 and other pollutants)
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CBA
(COST BENEFIT ANALYSIS)

- NPV (Net Present Value)
- PBP (Payback Period)

- NPV (Net Present Value)
- Installation Cost

- Energy consumption

- PBP (Payback Period)

- Cost of Revenue different performance
system
- CO2 emissions

- CAPEX
-BPEX
- Salvage value

- NPV (Net Present Value)

- CAPEX

- OPEX

- IRR (Internal Rate Return)
- WTP (Willingness to Pay)
- PBP (Payback Period)

- CAPEX

-BPEX

-Anergy consumption
- Emissions (CO2 and other pollutants)

- IRR (Internal Rate of Return)

- PBP (Payback Period)

CaOl
(COST OF ILLNESS)

- Direct cost
- Indirect cost

- Direct cost
- Indirect cost
- Intangible cost (WTP | VOLLY)

- CO2 emissions

- Population

- Land Prize

- LCE (Levelised Cost of Energy)
- EEP (Electrical power produced)
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- Reduced generation costs

MCA - Reduced ancillary service cost
(MULTI CRITERIA ANALYSIS) - Reduced congestion cost

- Reduced unemployment subsidy

- Reduced hospitalisation cost

- Reduced tax revenue

- Reduced electricity and thermal cost to
consumers

- Reduced outages events (momentary,
sustained)

- Increased property value

- Improved indoor comfort

- Reduced disease events

- Reduced CO2 emissions, and other
pollutants

- Improved health conditions

- GIS and light and raging (LIiDAR) to
estimate the rooftop PV electricity
- Cost and revenue regarding different PV

- Power output energy produced

- LCOE (Levelised Cost of Energy)
LCA - NPV (Net Present Value)

(LIFE CYCLE ASSESSMENT)

- Bioenergy costs
- Commodity Prices
- Bioenergy production

- Initial and operating cost

LCCA - CO2 emissions
(LIFE CYCLE COST - Present Worth Factor (PWF) depending
ASSESSMENT) on the inflation rate and interest rate

Most economic evaluations related to energy-efficient urban transformations rely heavily on
techno-economic approaches, predominantly structured around Cost-Benefit Analysis (CBA).
These assessments frequently focus on cost-efficiency and long-term investment perspectives,
often extending beyond 25 years. However, end-of-life costs, including disposal, remain
insufficiently addressed. Similarly, the integration of PEDs within broader energy market
frameworks (accounting for dynamic interactions with national grids or market signals) is rarely
included in current methodologies. Similarly, the economic valuation of ancillary energy services
related to peak shavings or grid stability are not considered at urban-district level. While traditional
models persist, more comprehensive evaluation frameworks are beginning to emerge. For
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exampl e, t he European Commi ssionoés E c 2023 mi

recommends using Multi-Criteria Analysis (MCA) for complex urban investment projects involving
overlapping sectors such as renewable energy, mobility, and climate adaptation. This approach
allows for simultaneous consideration of economic, environmental, and social impacts, facilitating
integrated urban development planning. In parallel, for building energy efficiency projects, the
Commission supports cost-effectiveness evaluations inclusive of externalities, such as emissions
reduction, maintenance cost savings, and property value improvements. The literature also
reveals persistent methodological weaknesses. A common shortcoming is the omission of
appropriate discounting mechanisms for future costs and benefits, despite their importance for
establishing comparability in financial projections. Sensitivity analyses, though recommended, are
underutilised. Furthermore, intangible or non-market co-benefits (such as improved urban
biodiversity or public health) are often excluded due to the complexity of assigning monetary
value, despite their significance in delivering societal gains. Many assessments continue to
overlook the economic implications of carbon emissions. Even when climate concerns are
acknowledged, uncertainty about appropriate pricing models and the ethical dimensions of
discounting future environmental impacts pose unresolved challenges. Instead of focusing solely
on avoided costs, more nuanced approaches such as Willingness-To-Pay (WTP) could offer
insights into stakeholder preferences and societal welfare gains. Additionally, financial incentives
remain crucial to mobilise private investment in green infrastructure, particularly where profitability
is marginal. Public policies, tax incentives, and innovative financing models are instrumental in
improving economic viability. Emerging proposals advocate for value-mapping approaches that
capture the complexity of energy sharing, smart control systems, and cross-sector synergies in
PEDs. These models consider both upstream and downstream processes and can support the
development of new market opportunities, particularly when paired with supportive digital and
regulatory frameworks.

The literature review also identifies key areas for further investigation:

AGeospatial integration: GIS tools can enhance the accuracy of spatial data, visualise energy
demand and supply potential, and facilitate data-driven planning for PEDs.

AcCarbon pricing in buildings: there is a need to develop coherent methods for valuing COF
reductions at the urban scale, ensuring that social impacts are also accounted for.

AUrban waste valorisation: more attention should be paid to transforming waste into energy
while minimising environmental damage and advancing circular economy principles.

AExpansion of renewable sources: beyond solar and wind, the energy potential of wastewater
treatment and sludge-to-energy systems should be explored for decentralised applications.

AGreen infrastructure: the integration of green roofs and similar solutions should be supported
by site-specific data rather than generalised bibliographic assumptions, ensuring accurate
valuation of local social and ecological benefits, as well as insights on thermal comfort.

ADistrict heating systems: these systems require optimisation, particularly regarding network
temperatures. Investments in low-temperature DH infrastructure must be balanced with
achievable cost savings to improve overall economic performance. Similarly, cooling district
systems should also be investigated with more detalil.

AMobility integration: transport-related emissions and costs are largely absent from current PED
evaluations. Their inclusion would support a more complete model of urban sustainability and
contribute to climate neutrality goals.

Therefore, while economic evaluation methods are increasingly being applied to support
sustainable urban transformation, there is a strong need to broaden their scope and improve
methodological consistency. More comprehensive and site-specific approaches integrating
energy, mobility, environment, and social dimensions are necessary to enable Positive Energy
Districts to fulfill their transformative potential.
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Addressing the urgent need for decarbonised urban energy systems requires the deployment of
innovative, integrated solutions in buildings and infrastructure. However, this ambition often
clashes with limited financial resources and an overwhelming variety of costly or competing
technologies introduced by academic and market actors. To make informed choices, objective
evidence is needed to prioritise actions, avoid short-sighted decisions, and assess what truly
delivers value.

Economic assessment tools must therefore serve a dual role: first, as instruments for ex-ante
appraisal, comparing costs, risks, and benefits across potential interventions; and second, as part
of ex-post evaluation processes, measuring actual outcomes and efficiency. Despite the
availability of many techniques, current literature shows a fragmented picture: while some
methods focus on specific sectors such as large-scale energy or individual buildings they rarely
account for the multidimensional impacts typical of complex urban ecosystems like PEDs. Often,
sector-specific approaches fail to communicate the broader societal and environmental
implications of proposed interventions, relying on partial or qualitative assessments.

As PEDs represent multi-system projects with far-reaching territorial and socio-economic effects,
deeper research is needed to:

AMap interdependencies across building systems, energy networks, transport, and green
infrastructure.

ATranslate societal impacts into economic value using methods like Social Return on
Investment (SROI).

APosition PEDs within broader energy markets, considering grid services and sector coupling
(e.g., heating-electrification, e-mobility-storage).

AEvaluate peer-to-peer (P2P) energy sharing and community-based models in terms of equity
and benefit distribution, considering the advantage of local energy sharing (e.g., Renewable
Energy Communities).

AUnderstand PEDs as high-value urban assets aligned with ESG (environmental, social,
governance) criteria and market transformation that requires a new energy infrastructure (e.g.,
district level PV, storage, geothermal filed, etc.).

Ultimately, PED evaluation should adopt a public value approach rooted in welfare economics to
capture the full range of costs and benefits influencing community well-being. This includes
environmental, health, cultural, and justice outcomes beyond financial returns (see the following
multiple-benefits section in this publication). Integrating spatial analysis and GIS tools can further
strengthen this perspective by embedding location-sensitive variables into the evaluation
framework. Aligning PED outcomes with Sustainable Development Goals (SDGs) will help unify
interdisciplinary efforts and build consensus on solutions that deliver inclusive, long-term value.
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The Clean Energy Package includes two types of energy communities as defined in the recasts
of the Renewable Energy Directive, RED II, (Directive 2001/2018), and the recast of the Internal
Electricity Market Directive (W&MbDg EmenrgytComm@midt
(RECs), defined in the REDII, and the ACitizen Energ
IEMD. It is important to note that the analysis presented in this Section focuses exclusively on the
European Union regulatory framework. This can be explained by the fact that PEDs have been
so far primarily developed and tested within the European policy context. These concepts allow
citizens, public authorities and companies to collectively organise their participation in the energy
system including energy generation, self-consumption, energy sharing and storage, and selling
of energy (Tuerk et al., 2021).

Two major principles of both types of energy communities that open up new possibilities for
Positive Energy Bl ocks and Positive Energy Distric
professional 6 actors to the ener gblicgnfardommusity-as wel | a
internal sharing. The latter increases the potential for interactions and optimisation between
buildings. In addition, depending on the national frameworks, RECs and CECs may be entitled to
operate electricity or heating grids, which may equally support the PED internal energy exchange.
However, in the national transpositions of the energy community concepts, only electricity is often
considered, using electricity grid typologies as boundaries for renewable energy communities.
PEBs and PEDs conceptually have more similarities to RECs than to CECs given their local
character and a restriction to renewables in all current PEB and PED definitions. In addition, for
RECs, supportive frameworks are emerging in several EU Member States, including, e.g.,
reduced grid tariffs for internal electricity sharing, improving the business case (Tuerk et al, 2021).
CECs may, however, also be an interesting frame for PEDs. They are hardly restricted in their
geographical expansion and could serve as an umbrella for several PEDs and other districts but
also allow to include renewable energy generation units that are not in proximity to the district but
are still part of a PED. CECs would not only allow for a broader exchange of electricity, but for a
joint integration in the electricity market, e.g. for the collective marketing of flexibilities or surplus
electricity. To this end, a CEC could itself act as an aggregator which may facilitate meeting the
minimum capacity requirements that exist in many flexibility markets. However, also, the more
limited energy sharing concept of the Clean Energy Package, collective self-consumption, could
help optimise the use of renewables at the building level, or the level of clusters of buildings
depending on the national legislation that defines the spatial scope for such activities. Collective
self-consumption may be an alternative in case the organisational and legal requirements for an
energy community may be seen as too challenging.

While there is literature on electricity sharing and placing PEDs in the context of energy
communities as new organisational models there is less focus on the thermal side. On the thermal
side, PEDs may take advantage of decarbonisation strategies of existing District Heating (DH)
networks, now entering into the 5th generation, thanks to low temperature networks able to cover
both the heating and cooling demands and integrating distributed energy resources (Buffa, 2019).
Finally, in the PED discourse, the construction and the operation and management (O&M) costs
of highly efficient buildings should be incorporated. Therefore, a more comprehensive approach
to energy balance, and the techno-economic feasibility of PEDs is desirable.

This section provides an overview and re-elaboration of the KPIs available in the literature and
related to economic sustainability within EU projects. This is followed by a detailed elaboration of
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the Global Cost indicator, as a central indicator for the Life Cycle Costing (LCC) of PEDs, PEBs
and related technologies.

This section provides an overview on the analysis of socio-economic impacts within EU projects
aimed at sustainability and energy innovation and discusses the challenges in quantifying the
techno-economic feasibility of PEDs.

Key Performance Indicators (KPIs) on the topic are collected through a literature review and re-
elaborated in order to: a) identify the emerging trends in the evaluation of the economic
sustainability of PEDs; b) highlight possible conceptual gaps and barriers; and c) elaborate a set
of relevant KPlIs.

In this regard, a search was conducted considering the EU funded pilot projects on the topic of
PEDs or on urban concepts which, while not aiming at a positive energy balance, present several
analogies and connections with the PED concept.

In parallel, the outputs of EU initiatives focused on the development of such KPIs sets such as
Smart Cities Information System (SCIS), CITYkeys, etc. have been included, as well as those
deriving from the European standards.

Table 1 provides an overview of the economic KPIs developed in the revised EU projects outputs.
It should be noted that the name of the KPI may vary slightly from project to project, while

maintaining the same meaning. The Standard and/or Initiative are mentioned when relevant.

Table 3: Overview of the economic KPlIs in the revised EU projects outputs.

No. Key Perforrrzzr;?;e Indicator Unit Standard/Initiative Project
1 Average Electricity Price for [ G/ k Wh POCITYF, triangulum
Companies and Consumers
2 Grants for energy supply [0/ y] REPLICATE, RUGGEDISED
3 Carbon Dioxide Reduction Cost [/ (ten CITYkevs POCITYF, mySMARTIife, ATELIER, IRIS,
Efficiency saved)/y] Y STARDUST, PED-ID, City-zen
4 | Energy Consumption Reduction [ G/ MWh mySMARTIife, RUGGEDISED, RESPONSE
Cost Variation

Gross Domestic Product (GDP) . MAKING-CITY, REPLICATE, MAtchUP, REMO

5 (value and change) [u/cap], CITYkeys, SDG URBAN, triangulum
POCITYF, +CityxChange, REPLICATE,
[a] .2, [ ¢ mySMARTIife, syn.ikia, ATELIER, IRIS, SMARTER
6 Total Investment [ G/ KW SCIS TOGETHER, STARDUST, triangulum, RESPONSE,
CITyFiED, PED-ID

Capital Cost (CapEXx, Difference

7 between Total Investment and [ a #],190] ISO 37120:2018 syn.ikia, triangulum
Grants)
Operational (OpEx)/Total Annual
Costs (e.g. power, fuel,
depreciation, interests, POCITYF, REPLICATE, syn.ikia, mySMARTIife,

8 replacements and repairs, [al/ylai SCIS ATELIER, IRIS, SMARTER TOGETHER, triangulum,
maintenance, inspection, RUGGEDISED, RESPONSE, CITyFiED, PED-ID
insurance; value and/or

reduction)
9 Income-Cost Savings [ 0] mySMARTIife, IRIS, triangulum, RUGGEDISED
SPARCS, POCITYF, +CityxChange, mySMARTIife,
0,

10 Return on Investment (ROI) [%0] SCIS IRIS, RESPONSE, CITyFiED, City-zen

11 Net Present Value (NPV) [ 0] CITYkeys mySMARTIife, syn.ikia, CITyFiED, PED-ID

12 Internal Rate of Return (IRR) [%0] CITYkeys mySMARTIife, syn.ikia, CITyFiED, PED-ID, City-zen
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SPARCS, POCITYF, REPLICATE, mySMARTIife,
syn.ikia, ATELIER, +CityxChange, IRIS, STARDUST,

13 Payback Period [v] SCIS, CITYkeys triangulum, RUGGEDISED, RESPONSE, CITyFiED,
PED-ID
Economic Value Added
(Difference between the yearly
savings and the minimum , - o
14 required savings, equal to the Laly] syn.ikia, City-zen
Investment multiplied by the
required rate of return)
nZEB Cost Comparison (Ratio
between the total cost of the
15 PED investment and its nZEB [%] syn.ikia
alternative, calculated for the
lifetime period e.g. 60 years)
Debt Service Coverage Ratio o ISO 37120:2018,
16 (DSCR) [%6] SDG SPARCS
17 Total Energy Carrier Cost [ G/ y] REPLICATE
. . . REPLICATE, SmartEnCity, SMARTER TOGETHER,
18 Energy Bill Reduction [aly] triangulum, RUGGEDISED, CITyFiED, City-zen
19 Investment in [Gflm [pu SCIS SMARTER TOGETHER, triangulum, RUGGEDISED,
Construction/Energy/Mobility/ICT [ U] CITyFiED
Expenditures by the municipality
. . SPARCS, POCITYF, REPLICATE, MAtchUP,
20 (for the clean ang smartenergy | [ U] , [ a/ CITYkeys SmartenCity, REMO URBAN, mySMARTIife
transition)
Reduction in Energy Grid
21 Investment (compared to the [ 0] +CityxChange
planned investment)
Share of the Investment . s
mySMARTIife, syn.ikia, IRIS, SMARTER TOGETHER,
22 Covered by Funds/Grants [%] SCIS STARDUST, RUGGEDISED, CITyFiED
(public or private)
23 Expenditure in Local Economy [%0] mySMARTIife
(no. of new POCITYF, +CityxChange, MAtchUP, mySMARTIife,
24 Local Job Creation jobs CITYkeys REPLICATE, IRIS, SMARTER TOGETHER,
[-1. [-/y], [%)]) triangulum, RUGGEDISED, CITyFiED, City-zen
Research Intensity (R&D
25 expenditure as percentage of [%0] CITYkeys, SDG MAtchUP, REMO URBAN
cityds GDP)
26 No. of Blockchain Platforms [] SPARCS
New Business Creation (No. of -
; . J CITYkeys, ISO POCITYF, MAtchUP, REMO URBAN, SMARTER
27 new Business ideas generated, [-/(100,000 hab 371202018 TOGETHER, RUGGEDISED
new startups) V)]
o8 Participants in _U_rpan Living Lab [] SMARTER TOGETHER
activities
. - [-], [-/100,000 .
29 No. of Innovation Living Labs hab] CITYkeys +CityxChange, SMARTER TOGETHER
No. of New Projects generated ,
30 and Volume of Funding (. [ SPARCS
31 User Interest in New Business [Likert scale] SPARCS
Models
32 No. of Early-SFage Solutions [] SPARCS
Investigated
33 Model Developed gnd CBA for [] SPARCS
Blockchain
34 Total Distributed Energy [%] POCITYF, +CityxChange, RESPONSE

Resources Capacity Traded
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(-],

SPARCS, MAtchUP, REMO URBAN, mySMARTIife,

35 No. of New Patents [-/(100),/(;]00 hab 1ISO 37120:2018 triangulum, RESPONSE
36 No. of Stakehqlders in Co- [ SPARCS
creation
37 Stakeholder Satisfaction [%0] SPARCS, GrowSmarter
3g | No.ofRelevant Stakeholders [], [Likert CITYkeys SPARCS, mySMARTIife, SmartEnCity, IRIS
Engaged scale]
[Surveys-
39 Ease of Use for Stakeholders based Likert IRIS
scale]
[Surveys-
40 Advantages for Stakeholders based Likert IRIS
scale]
Market Orientation/Demand
4 éa‘:ﬁg;tgﬂ“‘;ﬂgg;g?g‘gffﬁ;’:@:t [Likert scale] CITYkeys SPARCS, STARDUST
analysis)
Impact in Business Unit-IBU
42 (Variables: no. of jobs, income, [Likert scale] mySMARTIife
etc.)
New Forms of Financing (The
extent to which the project has .
43 contributed to the development [Likert Scale] STARDUST
of new forms of financing)
Energy flexibility Policies Legal
Framework Compatibility (Level
44 of suitability of the legal fram. for [Likert scale] IRIS
the integration of flexibility
policies)
45 Investment in New Public- [ G/ y] triangulum
Private Partnerships
Replication Strategy (Multiple
KPI; sub-KPlIs: social
compatibility, ease of use for [Surveys-
46 stakeholders, trialability, based Likert SPARCS, IRIS
technical compatibility, visibility Scale]
of results, advantages for
stakeholders)
Consumers Engagement in
47 Local Energy Trading and DSM [%] ATELIER
Economic Incentives to promote ) REMO URBAN, MAtchUP, REMO URBAN,
48 sustainable actions (mobility, [1, T[4 .
. L SmartEnCity
energy efficiency of districts)
No. of Contributions to European
49 Standardisation Organisations R SPARCS
Total Housing Costs (rent,
50 maintenance and energy cost) | [ G/ (‘hou SMARTER TOGETHER, RUGGEDISED
after building refurbishment y)]

(value and reduction)
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From this study it results that, in the context of the sustainable design of innovative urban
districts, greater attention is paid to the evaluation of the economic performance and
sustainability of design solutions, while greater emphasis is needed on the development of
tailor-made business models for PEDs and the definition of an overall strategic vision.

Due to the variability in measurement units, the comparability between the results of different
projects and the benchmark between business processes and eco-energy innovation plans
can be challenged.

As for the economic performance and sustainability of project solutions, almost all projects
focus on the global evaluation of operational and capital costs (OpEx and CapEx) through
Life Cycle Costing (LCC) analysis. The approaches are based on the development of
discounted cash flows in constant and/or variable currency. Operational costs in the
evaluation framework refer to capital-related annual costs (e.g. interests and repairs caused
by the investment), requirement-related costs (e.g. power costs), and operation-related costs
(e.g. costs of using the installation, i.e. maintenance) and other costs (e.g. insurance). These
costs could vary for each year (Marijuan et al., 2018).

Capital-related costs encompass depreciation, interests, repairs and replacements of those
assets or items purchased or implemented for improving the energy efficiency aspects of the
system. Requirement-related costs include power costs, auxiliary power costs, fuel costs,
and costs for operating resources and in some cases external costs. Operation-related costs
include the costs of using the installation and costs of servicing and inspection. In this
context, the KPIs from no. 6 to no. 12 are the most used, the most used KPI being the
Payback Period.

At the building level, it may be relevant to reflect the building level cost using nZEB reference
costs when performing the nZEB Cost Comparison, and if that is not available, the building
common code costs in the respective demo sites in that country (Salom, 2021). The nZEB
Cost Comparison is computed as the ratio between the total cost of the respective
investment and its nZEB alternative. The calculation period should cover the expected
lifetime of the PED and the reference, e.g. 60 years. As the PED concept is integrated into
the energy system of the region where it is built, the more efficient and renewable the
regional energy system is, the more efficient and renewable the building has to be, to be a
PED.

The global cost calculation method is defined in a supplementing guideline to the EPBD, EU
regulation 244/2012. The global cost calculation considers following basic cost categories:
initial investment costs, running costs (operation and maintenance costs, energy costs) and
disposal costs.

Furthermore, the EU guideline recommends to consider also the cost of Greenhouse Gas
Emissions (GHG) in the global cost calculation at macroeconomic level but does not provide
direct guidance on the calculation method. In addition, to reflect a truly market based
approach in evaluating the cost efficiency of PEDs, grants and subsidies should be
accounted for, rather than ignored (Salom, 2021).

In LCC applications, the end-of-life - deconstruction and disposal - phase is mostly
neglected. Although considering that the quantification of disposal costs is not mandatory
according to current legislation, it would be interesting to include it in the analysis. This could
especially facilitate the full assessment of the economic impact of new technologies and the
comparison of different technology packages. The quantification of the end-of-life economic
impacts could be performed by means of estimates guided by primary data or exploiting
advanced data science techniques, i.e. predictive algorithms, in the case of data availability.
The multifaceted and interconnected nature of sustainability requires a holistic and non-
fragmented approach that allows, according to parallel and not successive steps, the
assessment of economic impacts and social and environmental co-impacts. In this regard,
new research trends aim at integrating LCC approaches with (Life Cycle Assessment) LCA
and/or Social Life Cycle Assessment S-LCA, or with Multi Criteria Analysis (MCA)
approaches based on KPIs. Within the EU projects investigated, the sustainability evaluation
method is mainly based on the use of qualitative and quantitative indicators. Some projects
evaluate the cost of GHG emissions at local level in order to benchmark the economic impact
of decarbonisation approaches, by calculating the associated cost per ton of CO2eq avoided
(KPI no. 3, Table 3). On the other hand, further efforts could be direct to the definition of
calculation methods suitable for the macroeconomic level.

Some experiences quantify some effects on the macroeconomic sphere induced by the
project, such as the change in GDP and the change in the share of GDP for research (R&D
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expenditure). Other projects also monitor the number of new patents and the number of new
business ideas generated (KPIs no. 27, 35, Table 3) as indicators of the driving force behind
innovation and research caused by project development and implementation.

Commonly analysed is the creation of new local jobs due to the project (KPI no. 24, Table
3), as an indicator of economic well-being and improvement of the social sustainability of the
demo-site. Other socio-economic issues are considered, such as energy poverty (energy
bills reduction), welfare and the unemployment rate of citizens.

In some cases, the increase in real estate cost due to building renovation is also included in
the analysis. This could be a useful parameter for a more comprehensive assessment of
economic sustainability (direct and indirect added value). Furthermore, it could be used in
the development of risk assessment plans of the green gentrification phenomenon. This
phenomenon, connected to the increase in the cost of rents (due to the project) and linked
to the migration of poorer economic classes, could be stemmed in PEDs by planning
coordinated economic and social intervention plans, in accordance with the principles of
equity of the concept of sustainable development.

Another challenge is the quantification of economic benefits for the energy system (e.g. the
grid), in order to include these opportunity costs in the economic analysis.

As for business models, few projects explore key aspects related to the development of
specific business plans also through specific KPlIs.

For the business ideas to be effective, a collaborative governance model is imperative to
connect different stakeholders and align their interests and priorities for a general PED
development and social-environmental-economic assessment. In such a model, a co-
creation of the project proposal and the establishment of shared values and common vision
among stakeholders could be achieved, aiming at finding the synergies and unlock the co-
benefits of multiple stakeholders (Bertolami et al., 2024). On this line, KPI no. 36, Table 3,
could be useful as it informs on the level of co-creation, even if specific surveys should be
adapted to the site characteristics and stakeholders needs.

On the other hand, it would be useful by means of KPIs no. 31 and 38, Table 3, to evaluate
the attractiveness of the project for stakeholders and the interest of users in the new
business models. This information could be used to better calibrate the strategic vision of
the project and evaluate ongoing variations to the business model. Other KPlIs refer to the
satisfaction and advantages for stakeholders.

As highlighted in the context of the projects SPARCS i1 A Sustainabl e energy positiv

zero carbon communitiesod, funded under the European L
innovation programme under grant agreement No. 864242, and STARDUST i iHo |l i dt i ¢ an
integrated urban model for smart citieso, funded th

research and Innovation programme under grant agreement N°774094, there is a need for:
a) a greater use of trade-off analyses between design alternatives in the early stage of the
PED project; b) a greater Market Orientation, defined as the extent to which the project was
planned on the basis of a Market analysis (related KPIs: no. 32, 41, Table 3).

As for the emerging regulatory frameworks, new financing schemes for PEDs should be
envisaged. In the KPIs framework, KPI no. 43, Table 3, was defined to evaluate the extent
to which the project contributes to the development of new forms of financing.

Finally, it should be noted that energy flexibility is an essential key point in the PED concept,
as it can significantly contribute to the balancing of energy flows inside and outside the PED
and facilitate the achievement of the PED target and economic sustainability goals.
However, although there are several experiences at the single building level in the literature,
new research efforts are needed to demonstrate solutions and models of flexibility at the
district scale and in PEDs. Furthermore, from an organisational and business point of view,
the definition of flexibility markets would require the development of new organisational
models, engagement plans of users in local energy trading and Demand Side Management
(DSM) platforms, as well as the suitability of the legal framework for the integration of
flexibility policies, e.g. incentives for peak-shaving. As shown in Table 3, some KPIs could
cover this issue, but an articulated and detailed plan is necessary in order to regulate policies
and exploit the potential for flexibility.

The new construction of PEDs and the refurbishment of existing districts from the PED
perspective requires high initial investment costs, which are amortised to some extent over
the entire lifetime of the buildings. In this regard, an important question that should be
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addressed concerns the quantification of the amortisation extent and timeframe of different
technology packages.

In this context, the evaluation of the life cycle cost of PEDs allows a more complete and
comprehensive analysis of the economic viability of PEDs and could significantly favor the
upscaling and replication of the PED concept.

The most common method for the assessment of life cycle-costs involves calculating the
global cost as defined in the EU supplementing guideline 2012/C 115/01.

The approach focused on the quantification of the Global Cost in terms of Net Present Value
(NPV), including all initial investment costs and the present value of operation and
maintenance costs. Furthermore, the discounted value of the annual energy costs and
revenues from renewable energy feed-in, for the whole calculation period, is considered
within the Global Cost Indicator.

As outlined in Equation 1 below, the annual cash flows are discounted and summed up over
the entire calculation period. Based on the recommendations for residential buildings
discussed in the EU cost-optimal-framework guidelines, Global Costs could be assessed
over a time period of 30 years.

P

]

Com(n)
C = C[+Z_':1+d]u
. n=1 (1)
+Z Cgin)
|:|=LU+EUIJ
with
Ce Gl obal <cost [ 0]
Ci Il nvest ment cost [ 0]
Cowm Annual operation and maintenance cost [ 0]
Ce Annual energy cost and revenues [ U
d Discount rate [-]
p Calculation period [y]

Investment costs (without VAT) include all capital costs for the construction and
implementation of renovation measures or energy efficiency measures. Investment costs
are adjusted by the lifetime of the technology package in relation to the calculation period.
This means that residual values are subtracted to the investment costs if the technology
lifetime is higher than the calculation period. On the contrary, if the technology lifetime is
lower than the calculation period, replacement cost is added to the initial investment costs.
As illustrated in Equation 1, all future variables such as residual values and replacement
costs are discounted and considered as present values by means of the discount rate.

On the other hand, operation and maintenance costs (COM) include the present values of
all annual costs for operation and maintenance over the complete calculation period. Energy
cost (CE) can be expressed according to Equation 2.

Ce =Cep — Res — Rpg (2)
with
Cep Cost for ctricity purchase G

- ——

el e [
Res Revenues for electricity supply
fro S

u
Ror Revenues m Demand Response v

e

The cost for electricity purchase (Cep) is defined by the amount of electricity purchased from
the grid and the purchasing price of electricity. The electricity price contains also VAT and
grid related costs. Revenues from electricity supply (Res) are constituted by the amount of
electricity supplied to the grid and the feed-in tariff. Potential revenues from Demand
Response (DR) services are considered in the parameter Rpr.

Global costs are specified in the context of the cost-optimality methodology, according to the
supplementing guidelines to the EPBD (EU 2012/C 115/01, 2012).
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The cost-optimal approach could be used to benchmark minimum requirement for the energy
performance of buildings and building elements. It encompasses a comparison of Global
costs and Net Primary Energy Demand of different technology packages.

In general, it can be said that life cycle cost analyses such as the cost optimal methodology
are important calculation approaches as they favor the additional benefits of PEBs. Life cycle
costing is also highly relevant for contracting business models such as Energy Performance
Contracts or Energy Supply Contracts. However, some costs are not considered in the
calculation such as, for example, revenues from potential flexibility services to the DSO or
cost savings through a non-intrusive renovation processwher e t enants dondét have to
out during renovation. Furthermore, there are also several indirect benefits which cannot be
easily quantified and therefore had to be omitted from the cost assessment.

For a Positive Energy District (PED) several stakeholders such as cities and public bodies,
industry and business, research and academia, citizens and civic society, private and
professional stakeholders play a central role in the energy transition.

Satisfying outcomes of Positive Energy Buildings/Districts requires the involvement of a wide
range of different stakeholders from the early phase of the project. Therefore, increasing the
knowledge of PED, public communication, dissemination and public engagement among the
public is crucial.

Citizens initiate and lead PEDs demonstrating an important bottom-up approach, where
social identity, trust-building and power-relations play a fundamental role. End-users make
decisions and act according to their motivations and social value orientation, and play a key
role as this transition is primarily held for them. Along this line, citizens and civil society are
also included as stakeholders, as tenants, citizens, landlords, media as well as citizen
groups. Wider society plays an important role for PED/PEB. Residents, employees and other
citizens should therefore be brought on board during the planning phase for inputs prior to
communication of proposed plans.

When it comes to enforcing regulations and standards concerning PEDs, cities and public
bodies such as supranational, national, local and regional authorities, national/local agencies
and municipalities, play a key role. Furthermore, these authorities are associated with
regulatory aspects in Europe, strategy-making and connected stakeholder engagement
activities as well as innovation. Local authorities are more associated with enforcing
regulations formulated at supranational, national or regional level.

Corporations with industry and businesses such as construction companies, real estate
funds, utilities, electricity providers, electricity grid managers/owners are also essential to
unlock the full potential of PED/PEC. A further deepening of cooperation between private
firms and the public sector, as well as collaboration between different parties within
municipalities is essential to boost performance of PEDs.

I n this context the concept of HAcoll aborative governa
of wide range of sectors and field (industry, public administration, financial, economic and
social) working together with research and academia (Hamdan et al., 2021).

The relevance of different stakeholders and actors involved depends on which stage of
planning or operating the PED is currently at:

AUrban planning phase: citizens, citizen groups, non-governmental organisations
(NGOs), authorities, municipalities, tenants, owners, Economic Chambers, Labour
Chambers, construction companies, politicians, utilities urban planning department,
architects and energy planners, engineers and designers of energy companies,
developers, consultants, land owners, water companies, environmental protection
agencies as well as building owners and users.

Alntegrated build design process: citizen groups, NGOs, tenants, users, owners, planers,
municipalities, Economic Chambers, Labour Chambers, construction companies,
authorities, politicians, real estate funds, investors, society, utilities.

AcConstruction phase and its management: users, NGOs, citizen groups, tenants, real
estate funds, planners, investors, utilities, owners, construction companies, authorities,
politicians, Economic Chambers, municipalities.

AOperation phase: tenants, owners.

ABuilding operation process: construction company authorities, planners, municipalities,
Economic Chambers, utilities, tenants, users, citizen groups, NGOs.

32/138



Local circumstances and practices also vary, depending on whether the related operations
(e.g., energy, water) are private companies or municipally owned ones. In addition, land
ownership has a great impact. Another factor influencing stakeholder composition is whether
the project is a new construction or the refurbishment of an old building. In both cases, the
involvement of appropriate moderators or mediators could facilitate the achievement of
consensus solutions. Also, international collaboration with other cities through city networks
or cooperation initiatives would add benefits.

At the national level it is important to define the general framework and minimum standards.
As the general framework is set there, it is important that the government is active in this. In
addition to legislating, the national and regional governments have the main financial
resources to support the massive deployment of PEDs. Therefore, national-level financing
and incentivisation schemes play a central role in encouraging energy efficient and positive
energy buildings.

In this participatory governance model, it might be useful to include a PED certification
protocol that could structure the dynamics of the construction process (Volpatti, 2024). It is
worth highlighting that, currently, there is no officially recognised certification protocol for
PEDs. Nevertheless, some existing methodological references could serve as the

foundation. These include the JPI Urban Europe

Districts and Neighbourhood (2020), the SET-Plan Action 3.2 Implementation Plan (2018).
In addition, also the work of the IEA EBC Annex 83 also contributes to this objective. It would
provide greater security for both investors and citizens a guarantee of the investment, timing
and quality of the building transformation intervention. It would guarantee the perfect
execution of the work by the companies in order to achieve the highest level of certification.
District certification protocols are in place, but, so far, they have not guaranteed investors
and citizens that the PED will be built and that it will respect all the steps for its success.

This section addresses the main barriers in the implementation and diffusion of PEDs and
discusses research gaps and conceptual and technical silos. In addition, the section
provides useful insights and perspectives aimed, on the one hand, at a more comprehensive
analysis of the economic feasibility of PEDs, and on the other hand at facilitating the
achievement of the PED target through tailor-made business models.

Issues of missing organisational models can be divided up in issues during the developing
and planning phase, the operating phase and the post-operating phase.

One issue of PED with missing organisational frameworks lies in the complexity of processes
in the life cycle of the buildings: developments could fail in the planning, constructing or
operational phase.

I n Europe, the standard project delivery
means that there is a clear cut between the design phase and the build phase, which is

system

mar ked by the procurement of the comBulistimaicti on

system where construction companies do not take part in the planning phase and the owner
has to invest additional time for assigning construction contracts. Lack of communication
and documentation as well as lack of knowledge about technologies and their costs
discourages investors and citizens from participating. Therefore, it is vital to increase public
awareness for the topic and interest conflicts: Positive Energy Buildings are currently not the
focus of cities and cities have a lack of know-how on which technologies and which types of
buildings are suitable. In some cases, innovative solutions, although technically feasible and
reasonable under the energy balance perspective, such as Building-Integrated PV (BIPV)
on building facade are not feasible due to limitations in local building regulation (Vermette et
al., 2024).

When working with several departments in public administration, different interests of owners
and stakeholders involved require fast and current knowledge transfer, especially in the field
of legal questions or technical issues.

Limited knowledge of developing or operating a smart grid, and limited knowledge
concerning the development of smart city districts hinder the fast expansion of PEDs, as
additional external expertise is often required. Continuation of business-as-usual is too easy
for city administrations and other organisations not forced by the market to evolve and adapt
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to new circumstances. For them the fistatus Qquoo0o means
while change is a hard task to accomplish, only tackled when pushed by local politicians or
personal interest (Borsboom-van Beurden et al., 2023). Furthermore, there is the risk of
failure to achieve costs and energy goals as participants are not sufficiently aware of the
manifold interactions of holistic planning contexts. The lack of political and legal framework
might lead to higher follow-up costs if economically feasible and energetically reasonable
solutions are inhibited by legal limitations.

As mentioned above, costs present the key limiting factor for the scope and ambitions of
such projects. It is nearly impossible to make buildings across the city fully autonomous from
energy networks by designing them to cover all their energy demand themselves. This would
require massive PV arrays, installing geothermal technologies, energy storage, etc., which
would not be economically sensible anymore.

Moreover, there are business model and financial challenges: How can the construction of
passive or positive energy buildings be more reliable?

The involved actors lack an overarching common strategy, because each one seeks to fulfil
a very specific agenda. It turns out to be difficult to understand the motivations of different
stakeholder groups such as financial and other co-benefits.

One of the main challenges of planning a PED is to find a suitable location for energy
infrastructure installations, especially in the case of autonomous PEDs.
On the other hand, when aiming for high energy-flexibility, dynamic and virtual PEDs may
be of greater use for surrounding energy grids than autonomous ones. In this regard,
synergies with the energy and energy flexibility needs of neighbouring districts should be
investigated, as they could alleviate the infrastructure limitations and enhance the effect of
Demand Response (DR) actions, facilitating the definition and effectiveness of flexibility
market.
Further, some existing PED concepts do not include electric mobility and its energy demands
and flexibility potential, which remains an important knowledge gap.
Already existing PED concepts fail to adapt to important aspects of modern urban areas
such as:

Ahigh population density;

Aspace scarcity and shape of buildings;

Alimited availability of renewable energy sources.
Even if PED might work for small communities, issues with scaling up solutions of small pilot
developments to become part of larger city developments occur.
The challenge of smart city innovation does not only affect technology, but also service
transformation, integration and improvement. Having new or redeveloped districts fully
relying on electricity (even for mobility) means having new dedicated infrastructure designed
to answer local peaks and backup solutions, integrating storage and digital management
systems in buildings or public spaces. During the planning and operation, there could be the
immanent risk of losing stakeholders due to an occurring lack of engagement or interest.
During the operation, legal and tax challenges could occur due to the mixed properties. In
addition, energy sharing between different organisations, in commercial terms, is in some
ways hindered by current regulations.
The upscaling and roll-out of the PED throughout the wider district and city poses further
organisational and operational challenges. Furthermore, the motivation of the Distribution
System Operator (DSO) to engage with and contribute as a partner in local PED projects
can be a critical barrier.
Organisational barriers include challenges when it comes to collaboration with private
investors. The private sector was often dissuaded from the involvement due to too many
regulations. There is a central role of building-ownership, as on the one hand, life cycle costs
are associated with long-term ownership. On the other hand, private real estate investors
tend to have limited willingness to invest in long-term technologies.
Furthermore, there are additional issues concerning the post-operating period, such as the
assessment of t he-lifdtimecemissmhspongtiinelsdéd inattfe tPEDr metrics.
This marks a significant knowledge gap that is essential to be considered to cover a full life
cycle of PEDs.
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Although PEDs require typically high investment costs, there is a wide range of design
options and a significant variation of the costs. Furthermore, possible energy sources might
also change, making evaluation and consideration of alternative energy sources necessary.
Additionally, there is some stress concerning the timeframe, especially pressures to speed
up construction activities, question marks concerning long-term effectiveness as well as user
behaviour.

It should also be considered that PED standards could end up being seen as insufficient in
the long-run as changing climates need to be accounted for, to assure that PEBs are able
to perform as intended in the future. The NZEB metrics would require adaptations to
changing climate influences, such as higher cooling demand.

While the aim of PEDs is to provide flexibility to the energy system, flexibility markets are far
from been fully developed in many EU countries. In some EU countries there are minimum
capacity requirements, or the prequalification processes for decentralised renewables are
very complex. Also, there is a high level of fragmentation between regulations in the
electricity and heating sectors. In addition, with regard to the cooling sector, the regulatory
landscape is less mature compared to the heating domain, especially for PEDs.

Another regulatory barrier is that building regulations may prevent the implementation of
certain technologies. In addition, electricity sharing is limited or not yet available in several
EU countries.

For the success of PEDs, it is of great importance to ensure commitment of the people

through an open process and broad stakehol
regionbés strategy. Further of ficials shoul

educate them on all energy efficiency, flexibility and local RES integration. Municipalities can
support building designers from the beginning through other means than mandating or
encouraging PEDs in urban plans: provide practical guidance, initiate discussions, organise
energy nights, bring stakeholders together, offer one-stop-shop models for project owners
and construction firms launch awareness raising campaigns and disseminate knowledge.
These models refer to a single, integrated contact point through which project owners can
access technical, financial and administrative assistance for PED planning, implementation
and operation.
Stakeholders should promote a common, interdisciplinary understanding of the complexity
of PED planning processes for all stakeholders involved.
The design build approach includes reaction to bid build, performance-based design-build-
model achieves higher quality at lower cost. In this regard, the introduction of a performance-
based procurement approach as a common practice, not only for public tendering but also
for private construction, could overcome some organisational barriers. This could be used
to integrate the planning and construction phase in order to achieve the specific goal of a
high-performance PED, by assigning this as target to the planning and construction
company.
For the development of the project to be effective, more emphasis should be placed on the
integration of planning and construction. Actors of planning and construction need to
exchange information and roles should be known. Tasks and functions of stakeholders
should be assigned. On the other hand, different target criteria and co-benefits on the
perspective of stakeholders should be quantified, such as increased productivity, improve
health, publicity value etc.
Within the construction process communication between individual participants is necessary,
as the different systems are closely linked. There is also a necessity to keep comprehensive
documentation of the interactions of individual systems as well as the functionality of the
individual system
Three key aspects for developing a framework for PEDs that include stakeholders and
citizens:

AEnabling a common energy and energy flexibility market to translate European energy

market to a local scale;
Alntegrating e-mobility as a service to combine mobility and energy systems;

der engage
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AcCreating connected communities, actors in the energy system and markets who can
directly benefit from the results and act as market participants democratising energy
systems.

Recommendations for new policy interventions, market (de)regulations and business models
to deliver positive energy communities to ensure learning can be shared.
In this regard, an effective model should be based on open innovation frameworks, open
data architectures, and access to large amounts of information and results, both for transfer
of knowledge and experiences between cities and solutions providers within the project, and
with external stakeholders.
Key points of local co-creation and collaboration are: networking; collaboration with partners,
competitors, universities and users; corporate entrepreneurship by enhancing corporate
venturing; proactive Intellectual Property Management by creating new markets for
technology; Research and Development (R&D) for achieving competitive advantages in the
market. Engagement with external stakeholders can tap into knowledge and innovation
outside of the project, combining internal and external ideas: creating a balance between
exploratory and exploitative innovation.
Several further concepts and ideas of organising stakeholders in PEB/PED have been put
forward by Ahlers et. al.:
AFoundation of a company by stakeholders with the ambition to commercialise the
expertise;
AcCo-create and co-design smart city services towards energy transition with citizens via
social networking, city apps, public consultations and participative workshops;
AProvide private-public and public-public dialogue platform such as Gameplay: all
stakeholders in a certain destination are invited to plan together/collaborate.
PEDs should be developed using area-based approaches and social oriented policies. Area-
based approaches mean allowing for different combinations of policies that would target
specific groups in PED development considering their local (spatial) contexts. Social oriented
policies mean targeting (especially) vulnerable groups through providing alternatives or
supportive conditions that would allow affordability and inclusion.
In order to face challenges described above such as high population density, space scarcity,
and limited availability of renewable energy, the development of dynamic and virtual PEDs
should be prioritised over autonomous ones. Dynamic and virtual PEDs allow flexibility
through interacting with neighbouring PEDs and VPPs. As observed in the practical
examples, this can lead to successful implementation and sustainability of PEDs.
The concepts of PEBs and PEDs are in principle synergetic with the energy community
concept as PEBS/PEDs relate to technical characteristics and optimisations while energy
communities provide a legal and regulatory framework for the organisation and governance
of a community, at the same time providing new regulatory space for specific activities and
market integration. Renewable Energy Communities (RECs) address all types of renewable
energy and have a local character. They could provide a suitable framework for PEBs and
PEDs by defining their geographic scope, the eligibility of members and their governance,
as well as the general purpose of the community. Focusing on an increased share of
renewable energy in the system or collectively self-consumed within the community, RECs
are supposed to receive public support. Citizen Energy Communities (CECs) on the other
hand can operate over a larger area, limited only by national borders or even involving
international cooperation

There are several financing models being discussed, some of which are already used for PV
or renovation, but with limited technological coverage. These include:

In this model, also maintenance costs should be considered, one option is to develop
performance-based contracts to include also the maintenance of the complicated system
(e.g. appointing a general contractor for a wide energy-facility management that goes
beyond the boundaries of the buildings, perhaps even including the neighbourhood e-
mobility system).
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This alternative is being piloted in Europe and has been successfully implemented in the US.
The benefit of these loans is that they are not linked to home or building owners but rather
to the building itself, which enables transfer of ownership including the financial repayment
obligations. This particular model has been structured around bonds provided by
municipalities, such as Los Angeles, Miami and New York, with repayments made through
property taxation over a period of 15-20 years. The adoption of PACE is currently at hold in
Europe due to regulatory issues.

OBF schemes aim to lower the initial investment cost burden of energy renovations and
address split incentives issues. OBF allows utilities (or other parties) to act as a cushion to
the impact of initial investment costs for home or building owners, either via an on-bill loan
or on-bill tariff structure.

These funds capture some of the savings linked with energy efficiency measures and re-
invest these into further projects. The Estonian Kredex Credit and Export Guarantee Fund
has had considerable impact and could be considered for further replication.

Several international funds exist, often bringing together public and private investment, to
mobilise energy renovations. Key players include the European Energy Efficiency Fund
(EEEF), the SUSI Energy Efficiency Fund and the Renewable Resources and Energy
Efficiency (R2E2) Fund.

Currently individual PED technologies (e.g. PV and storage, envelope insulation, Heat
pumps) and services (e-mobility, EVs charging stations, etc.) receive specific funding. There
is no funding for systemic PED solutions, apart from EU R&D projects, that only cover a
minor part of the investments and are mainly deputed to knowledge creation and testing of
advanced solutions not yet on the market. Financing and incentive schemes at the national
level (or even city level) promoting PEBs should also include social issues improving social
equality. The requirement to show the life cycle effects should be made mandatory in the
planning phase or in connection of the building permit, not just related to costs, but also to
environmental aspects.

Introducing a CO2 or an environmental tax (that possibly includes lifecycle emissions) could
help in the roll-out of PEBs (also social issues improve social equality), while enabling
circularity. There is the risk of overinvestments into technology onsite, in particular oversizing
electrical storage systems that need cooling in summer, and have in some cases limited
environmental benefits (Pucker et al, 2021). There is a lack of existing examples of cost-
benefit analyses of PEBs (including life cycle cost and emissions).

In the following more details about Energy Performance contracting are provided. EPC are
an alternative financing mechanism, where the initial investment costs are completely
financed by future energy cost savings. Initial financing is typically organised by the ESCO
(either own funds or third-party financing), which is the main advantage of EPC to building
owners. As PEDs reduce the energy demand and costs to a minimum and generate new
revenue streams from RES feed-in, EPCs can be a very promising financing model for PEDs.
For a profitable EPC, the payback period of the investment must be within the typical
contracting period of EPCs (max 20-30 years). Therefore, cost effectiveness of applied
technologies as well as the deployment of new innovative revenue streams (e.g. demand
response services, P2P trading, etc.) are crucial for the profitability and widespread market
uptake of EPCs for PEDs. The basic idea of the EPC business model is that the ESCO wiill
be remunerated based on the energy savings generated through the contract. The basic
EPC business model is described in Figure 1. It shows that the baseline energy
consumptions reduced through the implemented measures. The energy savings are used to
pay back the investment costs. After the contract duration, the customer receives all savings.
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Additional cost avoidance due to
energy price increase

New, reduced costs with
performance contracting

Energy & operational costs
Baseline (previous costs)

g
#% L

Time (years
Duration of programme y )
Start of positive impact Contract expires
on energy consumption Customer retains all savings

Figure 1: Basic concept of EPC

The following paragraph describes some specific characteristics of the basic EPC business
model. EPCs focus on buildings with energy systems that are outdated and inefficient and a
deep renovation of the building is needed. The EPC project is usually desighed and planned
by the building owner or a facilitator in combination with contracted architects. The
installation and operation of equipment and technical facilities is done by the ESCO.

The technical improvements of the building can include deep renovation of building
structures (e.g. building envelope, roof, basement, interior, facilities like elevators, etc.) as
well as the replacement or new construction of in-house energy supply and consumption
systems (e.g. energy efficient heating, ventilation, air conditioning, lighting, etc.). Often it also
includes the utilisation of renewable energies and the installation of heat pumps. The
ownership of all equipment and facilities installed is usually transferred to the building owner
at the date of acceptance as defined in the contract. The contract usually also includes
services such as energy accounting and management as well as the measurement of actual
energy consumption and the verification of the energy savings achieved. Other services can
be grant applications and approval procedures. Furthermore, operation services such as
optimisation of operation and maintenance of installed facilities and the auditing and
certification procedures, can be additional services that are defined in the EPC contract
(Csaszar et al. 2015). EPC contracts usually define the specification of the building (size,
type of use, operation mode, etc.). EPCs can be categorised in shared-savings models and
guaranteed-savings models. The following subsections will outline the basic components of
those two models and the differences between the models.

In the EPC shared savings model, the ESCO is undertaking the investment, as well as the
project planning and implementation as shown in Figure 2. The energy savings are shared
between the ESCO and the customer. The investment is paid back by the part of the energy
savings that are obtained from the ESCO. In the shared savings model, the ESCO has the
technical risk of achieving the agreed savings and the credit risk as the ESCO is responsible
for investment. This means that in the shared savings model, the only financial commitment
the client will have to bear is to pay back the investments made by the ESCO through the
savings achieved, at a pre-determined rate or proportion and over a certain period of time
(Patari et al. 2014). The performance risk (i.e. the uncertainty of future energy consumption)
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can therefore be regarded as being shared between contractor and client (Bertoldi et al.
2006, Winther et al. 2017).

Bank ESCO Payment based on Client
Loan obtained savings
Il w - =y ~ o U
Fixed ESCO implements
repayment project

Figure 2: Shared savings model (IEA 2018)

Guaranteed savings model

In the EPC guaranteed savings model, the ESCO guarantees a certain amount of savings
to the customer. The ESCO only takes the technical risk of achieving the agreed savings.
The customer obtains a bank loan or uses its own equity to pay contractually determined
fees to the ESCO and the bank. Therefore, the customer has the credit risk in the
guaranteed savings model. In other words, the customer is required to provide the
necessary financial resources and therefore the contractor assumes the entire
performance risk (Bertoldi et al. 2006, Winther et al. 2017, P&tari et al. 2014). Figure 3
graphically shows the concept of the guaranteed savings model (IEA 2018).

Bank Client Payment based on ESCO
Loan obtained savings
Fixed ESCO implements
repayment project & provides

savings guarantee

Figure 3: Guaranteed savings model (IEA 2018)

This chapter has shown several approaches to assess costs of PED technologies and
technology packages, possible business and financing models as well as stakeholders
involved, as commented in Section 2.2.3. So far as this report shows cost assessments still
have their weaknesses as not all cost can be quantified, Life cycle costing as illustrated in
this report is hardly applied, CO: pricing in the building sector not yet operational. Financing
models that are used in the building sector are not yet applied for more innovative
technologies, due to risk averse decision making. Next to regulatory barriers, such as a
limitation of energy sharing and only emerging concepts for energy communities and
decentralised flexibility, the roles and interest of related stakeholders is unclear and diverse,
thus synergetic organisation model are still to be developed or streamlined. For example,
energy utilities typically prioritise system reliability and cost recovery, whereas building
owners are mostly interested in lowering energy bills or increasing the value of their property,
and, to add another element to this analysis, municipalities focus on meeting climate targets
or reducing energy poverty. A possible way to circumvent this is to tying the concept of PED
more strongly to the achievement of climate-neutral urban goals by envisioning specific
financing programs that would stimulate the interest of real estate developers and market
operators even in areas where the market does not yet seem ready to reap the benefits of
energy sharing and energy sustainability.

This chapter shows some applications of the economic framework methodologies and is
mainly informed by the project EXCESS EU Horizon.
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2.3.1 Applying the cost -optimality approach

Figure 4 depicts, as an example, a graphical representation of the main results deriving from
an application of the cost-optimality approach applied to different energy technology
packages in the EXCESS project. Specifically, Figure 4 elaborates some data obtained for
one of the pilot-cases (Spanish demo-site). Different technology packages (different degrees
of renovation, heat pumps, PV and PVT) are compared in terms of global costs and Net
Primary Energy Demand in order to define cost-optimal solution for the achievement of the
PEB target (Mayer et. at., 2023). This has a different impact if compared to PED, where a
group of buildings are considered. However, this analysis is offered to give initial insights
into the concepts of energy positivity at the urban level.

Cost optimal analysis Spain all
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Figure 4: Graphical representation of the main results deriving from an application of the cost-
optimality approach applied to different energy technology packages for the achievement of the PEB
target. Example for the EXCESS Spanish pilot case (Mayer et. at., 2023).

The figure above shows that a PEB can be reached with only minor increase of global costs.
This is caused by the high solar radiation in Spain, and the limited number of apartments in
the 3-storey building.

Another case study is the Finnish case study of EXCESS, a Positive Energy Building
constituted by 8 floors and located at Kalasatama district, in the city of Helsinki. The city centre
is typically equipped with a District Heating (DH) network and buildings are a mixture of
residential and commercial buildings. The pilot building has 51 apartments and a total heated
area of around 4000 m2. The energy system in place for the Kalasatama PEB is a hybrid
geothermal energy system. It combines semi-deep geothermal energy wells with collectors in
~ 600-meter-deep boreholes, a 67kW multisource heat pump, building integrated PV panels
(87 kWp) and solar thermal PVT (79 kWp) that will produce electricity and heat for the building
and recharge the bedrock. The heat pump needs to be compatible with multiple primary
sources (ground and solar sources) and multiple operating modes (active heating and
cooling). To increase temperature levels to a suitable level for space heating and domestic
hot water, the hybrid energy system utilises heat from the PVT panels, ventilation and ground
source heat with heat pumps. The building structure, heating, ventilation and air conditioning
is designed as energy efficient as possible. To optimise the overall energy system
performance, an integrated smart control system enables demand response and two direction
electricity trade. Figure 5 illustrates the net primary energy demand and global cost of all
technology packages with and without plug loads. For the Finnish pilot case, plug loads of
only 12.7 kWh/(m?y) are assumed. It can be seen that there are no technology packages with
a net primary energy demand below 0. This means that there are no technology packages
which could lead to a PEB solution. One central reason is the shape of the building. The
building has 8 floors but only a small built surface area and therefore reduced possibilities for
renewable energy generation with PV or PVT facilities. Another reason is the rather cold
climate that leads to a relatively high energy demand for space heating compared to other
geographical areas in the European Union.

Figure 5 also shows the difference between a standard renovation according to the nZEB
standard (in yellow) and an energy renovation scenario according to the PEB standard. It can
be seen that global costs increase with a reduction of net primary energy demand (from nZEB
to PEB). In the Finnish case a PEB level can be achieves only with a significant increase of
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global costs, as the building is high and has many apartments, solar irradiation in Finland is
low, while the heat demand high is (Mayer et al. 2023).

with plug loads
wo plug loads
Reference case with plug loads

Reference case wo plug loads

&
£
w,
0
]
17
o
Q
©
fel
Lo
(U]

- Linear (with plug loads)

Linear (wo plug loads)

30 50 70 90 110
Net primary energy demand [kWh/(m?2y)]

Figure 5: Cost optimal analysis Finland i all technology packages

Comparing the two cases shows that global costs for reaching a PEB not only depend on the
technologies, but also the building shape, the type of users and the climate zone.

2.3.2  Flexibility revenues of PEBs: A case study

The Austrian EXCESS case s tWedykoi,s al ofcoartneedr
the south of Graz, the second-largest city in Austria. The EXCESS demo case, a former feed
production silo, is part of a 19-building-strong complex with about 31.000 m? gross floor area,
shown in Figure 6. Upon completion, the EXCESS positive energy silo will become an office
building.

\

FORMER INDUSTRIAL COMPLEX-IN A CONTINENTAL CLIMA

ik
t

Figure 6: Case-study Austria i PEB as a former industrial building

A positive energy house standard will be achieved by activating the existing thermal mass of
the building structure via pre-fabricated multifunctional facade elements including integrated
PVs to supply the heat, cold and electricity demand of the building. The building will be heated
with a groundwater heat pump. A battery will be installed to increase the self-consumption
rate. The flexibility revenue simulation in this report considers one technology set-up with a
battery and one without showing the impact of energy storage. The building's electricity
consumption (flexible and non-flexible loads) and the expected PV generation profile were
simulated with the building simulation software TRNSYS. Figure 7 shows the building's energy
demand and generation for one year without any optimisation. It can be seen that there is high
PV generation compared to electricity demand which is a typical characteristic of a PEB as

iinn dtuhset riiiTaal g
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the yearly energy balance of PEBs must be positive. The Figure also shows that there is a
high flexible energy demand in winter as well as in summer which comes from heating and
cooling with a controllable groundwater heat pump (Mayer et al.,2024).
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Figure 7: Electricity demand and PV generation of demo case Austria

Table 4 shows the main assumptions and parameters for the simulation. The flexible electricity
tariffs are based on the EPEX spot market electricity prices from the year 2023 and typical
values for service fee and grid fee. Fixed electricity tariff and electricity feed-in tariff were
defined based on the market price level of 2023. The maximum shift of the heat pump was
assumed to be 12 hours (Mayer et al.,2024).

Table 4: Assumptions and calculation parameters Austria

Data Values / assumptions
Flexible electricity tariff (incl. EPEX spot 2023 + 0
grid fee) service fee + grid fee (0.09
G/ kWh) + 20% VAT
Fixed electricity tariff (incl. 0.25 a4 (incl. grid |
grid fee)
Revenues for surplus feed -in 0.08 u/ kWwh
Max shift of flexible load 12 hours
(heat pump)
Battery 60 kWh /60 kW
Charging eff: 0.95; Discharging
eff: 0.95

Charging max in low price

hours: 60%

Charge < 0.14 a/
Di scharge >0.18 u/ k)"

Table 4 shows the building's input data (demand and supply) and the results of the

optimisation model for all simulated use cases. It can be seen that the building shows an

almost positive yearly energy balance as the total yearly onsite PV generation is similar to the

total yearly energy demand of the building. The reference case without optimisation leads to

overal/l yearly electricity costs of 7,488 0/year wit
with a flexible electricity tariff (without optimisation). (Mayer et al. 2024)

The optimisation of the PV self-consumption rate without a battery through the shift of the heat

pump reduces electricity costs by around 32% to 5,0
electricity feed-in tariff is lower than the electricity purchasing price. With a battery, the self-

consumption rate could be further increased and as a result electricity costs are reduced to

2,993 d/year. However, it has to be mentioned that t|
not considered in our analysis. To calculate the profitability of the battery, energy cost savings
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must be compared with investment costs and yearly depreciation of the battery (Mayer et
al.,2024). UC2 assumes a flexible electricity tariff and optimises for the overall lowest costs
based on current PV production and DAM prices. The data shows that in almost all hours of
the year, it is more profitable to optimise the self-consumption of the PV compared to an
optimisation according to Day-Ahead Market (DAM) prices. Only in those times where the
electricity DAM price including grid fees is lower than the electricity feed-in tariff, it would make
sense to prefer grid consumption to self-consumption. Therefore, the model optimises first for
self-consumption and in a second step according to the DAM prices. Load shifting according
to DAM prices is more relevant in winter, when not enough PV is available. The results of UC2
show that overall electricity costs could be reduced by around 32% through optimisation with
DAM prices. The usage of a battery storage could further decrease electricity costs, similar to
UCL1. Typically DAM price optimisation is more relevant for buildings without PV. The more
PV is installed, the less important DAM optimisation is as PV self-consumption is typically
more profitable. This is also reflected in the results of UC2. Figure 8 graphically shows the
simulation results of the Austrian case study.

Electricity cost per year
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Figure 8: Simulation results i Electricity (Mayer et al.,2024).

As EXCESS showed in comparing the pilots, flexibility revenues depend on a variety of
factors, next to the assumptions on revenues and technologies also on the type of building in
particular the buildings thermal mass. While older buildings often have a higher thermal mass
due to thicker walls, they may be less suited to implement new technologies.

As the cases above show economic KPIs depend on a variety of factors that will also
determine the replicability of the PEB and PED concepts. Next to economic assumption of
cost and revenues the economics of PEB technologies are highly influenced by the climate
zone in which they are implemented. For example, different applications of PVT panels are
more suitable for southern, central, or northern European regions, depending on local
temperature ranges and solar irradiation levels. Also building types, ages, and users
determine PEB achievement and related costs. Low-storey buildings with a big roof size for
PV or PVT installation, could achieve PEB-level much easier than multi-storey buildings with
limited roof size.

While the development of technology costs can be forecasted, revenues from monetising
flexibilities are harder to quantify, as flexibility markets for small and decentralised assets are
only emerging.
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Positive Energy Districts are a promising pathway to enhance the sustainability of cities by
ensuring that districts generate more energy than they consume through efficient design,
renewable energy integration and community engagement.

Traditional energy assessments often focus on operational efficiency while neglecting
broader environmental impacts, such as embodied emissions, land use and urban
metabolism. However, as also recommended in the literature, a comprehensive evaluation
of both direct and indirect environmental consequences across the entire lifecycle of a district
is necessary to implement a proper conducted environmental impact assessment. The
literature review here conducted is based on the work of (Volpe et al., 2025), developed
within the activities of the Annex 83, and examines the extent to which environmental impact
assessment methodologies are currently integrated into PED planning and monitoring, while
also discussing the existing gaps and proposing pathways for a standardised methodology
that accounts for the unique features of PEDs.

The literature review here presented used the Scopus database to identify and classify
relevant academic publications. In particular, three successive query strings were used to
capture the existing research on zero-energy districts, sustainability, and environmental
evaluation. These query strings are: 1) (zero AND energy AND districts); 2) (zero AND

energy AND neighbourhood); and 3) (APositi

"solar districts" OR "smart district") AND ("Environmental" OR "sustainability"). The final
refined query yielded 144 documents, with a significant increase in relevant publications
observed after 2016, suggesting a growing academic interest in the field (Burnham, 2006).
In addition to this search, a keyword co-occurrence analysis was performed to map emerging

ve energy d

research trends. Central themes included Azero
isastnhable devel opment o0, wi t h notable <cluster
assessment o, ALCAO, Aurban sustainabilityo.

APositive Energy Districto remained rel
reflecting its status as an emerging but underdeveloped research domain (Volpe et al.,
2025). The theoretical analysis also highlighted a diversification in terms of the main
methods adopted to conduct an environmental impact assessment. On one side, some
literature prefers to apply operational-phase methods, which evaluates districts based on
real-time energy use, emissions, and system performances. On the other side, lifecycle-
oriented approaches are also implemented, i.e. including all stages from design to
construction and decommissioning. This dual perspective is critical, as having a narrow
focus only on operational metrics can overlook long-term impacts, such as those associated
with construction materials or demolition waste (Guarino et al., 2020).

In addition to LCA, other methodologies, such as Multi-Criteria Decision-Analysis (MCDA)
and urban sustainability certification schemes were also examined. These contribute
valuable tools for stakeholder engagement and scenario evaluation but often lack the depth
required for rigorous environmental impact quantification (Becchio et al., 2018). A way to
benefit from these approaches is to have them in combination with other strategies, tools
and frameworks to support evidence-based decision-making and foster replicability across
projects and urban contexts. MCDA, however, is also implemented to evaluate alternatives
based on a range of environmental, economic and social indicators, or to find trade-offs
between competing objectives (Bottero et al., 2015).

Regarding the environmental impact assessment of PEDs, it can be observed that diverse
methodologies have been developed in the literature. The most prevalent is the LCA, which
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evaluates the environmental impacts across the entire lifespan of a PED, from raw material
extraction to demolition (ISO 14044, 2006). LCA is particularly relevant for PEDs because it
accounts for embodied energy and emissions, which are often neglected in operational
analyses. Several studies have then extended the LCA to include multiple urban
components, such as mobility, energy infrastructure and public spaces (Lausselet, et al.,
2020). However, due to the high level of rigor, the implementation of LCA at the district level
is challenged by data availability, system boundary complexity as well as the difficulties in
properly selecting the functional units (e.g., per square meter, per inhabitant).

To complement LCA, simulation models are often introduced in the literature. These can
range from EnergyPlus to CFD tools to predict energy demands, thermal comfort or also
urban microclimates under various scenarios. In addition, these models can be effectively
used in the early design stages of PEDs. However, although highly detailed, these tools are
based on initial assumptions that are highly dependent on specific case studies, thus posing
some difficulties in their predictive validity and general replicability without a certain degree
of adjustment (Crawley et al., 2000).

Approaches can also be divided into bottom-up, i.e. from the individual simulations, and top-
down, i.e. from aggregated data, methods for PED modelling. Hybrid approaches combining
Geographic Information Systems (GIS) with simulations are also available as they offer a
powerful tool for spatially explicit analyses (Mastrucci et al., 2020).

Another relevant layer involves sustainability certification schemes such as LEED for
neighbourhood development, BREEAM communities, and DGNB for districts. These
frameworks promote best practices and offer benchmarks, though their applicability to PEDs
remains limited due to a predominant focus on environmental aspects without a fully
coverage of systemic urban dynamics (Sharifi et al., 2021).

Despite their strengths, these methodologies often operate in silos. Therefore, there is the
need for a synergistic framework integrating all these tools, methods and schemes into a
cohesive process tailored to PEDs.

To monitor the effectiveness of PEDs in achieving sustainability goals, the use of Key
Performance Indicators (KPIs) is fundamental. The literature identifies nine macro-areas for
KPI application:

AcClimate change, with indicators that include greenhouse gas emissions, urban air
quality, and temperature regulation (Walker et al., 2018);

ARenewable energy production, for tracking the proportion of energy demands met
through renewables and assessing the density and integration of these sources within
the district (Volpe et al., 2022)

AFinal energy consumption, disaggregated by sector (i.e. including residential, industrial,
commercial profiles) for determining energy efficiency at different scales;

AEnergy intensity, a metric that relates energy usage to economic activity, typically
expressed in energy per GDP unit (Lauseelet et al., 2020);

AEnergy autonomy, with KPIs assessing the level of local generation and self-
consumption, a defining characteristic of PEDs (Fichera et al. 2020);

ATransport-related emissions, derived from mobility patterns and modal shares, these
indicators extend sustainability assessments beyond buildings (Nematchoua et al.,
2018);

AMunicipal waste and recycling, quantified by recovery and recycling rates and reflecting
circular economy efforts;

AHealth impacts, with KPIs including toxicity measures and exposure indicators,
especially relevant in dense urban areas (Guarino et al., 2020);

AlLand and water use, covering biodiversity, soil exploitation, and water scarcity (Xia et
al., 2021).

These KPIs are not standalone metrics. They are deeply interrelated and are often used as
input for decision support systems. In addition, it is also important to align PED KPIs with the
UN Sustainable Development Goals (SDGs), particularly SDG 7 (Affordable and Clean
Energy), SDG 11 (Sustainable Cities and Communities), and SDG 13 (Climate Action)
(Cellura et al., 2022).
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Finally, also international standards, such as ISO 37120 and 1SO 37123, which provide
guidance for the development and benchmarking of urban indicators should be considered
in the analysis and for KPIs definition.

In the paper of (Volpe et al., 2025), published as a result of the investigation of this Section,
22 PED-related case studies applying LCA techniques have been compared. The
comparison has been framed using multiple functional units, including total district
emissions, emissions per inhabitant, per square meter of the districts, and per square meter
of heated floor area. This is essential for understanding how boundaries and assumptions
influence environmental outcomes.

The Global Warming Potential (GWP) among the reviewed districts varies widely, from 105
tons COzeql/year to over 5400 tons COzeq/year. Likewise, the Gross Energy Requirement
(GER) spans a range of 5 to 560 terajoule/year. Such variability underscores the importance
of clearly defining analytical boundaries, especially when comparing geographically,
climatically, or functionally diverse urban areas (Riera Perez et al., 2013).

From the comparison, moreover, buildings emerged as the main contributors to GHG
emissions, followed by transportation systems. Infrastructure such as open spaces and
energy systems showed less impact. However, despite having a moderate impact, it is
important to not overlook these components, in particular considering that PEDs may evolve
to include integrated systems such as district heating, storage in a shared configuration, as
well as electric mobility infrastructure (Lotteau et al., 2015).

A major insight from the comparative review is the disparity in methodology across studies.
As it emerged, the inconsistency in system boundaries, emission factors, and functional units
of the different papers of the literature makes it difficult to generalise any results or derive
standardised benchmarks. For example, some studies adopt static grid emission factors,
while other model time-varying dynamics of renewable integration (Hachem-Vermette et al.,
2019).

To address these inconsistencies, the results of this literature review converge to a
standardised roadmap for PED environmental assessments. This includes:

AClear definition of the functional units based on the objective of the study;

ATransparent reporting of system boundaries and included lifecycle stages;

AHarmonisation of impact categories (GWP, acidification, ozone depletion, etc.);

AAdoption of dynamic LCA and scenario modelling to account for temporal evolution and
technology shifts.

Of course, having a standardised roadmap does not imply rigidity. On the contrary, flexible
methodological templates are able to ensure contextual adaptation while ensuring minimum
comparability standards across projects.

PED evaluation has to embrace an interdisciplinary integration of environmental science,
urban planning, energy system engineering and social innovation. Any framework for the
impact assessment should not only account for carbon neutrality, but also address cross-
sectoral impacts, reinforcing the broader role of PEDs in fostering sustainable and resilient
cities.
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3.2 Methodological framework for environmental impact
assessment

3.2.1 Research question motivating the study

The primary aim of this research is to establish a framework for conducting the
Environmental Impact Assessment of Positive Energy Districts (EIA-PED). Typically, an EIA
involves evaluating the environmental performance of a system, aligning with the system 6
function and environmental objectives (Janseens et al., 2017). A framework refers to a set
of structured guidelines aimed at achieving a specific objective. Thus, in the context of this
study, the presented EIA-PED framework is designed to offer a systematic approach for
estimating the potential environmental impacts and benefits associated with PEDs, and
contributing to support any action focusing on the effective mitigation of the environmental
consequences associated with human activities and urban areas. This framework should
guide all stages of PED development, encompassing design, implementation, operation and
management. For instance, during the design phase, it should provide insights into relative
contributions of various urban systems across all life cycle stages to a diverse range of
environmental impacts. It should also facilitate comparisons between design alternatives,
identify areas of concern and trade-offs, and address the potential influence of user
behaviours on environmental impacts. During the implementation stage, the framework
should aid in monitoring environmental performance and provide valuable insights for
managing energy flows within and across the PED boundaries, ensuring effective mitigation
of environmental impacts. Lastly, the framework can serve as a benchmark for evaluating
the environmental performance of a PED, allowing comparisons with other districts. This
offers insights for replication and assists stakeholders in applying adequate metrics for
environmental impact assessment.

Under these premises, the EIA-PED framework proposed in this study encompasses
practical guidelines for stakeholders engaged in decision-making processes or addressing
environmental impact of PEDs. These guidelines enable cross-comparisons with other
cases and provide a shared foundation for interpretation and ex-post evaluation of the
results.

The process of defining a framework aimed at achieving a specific goal does not necessarily
need to adhere to existing approaches, methodologies or methods. Instead, it can be crafted
in a direction perceived as reliable and effective for the investigation. The proposed EIA-
PEDs framework, here outlined, is structured as a series of steps organised into: (i) the
research question driving the study, (ii) the chosen methodological approach and modelling
considerations; (iii) the tools and strategies for data collection; (iv) benchmarking and
comparisons for the purpose of communication and replication, as depicted in Figure 9.
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The central research question guiding this framework pertains to targeting the environmental
impact assessment (EIA) of PEDs. With the primary objective of the framework established,
the subsequent critical step involves selecting the methodology around which the framework
will be structured. In this study, the Life Cycle Thinking perspective has been adopted due
to its proven effectiveness in estimating the environmental impacts of processes, products,
services or systems. The subsequent phase entails evaluating tools and approaches, a
stage of particular significance that informs and drives the analysis within the framework.
Given the data-intensive nature of EIA-PEDs, which also vary across different typologies of
PEDs, diverse reliable methods are available for data collection. Subsequently, the impact
assessment can be conducted using purpose-built indicators, strategically crafted to enable
cross-comparisons, replication, and effective communication among stakeholders. The final
link in the chain involves connecting metrics and objectives to interpret the results.

The depiction in Figure 9 highlights that the EIA-PEDs framework encompasses multiple
distinct steps. These steps can be interconnected to complement each other or selected
alternatively, contingent on the unique characteristics of the conducted environmental impact
assessment.

The EIA-PEDs framework is established within the life cycle thinking methodology. To
effectively conduct an EIA, various aspects should be considered. These aspects
encompass geographical boundaries, time horizon, time resolution, and sectors, all of which
are elaborated upon in the subsequent sections.

Geographical boundaries for PEDs can be selected from various options based on their
definitions, significantly influencing the energy flow balance considered in environmental
impact assessments.
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Figure 10: Layout of (a) autonomous, (b) dynamic, (c) virtual and (d) candidate PED.

Figure 10 illustrates four types of PEDs outlined in the literature: autonomous, dynamic,
virtual and candidate (Salome et al., 2021). Autonomous, dynamic, and virtual PEDs all
exhibit a net positive annual energy balance. The autonomous PED features clearly define
geographical boundaries and is fully energy self-sufficient by utilising renewable-based
plants located within its boundaries. While energy imports are not allowed, any energy
surplus can be exported to other PEDs or to external grids. Conversely, the dynamic PED
can interact bi-directionally with other PEDs, external power grids and district heating/cooling
networks. It retains well-defined geographical boundaries, unlike the virtual PED, which
allows the installation of renewable-based plants and energy storage systems outside of its
boundaries. Lastly, the candidate PED lacks a net positive annual energy balance within its
geographical boundaries, compensating for energy deficits through the import of certified
green energy. The dynamic PED configuration is often recommended as it emphasised both
renewable energy production and energy efficiency within geographical boundaries. It offers
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more flexibility in the design, implementation, and operational, making it economically
advantageous. In contrast, implementing autonomous configurations can be challenging due
to space limitations, high energy demand, or budget constraints (Laitinen et al., 2021). While
autonomous configurations might be considered a reliable option for islands, with difficult
access to centralised power grids, the JPI Urban Europe (JPI, 2020) stresses that energy
autonomy should not be the sole aim it compromises cost efficiency, affordability and system
flexibility. The virtual PED might be the most suitable configuration for dense urban districts,
characterised by limited space for installing renewable production plants and realising the
dedicated distribution infrastructure. But this concept requires careful evaluation to avoid
fgreen washingo or potenti al accounting tricks. The
urban district can be considered as a virtual PED lies in the additionality of renewable energy
production. For example, buying enough renewable electricity certificates to meet and
surpass the electricity demand of the district is not sufficient to claim that an urban district is
a virtual PED; indeed, the investment made to acquire renewable energy has to be
associated with additional installed renewable production systems. On the contrary, virtual
PEDs may account on procurement schemes such as power purchase agreements or direct
ownership of new installed renewable production facilities, even if outside of its geographical
boundary. Furthermore, the choice of PED configuration also depends on whether the district
is new or existing. For new districts, all three concepts - autonomous, dynamic, virtual i can
apply depending on context. For existing districts, virtual PED is the minimum requirement.
In existing PED projects, environmental impact assessments are commonly conducted on
an annual basis (Bastos et al., 2023). The approach involves assessing the annual
environmental impacts of specific elements (such as buildings, vehicles, etc.), multiplying
them by their lifespan, and subsequently calculating the total impacts or greenhouse gas
emissions savingsoverthe PED6s | i f eti me. This annual assessment ref
performance but may overlook future system transitions, such as the gradual
decarbonisation of the energy systems. Although it may appear less significant, this
consideration becomes crucial due to factors like the finite lifespan of a certain renewable
energy systems, for instance, solar photovoltaics with a lifespan of around 35 years. This
lifespan is often shorter than that of buildings and other facilities, necessitating renovations

or replacement during the PEDG6s existence. I f the ene
outside their boundaries, achieve complete decarbonisation when replacements occur in the
future, the obligatory installation of renewable ener

boundary could become unnecessary. This, in turn, affects material production required for
future building and facility renovations. Therefore, it is advisable that the time horizon
selected for the EIA-PEDs spans multiple decades to account for potential future changes.
Regarding time resolution for assessments, as on-site renewable energy production and
storage are integral to PED configurations, adopting a relatively short time resolution is
crucial. This allows the integration of key time-dependent factors like weather, electricity
tariffs, and the electricity supply mix. In this context, hourly resolution is recommended as
the minimum requirement for accurate evaluation.

Sectors encompassed within the EIA-PEDs framework primarily include buildings, on-site
renewable production and storage systems, energy and water networks (including sensors
and management systems), urban transportation (mobility) and open space. Buildings and
their components have often been the central focus of environmental sustainability research
due to their significant contributions to energy requirements and environmental impacts in
urban areas. While buildings and energy systems are immediately integrated into most
analyses, water, open space and mobility are frequently considered within specific contexts
and objectives. Urban mobility, both private and public, significantly contributes to
environmental impacts. It exhibits substantial non-renewable energy demands, fossil fuel
dependence, greenhouse gas emissions, and traffic-related air pollution with associated
public health effects. However, integrating mobility into the EIA-PEDs framework poses
challenges and entails subjective choices. First, the selection of the system boundary for
modelling mobility requirements and impacts can be complex. Clarity is required on whether
the assessment solely includes operational impacts or also encompasses embodied impacts
like those linked to vehicle manufacturing, even though they are not directly influenced by
district-scale decisions or features. Another point of discussion revolves around the
consideration of the requirements and impacts, such as whether the mobility of PED
residents or vehicles traveling to/from the PED, like commuters, should be factored into the
EI A. ltds worth noting that when the energy consumpt
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achieving a positive energy balance becomes more challenging or even impossible for
certain districts.

The inclusion of open space depends on the addressed performance indicators. For
instance, if evaluating urban heat islands effects, green infrastructure within open spaces is
generally integrated. However, in cases where the EIA-PEDs framework concentrates on
energy requirements and GHG emissions, open space is often excluded from the model due
to its assumed low relative contribution to the outcomes.

AOperational stage carbon footprint
One approach to account for GHG emissions (such as COz and/or COz2eq) associated with
energy supply and demand in PEDs operational stage is to adapt the Baseline Emission
Inventory (BEI) framework, originally introduced by the Covenant of Mayors for Climate &
Energy. The BEI 6s pur pose i saselimeyaay @avidingfay GHG
reference value for subsequent years as part of the implementation of the Sustainable
Energy and Climate Action Plan developed by local authorities. This approach enables the

assessment of the pl anos gsohsfaedaliowsvoeadjgstnentsaa r educ i

needed. The following sections detail methods useful for compiling emission inventories at
the PED level, beginning with data collection and the selection of emission factors (EFs),
and then delving into the quantification of energy requirements and related emissions.

AActivity -based data collection
The BEI primarily focuses on supporting local authorities when dealing with the energy
sector. To enhance data disaggregation and inventory precision, the energy sector can be
further divided into subcategories:
- residential buildings, which includes all CO2 (or CO2eq) emissions resulting from
operational energy usage in households;
- tertiary buildings, equipment, and facilities. This subcategory encompasses CO: (or
COzeq) emissions from energy usage in commercial and public buildings (such as

school s, hospital s, etc.) and facilities withi

meant for energy provision (e.g., wastewater treatment plants) fall within this category.

Otherwise, they are categorised as energy production plants;
- public lighting;
- road transportation (within the authorityds |
- urban rail transportation (within the authori
While the energy sector holds relevance for PEDs, the emission inventory here discussed
energy demands linked to road and urban rail transportation. As a rule, for district-level
analyses, it is pertinent to work with relevant data, excluding national average values that

e mi

ng

n

e

t

S Si

n

h

may not align with the districtds specific characte

gathering the required data must be consistent, accurate and based on reliable sources. The

data about final energy consumptions can be acquired from energy suppliers and grid

operators orsi mul at ed t hr ough elng soffware with shighetengpéral mo d e |
accuracy.

AEmi ssion factorsoé choice
Obtaining the final emissions estimate requires the selection of appropriate emission factors
(EFs) in line with the recommendations from internationally recognised organisations, such
as the Intergovernmental Panel on Climate Change (IPCC, 2022). Broadly, EFs fall into two
main categories: activity-based and life cycle-based. Activity-based EFs rely on the carbon
content of fuel and quantify the direct emissions from combustion plants used for electric,
thermal or cooling energy supply. Life cycle-based EFs encompass emissions throughout

an energy <carrierbés entire I|ife cycle, i ncludi

between activity-based and life cycle-based depends on their distinct goals. The activity-
based approach aligns with IPCC principles, making it suitable for national GHG inventories
under the UNFCCC and Kyoto Protocol (UNFCC, 1997). It also fits within the European
regulatory framework for climate and energy. Conversely, the life cycle-based approach is
well-suited for evaluating trade-offs across various environmental impact analyses and
complies with European Directives 2009/125/EC and 2010/30/EU.
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AEmission inventory development
As shown in Figure 9, a generic district is characterised by electric, thermal and cooling
energy demands, pertaining to residential and/or tertiary buildings as well as facilities within
the districts. The thermal (TP), cooling (CP) and electric (EP) energy production plants can
be located within or outside of the district, but in the latter case, only when activated by
renewable energy sources (RESs). Hereinafter, the notations PED, NL (standing for non-
local) and US are utilised throughout this work to differentiate between plants (TP, CPs or
EPs) within the PED boundaries, those outside the boundaries and user-owned facilities,

respectively.
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Figure 11: Schematic overview on energy flows in PEDs

The explanation of the energy flows of Figure 11 is presented in Appendix 1.

3.2.4 Tools and approaches for data collection

The Life Cycle (LC) stages are outlined in EN15804, which include the material product
phase (A1-A3), construction phase (A4-A5), use phase (B1-B7), and end-of-life disposal and
treatment (C1-C4) (as depicted in Figure 12). An additional section, D, accounts for benefits
and loads beyond the system boundary. The incorporation of a life cycle perspective is
crucial within the framework to offer a comprehensive and holistic EIA. This approach helps
prevent potential burden shifting across stages while guiding the design, implementation,
and management of PEDs. In certain cases, concentrating on specific LC stages can yield
insightful yet partial environmental performance data for a PED (e.g., focusing on
operational-phase carbon footprint accounting often centers on energy consumption during
the use phase, B6), thus requiring fewer data and modelling resources. Ensuring
transparency regarding the included LC stages is essential, along with maintaining
consistency in the terminology and definition of these stages (clarifying what is
encompassed and assumed).
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Figure 12: Life cycle stages of a building defined in EN15804

Raw material supply and pro
duction of building products
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Life Cycle Assessment (LCA) is an internationally standardised methodology USED to
estimate potential environmental impacts associated with a product, system or service, from
cradle-to-grave, i.e., from raw material extraction, to manufacture, transport, use and end-
of-life (Guinée, 2001). LCA provides a holistic, systematic, and detailed calculation of
potential environmental impacts, including both upstream and downstream processes and a
wide range of environmental factors. This approach helps prevent unforeseen and
undesirable consequences and trade-offs. LCA can provide a holistic approach in the
assessment of urban areas by quantifying resources and environmental impacts beyond
geographical boundaries and considering a comprehensive life cycle perspective, all while
maintaining consistent and comparable metrics. LCA entails four essential stages: goal and
scoping, inventory analysis, impact assessment, and interpretation. Scoping defines study
purpose, system boundaries, and functional units, while inventory analysis quantifies inputs
and outputs across the product's life cycle.
When performing LCA for a PED, several choices for functional units are available. The
functional units applied can be categorised into three groups:

Aenvironmental impact per unit area, with variations in the type of area used, such as

living floor area, heated floor area (or gross floor area, including unheated areas);

Aenvironmental impact per capita;

Aenvironmental impacts for the whole district.
(Lausselet et al. 2019) indicated that the choice of functional unit can significantly influence
the results and conclusions of the assessment. It is recommended to use environmental
impacts for the entire district as the primary functional unit, and environmental impacts per
capita as the complementary functional unit for reference. The study highlights that using
environmental impacts per unit floor area could be misleading, as it fails to account for
compact design with less built area. Conversely, in a compactly designed district, the smaller
area may yield relatively high environmental impacts per unit of built area. Another limitation
of using functional units per area is that it overlooks the specific use of the area, potentially
leading to unfair comparisons among districts with different usage compositions (e.g.,
residential vs. business/industrial district).
The extensive effort required for data collection and issues related to data availability often
pose obstacles to the widespread application of Life Cycle Assessment (LCA) at the district
level. The data necessary for conducting an LCA for a district varies based on the sectors
encompassed within the system boundary. Typically, it includes data concerning building
envelopes, onsite energy generation technologies (such as solar photovoltaics, electricity
and heat storage devices like batteries and thermal energy storage units), networks, and
sometimes the mobility sector (including vehicles, their operation, and public transport) as
well as open spaces (like street lights). For building LCA and onsite energy technologies,
especially solar photovoltaics, national databases and sometimes supplier-specific
Environmental Product Declaration (EPD) reports are available. These EPD reports include
specific Life Cycle Impact Assessment (LCIA) results comprising 13 environmental impact
categories reported over 12 stages, as defined in EN 15804:2012+A2:2019.
While the application of LCA to urban areas and systems has been on the rise, there is still
room for enhancing its implementation in evaluating the environmental performance of
Positive Energy Districts (PEDs). There's a need for well-structured life cycle-based
frameworks that include appropriate data and metrics, designed specifically to support the
design, development, and implementation of PEDs. These frameworks should focus on
capitalising on the opportunities they offer, such as reducing operational energy
requirements and increasing the share of renewable energy sources. Additionally, these
frameworks should address the distinct challenges and risks posed by PEDs, including the
potential burdens and risks associated with additional electricity generation infrastructure
and Information and Communication Technology (ICT) solutions, like critical raw material
requirements.

Positive Energy Districts (PEDs) represent multi-dimensional, thus complex, systems since
they comprise different energy vectors, materials and management practices, e.g. circular
economy, waste management, etc. These elements contribute, in a holistic manner and with
di fferent weight to the reaching of PEDG6s final tar g
managed if different performances are defined and systematically evaluated. A proved
effective methodology to assess one or more specific performances of a system or process,
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i.e. PEDs, calls for the definition of tailored-made Key Performance Indicators (KPIs). Going
into more detail, a KPI is a measurabl e

synthetic) information about a specific performance status of a system. In order to be
effective each defined KPI must be easily measurable and relevant. Giving the performance
or aspect to be investigated the related KPI can be expressed in quantitative terms, i.e.
numeric values, or qualitative terms, e.g. yes or no [Asih et al., 2020). Furthermore, a KPI
can have different levels of aggregation both in time in terms of time resolution (hourly,
monthly, annual, etc.) and of space (system boundaries, extension of sub-systems, energy
vector, sectors, building- or district level). Regarding the time dimension each KPIs could be
measure in different time horizon. In the case of PEDs different levels of aggregation in time
and space could vary accordingly to the type of PED, i.e. autonomous, dynamic or virtual
(as explained in Section 2.2.2) and external input preferences of relevant stakeholders.
Furthermore, the choice of the aggregation level strongly depends on the availability of
original input data and the desired accuracy of the analysis, considering that computational
effort (simulation and optimisation) increases with the decrease of the aggregation level. It
is worth noting that only KPIs with equal dimensions can be aggregated together, for
example different total CO2 emission per energy vector can be summed to give the total CO:2
emission of the PED. It is important to avoid redundancy (importance of knowing the
relationship between KPls, i.e. some indicators can be written as function of other defined
indicators thus not adding new insights during the analysis. Thus, is important to know
correlation between KPIs in order to advise a cause-effect relationship to better understand
the investigated process. Finally, KPIs values can be as follows: planned or target value
(short term), planned or target value (long-term), actual value, variance (planned/actual).

The application of KPI can be used during different phase to accomplish different objectives:

ADuring the design phase of a PED to give a specific direction, e.g. it can be used to build
the objective function of an optimisation model.

ADuring the monitoring phase the evolution of PED to devise deviation from the desired
state and act accordingly.

ACcommunicate to relevant stakeholders the actual state (as-is) of the PED with a future
perspective of the desired state (to-be).

ATo define minimum (or maximum) threshold value that determines whether or not final
goals have been reached.

ACompare different PED through a benchmarking analysis.

ADrive changes for continuous improvement.

In order to be effective each KPI should be clearly and unambiguously defined, in the sense
that it is well understood what process, sub-system or event is attached to that specific KPI
and so can affect its value (Hey, 2017). Should the KPIs varying during the monitoring phase,
each of the listed potential causes should be carefully analysed to find the correlation and
drive actions. Clear relationships are defined based on geographical boundaries, sub-
system, energy vectors, etc. Regarding the environmental performance of a PED a full suite
of indicators should be defined to cover key aspects.

Sustainability is a multi-dimensional concept thus not easily captured by a single indicator.
Under the triple-bottom line framework the three main dimensions for sustainability are
environmental (or ecological), economic and social. For each one of them different indicators
can be defined as mono-dimensional KPIs. The environment is the core of the sustainability
dimension and represents the ability to safeguard the reproducibility of natural resources
and preserve fundamental functions of the environment over time; hence it encompasses
the fundamental role of natural resources and their use, and the reduction of non-renewable
resources and material degradation of nature and natural processes. In order to realise the
new sustainability perspective, yr st it
achieve according to the SDGs.

Diverse assessment methods exist for evaluating the environmental impacts of PEDs, which
produce different Key Performance Indicators (KPIs). The following figures have visualised
a review of existing environmental evaluation frameworks based on 23 smart city and
community and PED projects funded by H2020 since 2015 as well as 2 well-known smart
city evaluation and reporting schemes: Smart City Info System (SCIS) and CITYkeys.
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Figure 13: Area of Environmental Assessment for Positive Energy Districts, based on review of
Smart City and Community (SCC) projects funded by H2020 from 2015 to 2024

Figure 13 shows the coverage (e.g., air pollution, climate change, etc.) and variations of
KPIs applied in the reviewed projects and reporting schemes. The larger the area is, the
more variations of indicator within each coverage or sub-coverage (e.g. NOx, GHG
emissions, COz emissions, etc.) there are. It is shown that the coverage of air pollution and
climate change have a lot of variations for their KPI definitions. For example, within climate
change, the KPIs focusing on GHG emissions have large variations as it could correspond
to different sectors (e.g. GHG emissions from energy consumption of buildings only, or for
mobility sector only), or it could correspond to different time horizons (e.g. for one year or for
the entire lifespan of the PED). Climate change is also dominated by either the quantification
of greenhouse gas emissions or CO2z emissions. Although the former covers more gases,
these two terminologies are used inter-exchangeability and are not always clearly
differentiated. The KPI variation within air pollution is comparably large and is dominated by
either the concentration of individual air pollutants or the quantification of air quality index.
On the other hand, most of the KPIs are for performance onsite and lack of life cycle
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Figure 14: Number of Environmental Key Performance Indicators (KPIs) by EU H2020 Projects and

their coverage areas

59/138



Figure 14 shows the number of environmental KPIs covered by each EU project or reporting
scheme. It shows that the number of KPIs per project or reporting scheme ranges from 1 to
29. Every project has covered climate change, which is followed by the next most common
assessment area: air pollution. Other areas which are also of importance, such as resources,
water, noise, land use, etc. are less common to be evaluated. Some projects have relatively
wide coverage (i.e. covers at least 5 areas), including CITYkeys, RemoUrban, SmarTenClty
and ATELIER, and only very limited projects have KPIs that integrate multiple assessment
areas (categorise d under #AOtherso), such as |1ife

covered 16 environmental impact categories including climate change, acid rain, human and
eco-toxicity, particulate matter, water consumption, land use and resources. Such KPI can
potentially facilitate decision-making and policy formations through a reduced amount of
performance indicators. Table 5 summarises the main environmental KPIs defined in the
context of the EU H2020 project outputs and shows the frequency of use within the projects.
As visible in the detailed list of indicators, there is a large variability in the KPI units, which
could undermine the comparability between studies. Overall, the most used indicator to
evaluate the environmental performance of urban areas and the environmental impact of
design strategies is the Greenhouse (CO2eq) Gas Emissions/GHG emissions. LCA
indicators are used in a few projects, including SmarteEnCity, ATELIER, CITyFIED and PED-
ID. As for the LCA KPIs, only one of these utilises a multicriterial LCA approach based on
several indicators, in order to avoid shifting impacts from one category to another, while the
others are focused on the Global Warming Potential KPIl. On the other hand, sustainable
urban design should also be oriented towards a broader perspective based on strategic
plans for circular production and consumption, through the optimisation of energy and
resources flows and circularity. In this regard, the most frequently used KPI refers to the
Recycling Rate of Solid Waste, followed by the Use of Waste Heat. Other KPs are only
covered by one or a few projects, highlighting the need for a more comprehensive
assessment framework. The category related to the preservation of the natural environment,
species and land use has a low coverage even if it contains useful indicators for sustainable
urbanisation both from an environmental point of view (protection of ecosystems and
contrast of unsustainable use of the land, local food production, heat islands) and social
point of view (e.g. aimed at creating a mixed-use and stimulating environment, which
promotes the happiness of citizens). Furthermore, the assessment of the environmental and
socio-economic performance of electric mobility and the quantification of the environmental
impact is at the center of considerable interest as it constitutes one of the most developed
actions in the framework of EU H2020 projects, together to the energy retrofitting of buildings
and the integration of local RES. In this context, some KPIs are related to the mobility
electrification and clean transport solutions. Among them, some refer to the performance of
green mobility (e.g. use by citizens, reduction of emissions, etc.) and others refer to the
planning of the necessary infrastructures and the optimal design. As for the quantification of

cycle

the environmental impactonthedi st ri ct és | ife cycl e, al so in

the calculation of the operational CO2eq emissions avoided (expressed in [%] or [tons or kg
C02eqg/100 km traveled by EVs], as shown in the Table).

Table 5: Summary of the main environmental KPIs defined in the context of the EU H2020 project
outputs reported in Figure 10 and frequency of use within the projects

Frequency of
use

KPI Unit

Climate change and pollution

Greenhouse (CO2eq) Gas [tons or kg CO2eq/(m? y)], [tons

Emissions  (value and/or or kg COzeq/(m? mth)], [tons or

reduction) total and per sector kg COzeq/(kWh y)], [tons or kg
CO2eq/(MWh y)], [%], [tons or kg
C0O2eq/100 km traveled by EVs],
[tons or kg COz2eqly], [tons
COzeq/(cap y)]

Reduced Carbon Emission [tons COzeqly]
per building

Citizen Empowerment to [Likert scale]
Climate Conscious Actions

60/138

tot al



Urban Heat Island (Max
difference in air temperature
within the city compared to the
countryside during the
summer months)

Climate Resilience Strategy

Air Pollution NOx/tHC/PMe.
25/PMio/[..] (total value and/or
reduction)

Air Quality Index

Noise Pollution (Noise Level
or Population affected by
noise>55 dB at night time)

llluminance/Daylight  Factor
(inside and outside the
buildings)
Carbon Footprint Reduced in
Mobility

[°C UHImax]

[Likert scale]

[ppmiy], [%],
[ug/m?3], [g/cap]

[, [tons NOx/y],
[tons SO2ly], [0-100]
scale: 0-25 very low,
>100 very high

[dB], [%]

[Lux], [%]

[%], [teq CO2eqly]

Low-Carbon Measures [/ cap]
Incentives for final users

LCA

Global Warming Potential [tons COzeqg/(cap

(GWP)

y)], [tons CO2eq/ly]

Life Cycle Primary Energy [MJ/(m?y)]
Demand

Ecotoxicity [CTUe]
Human Toxicity [CTUn]
Fossil Depletion [MJ]

Life cycle total environmental [Points]
footprint

Ecological Footprint [gha]

Waste and resources

Increased Efficiency of [%]
Resources Consumption

(Reduction in material

consumption)

Domestic material consumption  [tons/(cap y)]
Urban Solid Waste [tons/cap vl,

Recycling Rate of Solid Waste

Sewage Systems Management
Waste Recycling Awereness

Symbiotic Waste Heat Legal
Framework Compatibility (Level
of suitabilty of the legal
framework for the integration of
symbiotic waste heat solutions)

Heat Recovery Ratio
(Percentage ratio of thermal
energy recovered through a
waste heat recovery system)

[tons/(cap mth)]
(%0]

(%]

[Surveys-based Likert scale]

[Likert scale]

(%], [MWh]
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Use of Waste Heat-Recovery
Investment in Smart Waste
Management System

Payback Period of Smart Waste
Management

[MWhiy], [%]
[ a]
[v]

Water

Wastewater Receiving
Treatment

Households with Smart
Water Meters
Households with Drainage
System Management

Grey and rainwater use
(Percentage of houses
equipped to reuse grey and
rainwater)

Population with  Potable
Water Supply Service
Water Consumption

City Water Monitoring

Hot Water Circulation Loss
Factor
Water Circulation Losses

Temperature of the delivered
DHW

Water Exploitation Index
(abstraction as % of long-
term freshwater resources in
the basin)

Sanitation Services

[%]
[%]
[%], [Likert scale]

[%]

[%]

[I/(cap day)], [l/(cap y)]

[%0]
[KWhiy]

[kWh/(m? y)]
[°C]

[%/y of m3]

[%]

Environmental compatibility
Environmental Awareness

No. of organisations with
new sustainable approaches

[Likert scale]

[-]

Buildings with Green [%]
Certificates

Land use and ecosystems
Inhabitants in High-Density [%]
Areas

Urban Compactness [m]

Local food production
Population Density

Green Areas

Pedestrian Area

Budget on Green Space
Management
Mixed-Used Development

Occupied Dwellings

Brownfield use (Share of
brownfield area that has been
redeveloped)

[% of tons]

(no. of hab per km?
-]

[ha/100,000 hab],
[m?/cap], [%]
[km?/100,000 hab]

[ d]
[m?/cap]
[%]

[% of km?]
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Share of blue spaces [%0]

Native species (Change in [%]

native species no.)

High Quality Public Space [Surveys-based Likert
scale], (no. of social
media comments on
new space [-])

Public outdoor recreation [m2/cap]

space

A comprehensive framework for conducting the Environmental Impact Assessment of
Positive Energy Districts (PED) across all stages of lifecycle has been established,
structured into research question, methodology and modelling, Data collection and
benchmarking.

The development of the EIA-PEDs framework operates under the methodological umbrella
of Lifecycle Thinking considering key factors: Geographical boundaries, time horizon, time
resolution, and sectors. The choice between different types of PED configurations, such as
autonomous, dynamic, and virtual, significantly impacts energy flows and sustainability
goals. Dynamic analysis over multiple decades with short time resolution is recommended
for accurate environmental assessment and accounting for factors like weather, tariffs, and
supply mix. Sectors like buildings and energy systems are central to the framework, while
water, mobility and open spaces present challenges arising from varying boundary
definitions and complexities. Balancing these factors is essential for fostering sustainable,
adaptable, and efficient urban districts in the face of evolving energy and environmental
landscapes.

The tools and approaches for evaluating carbon footprints in the operational stage of PEDs
hold substantial implications for emissions assessment and reduction strategies. Utilising a
structured approach like the Baseline Emission Inventory (BEI) aids in accounting for GHG
emissions due to energy supply and demand in PEDs, enabling the measurement of
effectiveness in sustainability plans. Activity-based data collection, focused on the energy
sector, is crucial for precise emissions assessment. Subcategories like residential buildings,
tertiary buildings, and public lighting help in precise emissions disaggregation. However,
transportation-related emissions may need to be excluded or considered through localised
data collection to better reflect district peculiarities. The choice of emission factors (EFs),
whether activity-based or life cycle-based, depends on specific goals, compliance with
international standards, and alignment with regional regulations.

The integration of Life Cycle Assessment (LCA), Urban Metabolism (UM), and Geographic
Information Systems (GIS) provides valuable insights and tools for comprehensive
environmental impact assessment of PEDs. LCA offers a holistic evaluation across stages,
while UM considers socio-economic and environmental processes. The selection of
functional units is crucial in LCA, while the data availability remains a challenge. However,
standardised databases and supplier-specific Environmental Product Declarations (EPDs)
aid the LCA process. Combining UM with Material Flow Analysis (MFA) and LCA enhances
understanding of material flows' environmental implications and integrates different urban
components within a systemic framework. GIS complements LCA by introducing spatial
considerations, enabling site-specific analyses and addressing issues like traffic-related air
pollution. This interdisciplinary approach empowers decision-makers to assess, plan, and
manage PEDs' environmental performance effectively.

Regionalised analysis focused on specific regions allows a more accurate quantification of
impacts highly dependent on local conditions. This approach is particularly relevant for
PEDs, where impacts can vary greatly based on the geographical context. Challenges such
as data quality, compatibility, and the need to consider social, economic, and sustainability
dimensions in addition to environmental aspects remain, but the integration of regionalised
LCA and GIS enhances the visualisation and comprehension of impact results, holding great
potential for driving multidisciplinary sustainability across sectors.

The concept of planetary boundaries (PBs) offers a framework to understand humanity's
safe operating space within environmental limits. The transgression of PBs, highlights the
need for a holistic approach to address interconnected environmental processes. Integrating
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PBs with Life Cycle Assessment (LCA) allows for a comprehensive evaluation of the
environmental impact of Positive Energy Districts (PEDs), considering both current
outcomes and future projections.

The multitude of assessment methods and Key Performance Indicators (KPIs) for PEDs calls
for standardisation and a comprehensive framework. Prospective analysis and 1AM
scenarios enhance long-term environmental assessment and the identification of
transformation strategies. Integrating prospective aspects into LCA allows for the
consideration of evolving socio-economic and technological contexts, ensuring accuracy
and reproducibility of results. However, challenges such as semantic inconsistencies, data
quality, and accurate interpretation of information need to be addressed for successful
integration. The integration of PBs, prospective analysis, and LCA offers a robust foundation
for assessing and replicating PEDs sustainably, guiding decisions and contributing to a
resilient built environment aligned with global sustainability goals.

In conclusion, this EIA-PEDs framework encompasses practical guidelines that can be used
to benchmark PED's environmental performance against other districts, guiding replication
efforts contributing to informed decision-making and effective management of PEDs.
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This study investigates the environmental and energy implications of retrofiting a
representative university district in Southern Italy within the Positive Energy District (PED)
framework not only implementing its definition but fully integrating the environmental analysis.
Through calibrated energy models and comprehensive data analysis spanning 20171 2023,
multiple renovation scenarios were exploredd ranging from insulation upgrades to full HYAC
system replacement and rooftop photovoltaic integration. In addition to this, a complete Life
Cycle Assessment (LCA) was conducted for each intervention, examining nine environmental
indicators beyond just carbon emissions. The implementation of this real case study shows
how the methodology implemented in this study is important to evaluate the environmental
impact of a district, in a repeatable way, and as a lesson learned. Learning from case-studies.
from an environmental perspective

Has as primary goal, to create a reference dataset for PEDs and to refine and develop
environmental assessment methodologies through real case studies. Results show that while
full renovation, with photovoltaics supplying up to 80% of district demand, can reduce the
Global Warming Potential by up to 34% and Cumulative Energy Demand by 63%, certain
categories such as eutrophication and ozone layer depletion experience significant increases.
This highlights the importance of integrating embodied impact analysis in energy planning.
This methodology shed light on how much coupling energy performance and environmental
impacts, scenario-based grant the opportunity to replicate and
with a more holistic approach, underscoring the need for flexible PED definitions more
adaptive to urban constraints. Finally, a SWOT analysis performed on the study case,
validates t he met hodol ogy Gsing achalenges sl asl datay whi | e e my
accessibility and interpretation. This research contributes practical insights for scalable PED
implementations in Mediterranean climates.

The building sector is responsible of almost the 40% of the global energy use and process
emissions (Apostolopoulous et al., 2023; Domenech and Bahn-Walkowiak, 2019), however
despite the relative weight on the total, decarbonising single buildings, districts and cities still
is a research topic complex to investigate the reason as it encompasses the technical part
(analysis of the building stock), the interpretation of the results (design of the different
scenarios and environmental impacts) and the implementation of the results (Healey and van
der Leer, 2024). To a greater extent, it can be understood as if implementing a holistic and
synergistical approach to planning new urban areas. In addition, the hiatus of robust and
replicable standardised frameworks, functions as an attrition factor to policy-makers when it
comes to Positive Energy Districts (PEDs) (JPI, 2020). The methodologies to assess the
energy efficiency of city districts find their validation in the application to real cases enhancing
the replicability and reliability of them, creating a database with real case studies. There are
many examples of research or joint programme, like the 100 Positive Energy Neighbourhoods
by 2025 promoted by the Urban Europe Joint Programming Initiative (JPI) (European
Commission, 2021; Tian et al., 2022). Certainly, this initiative contributed to increase the level
of attention of the public dialog, but not only. In fact, contemporarily to this new sentiment, the
evaluation of new cases implementing typical input output methodologies quantifying the
impacts on the environment and humans seems mandatory to have a clear view of what
decarbonising projects could entail. In fact, reducing the primary energy consumptions and
the related emissions after a retrofit implementation, is too often the sole impact category
environment-related to be analysed in decarbonisation projects (Luu et al., 2025). In fact, if on

the one hand, APosi ti v e-efficierd and snerdy-flexible urbantascasar e ener gy
or groups of connected buildings which produce net zero greenhouse gas emissions and
actively manage an annual loc a | or regional surplus production of re€

et al., 2024), on the other hand achieving this positivity, might reveal unexpected negative
impacts when a thorough environmental analysis is performed. Therefore, if the integration of
different systems and infrastructures might solve the challenge of decarbonising urban
districts, at the same time, it could impact in a negative way on the social, economic and the
environmental pillars of sustainability (JPI, 2020), not entailing only the quantitative approach
of the energy balance, but considering other less tangible (and often underestimated) aspects,
like quality of life or biodiversity resilience. If assessing the definition of Positive Energy
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Districts (PEDs) itself, as detailed in the (Global Covenant of Mayors; 2023), is the first and
most researched step to evaluate (Bruck et al.,, 2022), creating the need for additional
cooperation and knowledge sharing to disseminate and validate those methodologies is the
second most challenging research topic (Gondeck et al., 2024).

Above all, the need to embed the environmental perspective needs still overarching
recognition and standardisation. In fact, considering all the activities which exist on the
territory, implying a higher degree of interconnectivity, is sufficed only by a holistic approach
(Guarino et al., 2023). The importance of real case studies in this direction, contributes to
validate previous studies, testing the replicability of the methodology, despite the
environmental implication is mentioned in the very end of many studies.

One of the most critical issues encountered in the evaluation and design of a PED is the data
collection phase and the possibility to have access to substantial monitored data. On the one
hand, the approach to modelling has been researched exploiting even front-end technologies
like digital twins or digitalisation (Koirala et al., 2024) to simulate energy demands and
consumption. On the other hand, the evaluation of the environmental impacts is certainly a
function of many other variables, like the geographical boundaries definition, the time horizon
resolution, the industrial sectors within the district boundaries, the destination of use of the
building stock and other assumptions.

In this regard, the recently enacted Directive 2024/1275 of the European Parliament and of
the Council on the Energy Performance of Buildings (EPBD), adopted on 24 April 2024,
introduces a series of increasingly stringent and binding requirements aimed at accelerating
the decarbonisation of the building sector (The EPBD Decrypted: A Treasure Chest of
Opportunities to Accelerate Building Decarbonisation, 2024). These provisions call for
comprehensive interventions across both existing building stocks (Art. 8) - with particular
emphasis on the non-residential built environment (Art. 9) - and in the enhancement of
renewable energy integration, notably the optimisation and exploitation of solar energy
generation potential (Art. 10).

Closely aligned with these objectives is the introduction of the Building Renovation Passport
(Art. 12), a pivotal tool designed to catalyse the large-scale renovation of existing buildings.
This instrument is grounded in the improvement of technical building systems and the
systematic replacement of obsolete technologies (Art. 13). Interestingly, the Directive
mandates the development and deployment of adequate financial mechanisms, support
measures, and policy instruments to overcome existing market barriers, thereby enabling the
substantial investments required. This is
aimed at transitioning the entire building stock towards zero-emission standards by 2050 (Art.
17).

All such measures are to be implemented with full consideration of the Global Warming
Potential (GWP) across the entire life cycle of new constructions (Art. 7 and Annex Ill) (Olasolo
et al., 2023), as well as within the context of retrofit and renovation processes for existing
buildings. Its recent implementation paves the way to calculate the actual environmental
impacts of a district confronting its baseline and the retrofitted version and, besides the amount
of carbon dioxide and other Greenhouse Gases, reports on the other impact categories.
Obtaining the estimated emissions (processing the energy items of the inventory), selecting
the right entry (geographic and sector specific i often missing of recent data or completely
null), and the functional unit (i.e., a square meter of a residential building has not the same
energy intensity as that of a commercial activity) allocating the impacts, constitute some of the
challenging but necessary steps to attribute to a standard energy balance equation, an
environmentally-aware approach.

integr al

t

(o]

Al'igned with the fAactivity C2: Enviroasmeditabdoassessm

this study aims at developing a replicable study based on environmental informed decision,
towards supporting decision-makers to justify and planning in accordance to a baseline
scenario and potential PED ones. It investigates the energy performance and the relative
environmental impacts of a set of buildings located on the University of Palermo campus. The
initial analysis is based on energy modelling developed using in situ measured real data and
the creation of representative building archetypes. The objective is to establish a simplified
yet robust benchmarking methodology, intended to serve as an easily replicable
environmental assessment framework alongside existing approaches discussed previously.

The energy balance evaluation integrated with a broader set of Key Performance Indicators
(KPIs), following the Environmental Footprint (EF) methodology serves as a transferable
framework to support environmentally informed decision-making by key stakeholders. This
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approach leverages enriched metadata - such as geo-referenced information - to facilitate
interactions with the surrounding territory, enabling the contextualisation of environmental
impacts related to building retrofitting strategies.

The methodology implements the environmental framework activities within the case-study
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realised to profile a standardised methodology.
Figure 9 showcases the workflow of the study, where the dashed lines define the main blocks
of the process. The next paragraphs will follow the outline presented in Figure 9.
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Figure 15: Representation of the workflow used for this study

The selected buildings were chosen based on their operational relevance inside the campus
for their constructive similarities and for their proximity (Figures 2 and 3).
The buildings are insisting on a vast natural area, encompassing an archaeological park and

a naturally
del | a
areas within it.

depr e

ssed area,

habitat of

vari ous

G d ogettieawitla the park outside the campus, there are multiple recreational
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Figure 16: Aerial view of the buildings selected for the study belonging to the engineering department

of the University of Palermo

More in detail, the methodology considered the following activities:

ASelection of the building belonging to the Engineering Department (individually as
"Building 6," "Building 7," "Building 8," and "Building 9," as illustrated in Figure 17,
modelled and simulated under dynamic conditions using in EnergyPlus environment;

AData harvesting of monthly electricity consumption and gas heating data (from 2017 to
2023), hourly electric load curves and energy demand profiles (from 2019 to 2023). To
be analysed and mapped;

ADefinition of each building's opaque and transparent envelope, occupancy rates, lighting
systems, and electrical equipment incorporated into the simulation models. These inputs
were further refined by adjusting boundary conditions, defining representative energy
profiles, occupancy patterns, internal loads, and other relevant building features;

AModel calibration: conducted to ensure that the simulated energy performance closely
matched the real-world conditions observed in the existing buildings;

ADefinition of scenarios based on renewable energy generation solutions, evaluated
based on the calibrated models;

AcCharacterisation of the environmental impacts related to the selected renovation
approaches following a lifecycle thinking approach;

ATechnical feasibility of achieving a positive energy balance within this specific context,
to address targeted PED requirements.

After this, the elaboration of a Strengths, Weaknesses, Opportunities, Threats (SWOT)
analysis was made to understand how this analysis poses regarding the challenges

encountered and the potential replicability.

2 s

Figure 17: Buildings selected in the campus of the University of Palermo. The tags indicate the
numbers of buildings.

69/138



The main block objects of the study, present in the aerial view in Figure 16, are detailed in
Figure 17 with the numbered labels.

To characterise the building stock made of four buildings, historical data were acquired along
with some technical inspection of the sites to check the plate information about the central gas
heating systems and other specifications of the buildings as visible in Table 6. The time data
series acquired covered the period between 2017 and 2023 considering both thermal and
electricity data. The modelling, performed over Euclid-NREL Energy Plus Plugin was
complemented using the Design tool SketchUp.

Tabl e 6: cBaactdrigicsngs 6

Total
) (U-Value)
Envelope specifics thickness W/ (m2 K)]
[m]
- Tuff stone (high-density, porous
. sandstone with good thermal/acoustic
Exterior walls 0.36 1.4
.. performance) ) :
(ext. Y } .
- Exterior cement plastering
- Interior plaster + cladding paint
G dl - Grit tile top-finish
roun oors
.. - Cement screed 0.27 2.4
(ext. Y
- Sandstone/rock pebbles
Interio - Concrete and masonry slabs
rior
- Plastered 0.34 2.1
pavements
- Grit tile top-finish
Interi - Concrete and masonry slabs
nterior
o - Plastered 0.34 2.1
ceilings
- Finished with cladding paint
Flat roof / - Concrete and masonry slabs
Exterior top - - Plastered 0.36 2.0
level - Tiled floor finish

. ) Structure of the layers
Features of glazing and framings

[mm]
Glazing: double pane,
clear glass, air-filled.
Exterior windows Frame and dividers: 12-10-12

aluminum frame without

thermal break

The building models - shown in Figure 18 - were subdivided into approximately 100 distinct
thermal zones, each representing a unique area with specific thermal behaviour and usage
characteristics. These zones were carefully identified and categorised into offices,
laboratories, classrooms, restrooms, stairwells, elevators, unconditioned spaces, and other
specialised areas. For each zone type, key operational parameters were defined, including
occupancy rates, internal gains, energy loads, and activity levels. These variables were
calibrated and adjusted based on observed and expected user behaviour, as well as the
typical usage patterns of lighting systems, electric equipment, and other appliances.
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Figure 18: Representation of building 6 and building 9 and related archetype models

3.3.3 PED renovation strategies

A range of renovation scenarios was developed to explore the most promising retrofit solutions
for the district under study. These scenarios were carefully designed to reflect both
conventional improvements and advanced upgrades, including the integration of renewable
energy systems.

Each scenario was evaluated for its impact on energy efficiency, thermal comfort, and
environmental performance, with interventions targeting various building components from the
envelope and glazing systems to lighting, HVAC, and rooftop solar integration. They are briefly
described in the following paragraph.

Scenario 1: rockwool insulation for envelope enhancement
Application of external rockwool insulation (180 mm thick), including anchoring
substructure;
Resulting U-values (Walls / Roof):
- Building 6: 0.175 / 0.182 W/(m?-K);
- Building 7: 0.172 / 0.188 W/(m?-K);
- Buildings 8 and 9: 0.172 / 0.183 W/(m?-K).
Scenario 2: cork -based thermal insulation
External cork insulation system (195 mm total thickness);
Resulting U-values (Walls / Roof):
- Building 6: 0.175 / 0.182 W/(m?-K);
- Buildings 7, 8 & 9: 0.172 / 0.183 W/(m2:K).
Scenario 3: high -performance window replacement
Installation of new low-emissivity (low-e) selective double-glazed windows with air
gaps and thermal break aluminum frames:
- Building 6: Glazing structure 3-13-3 mm; U-value: 1.216 W/(m?-K); SHGC: 0.315;
- Buildings 7, 8 and 9: Glazing structure 4-12-4 mm; U-value: 1.227 W/(m2-K); SHGC:
0.314.
Scenario 4: LED re -lamping
Replacement of all conventional lighting with high-efficiency LED systems.
Scenario 5: Thermostat Optim isation
Implementation of optimised thermostat setpoints:
- 20°C for heating;
- 26°C for cooling;
resulting in more efficient HVAC system operation.
Scenario 6: HVAC System Replacement
Transition to high-efficiency, fully electric HVAC systems across all buildings.
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Detailed comparisons of performance and efficiency against the baseline are available in

Table 7, highlighting the improvements achieved with Scenario 6.
Scenario 7: renewable integration

- photovoltaic systems.

Roof PV was planned as described in Table 8 with the overall estimation for 908 kWp for
photovoltaics.

Scenario 8: PED full renovation

effective energy renovation actions previously assessed.

T implementation and combination of the most

Table 7: Comparison between baseline energy performances and scenario 6 renovation performances

BASELINE SCENARIO SCENARIO 6
) . co
Heating System d COP Cooling System EER HVAC System b EER
-Natural gas boilers
Building with fan coils and Autonomous split Reversible hydronic
. . 0.90 - ) 2.85 3.34 3.34
6 radiators as terminal units heat pumps
units
-Natural gas boilers Hydronic chillers i i
. . . . Reversible hydronic
o with fan coils as 0.82 - with fan coils as 5.05 3.28 3.26
Building ) . . . heat pumps
. terminal units terminal units
-Autonomous split Autonomous split
. - 2.95 . 2.85 Unchanged
units units
-Natural gas boilers )
. . Autonomous split
with radiators as 0.97 - ) 2.85
) ] units
o terminal units ) )
Building Reversible hydronic
-Rooftop system Rooftop system 3.24 3.22
8 db owered b heat pumps
owere
P ] y - 2.85 P ) y 2.75
reversible heat reversible heat
pumps pumps
. Reversible hydronic
- -Natural gas boilers ) 3.28 3.26
Building ) . Autonomous split heat pumps
with radiators as 0.91 - . 2.85 ) )
9 i . units Variable Refrigerant
terminal units 450 3.62

Flow System

In the PED scenario the following solutions are implemented:

A

o o Bo Do Do

Envelope insulation from Scenario 2 (Cork Insulation);

Window replacement from Scenario 3;

Lighting system upgrade from Scenario 4;

Thermostat optimisation from Scenario 5;

Full electrification from Scenario 6;

Photovoltaic integration on rooftops for renewable energy production from Scenario 7.
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Table 8: Showcase of the installations of PV fields on the rooftops of the buildings

Installed
PV peak
PROPOSED LAYOUTS PER BUILDINGS OF THE PV FIELDS power
[KWe]
110
BUILDING 6
[T
| L =
F Building 8 T
o s |
BUILDING 7 @‘:i%; - y o -%,-*3, 51
n .l B A B
i 'L_f.'i‘;f ; SRR &;kﬁ\i*\w:%“x\ (««x«}&ﬁ*\ ;"‘"'5) &\x}g'
T ST Y —‘\\.;1 ‘}%}1}__3}&%“‘ WY /;‘;aﬁf SRR
. »%}r— 7 ."%“
,Q\}\r\}' »:@ 3 "
BUILDING 8 - | 642
| ‘ / ' | 3 W\. \ 'll(
e G r‘;:f e T .
|
S
l
| E\?&X S
A
N
| % 105
BUILDING 9 \%
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In parallel with energy modelling and simulation, all proposed renovation scenarios underwent
a Life Cycle Assessment to evaluate their environmental impact.

To ensure a consistent and credible assessment, the environmental footprint developed by
the European Commission of each renovation measure was calculated from a life cycle
perspective. These included emissions linked to material production, transportation,
installation, and in some cases, end-of-life treatment. The evaluation was grounded on a 30-
year average useful life for HVAC systems, solar thermal panels and building renovation
materials with emission factors sourced from the Ecoinvent 3.6 database.

The environmental dataset compiled for this study accounted for the entire supply chain,
covering raw material extraction, manufacturing processes, and logistics. Where applicable,
it also included emissions from waste management and production by-products.

This environmental evaluation was carried out in accordance with ISO 14040:2006 and ISO
14044:2021 standards, ensuring methodological transparency and compliance with
internationally recognised LCA frameworks.

More into details 9 impact categories are considered after the environmental footprint
methodology:

1- global warming potential;

2- acidification;

3- eutrophication;

4- photochemical oxidation;

5- abiotic depletion elements;
6- abiotic depletion fossil fuels;
7- water scarcity;

8- ozone layer depletion;

9- Cumulative energy demand.

The scenarios defined were analysed from the energy balance perspective to evaluate in
which of them the dimension of energy positivity would be achieved. Leveraging on equation
(1) performed on a yearly basis, the energy balance B was formulated as the difference
between Gj, the annual energy generated by rooftop integrated photovoltaic panels, with |
ranging from 1 to 8.760 and C;, the annual energy consumed within the district (with j ranging
from 1 to 8.760); it implies that a B>0 value characterises the district as a positive.

Zn n n n
G, — Z C-Z G, — Z C,
B=4tj=1’ je1 =y jer (1)

Not to be solely constrained to the energy balance, but to evaluate the environmental
perspective, equation (2) was introduced as actualised and annualised emissions balance B 6
related to the retrofit intervention, as difference between the baseline use stage embodied
emissions for all the 9 impact categories (from j to n=9) Eblj, and the PED scenario impacts
(including embodied impacts correlated with the renovation actions and the residual use stage
impacts) as Erljk, where the k ranges from 1 to m that is the total nhumber of the impact
categories and equal to 9.

Avalue of B'B'<0 implies that from an environmental perspective connected to the j indicator,
the renovation towards PED has a positive connotation.

B’ = Zn EbI, — Zn'm Erl.. B' = Zn EbI. — Zm Erl
- j=1 J j=1 0 kR T T i=1 T j=1 7 ik
k=1 k=1 (2)

In the Iight of the above remarks, the PED fextende
calculated balance is negative (i.e. if B'B ’<0).

Hereby, the outcome of this study will be shown with the validation process which consists of
analysis of the existent and the related calibration which in batch will lead to the validation of
the model.
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The anal ysis of t he buil dingds consumption benefit
consumption, namely, electricity and natural gas over the period 2017-2023.

Accounting for all fluctuations - due to the varying number of occupants and to seasonal

variation - the buildings met their heating demand on average (considering the gas-powered

heating system).

The comparison between the energy demand for electricity and for heating for the baseline

scenario and all the buildings together, in Figure 19, shows how the heating (blue bars) is

recorded mostly in the winter months (December, January, February, March), while the

electricity demand (green bars) can be observed throughout all the months of the year.

Energy demand for gas and for electricity in the baseline scenario

Components
Il Elcctricity

400.0 M Natural Gas
; 300.0 291
2
= 248
g 27
g = 211 201
2 200.0 190
g 165 174
w

100.0 4

0.0 -
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 19: Comparison for the demands of energy for electricity and natural gas, in the baseline scenario

A progressive calibration process granted the validation of the models, always keeping the
maximum deviation within the £10% between the monthly data calculated from the models
and those ones derived from the bills.

In Table 9 there are the deviations between the real consumption from the bills and the
simulated model, all below the value of +10%.
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Table 9: Deviation on the energy demand for electricity for measures and simulations

Electricity demand [kWh]
Building 6 Building 7 Building 8 Building 9
Deviation Deviation Deviation Deviation
Baseline/Simulation | Baseline/Simulation | Baseline/Simulation | Baseline/Simulation
Months
January 7.92% -0.69% -5.29% -3.02%
February 7.39% -9.11% -7.08% 5.81%
March -3.59% 8.25% 5.06% 6.16%
April -6.15% 4.37% -9.53% -0.86%
May 0.02% 6.64% 2.22% 2.79%
June -7.26% 0.98% -6.47% 9.56%
July -6.94% -9.64% -0.68% -9.94%
August -8.00% -9.38% 2.17% 1.45%
September 5.76% -7.54% 0.32% -2.24%
October 3.99% -8.25% -3.32% -0.73%
November 7.67% -2.22% 4.03% 7.74%
December 2.10% -2.51% -7.51% 4.00%
Avg. deviation 0.06% -2.49% -2.23% 1.61%

The hourly energy demand for electricity, considered the cooling, and the lighting and, in the
case of building 7 the thermal zones served by heating pumps, were considered too.

Similarly, Table 10 shows the deviation between the bills and the simulated energy demand for
heating, where only building number 9 stands out for a value close to the lower band of -10%.

Table 10: Deviation baseline/scenarios on energy demand for heating for measured and simulated models

Heating demand [kWh]
Building 6 Building 7 Building 8 Building 9
Deviation Deviation Deviation Deviation
Baseline/Simulation | Baseline/Simulation | Baseline/Simulation | Baseline/Simulatio
n

Months

January -1.17% 1.46% 0.31% -9.65%
February 4.88% 4.81% 0.66% -9.84%

March 2.98% 1.08% 0.51% -7.83%
December 1.15% -6.10% 0.49% -6.77%

Avg. deviation 1.46% 0.31% 0.49 -8.52%

The minimum deviation value (in absolute terms, it is associated to the data connected to the

natural gas energy demand for the building 8 (i.e. with an average deviation of 0.49%), while the

maximum one occurs for the energy demand from methane associated to Building 9 (with an

average value of 8.52%).

Consequently, all the other mean deviation values here assessed lie (as above shown) within

the range defined by these two values.

Figure 20 and Figure 21 display instead the calibration results for the entire district, also

highlighting how, from an overall perspective, the monthly discrepancies here registered -

compared to the ones derived f rassessmdntearéreddcedvi dual bui
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Figure 20: Results of the calibration for electricity energy demand with deviation
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Figure 21: Results of the calibration for natural gas energy demand with deviation
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The different scenarios are analysed singularly and compared to the baseline energy demand
for electricity and for (heating) natural gas.

This comparison gives the opportunity to reason on the real effect of the individual intervention
on the baseline.

Table 11: Electricity demand per scenario, compared to the baseline demand for electricity. At the bottom of the

table, the deviation with the baseline. The negative sign represents a lower energy demand.

Electricity demand

[kwh]

MONTH Baseline Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6 Scenario 8
January 225,337.73 225,126.93 225,126.34 225,371.27 142,982.84 225,026.96 340,026.92 221,005.73
February 211,396.88 211,165.98 211,164.72 211,448.06 135,717.68 211,096.58 330,738.42 227,119.43

March 203,090.09 202,956.08 202,954.58 203,128.51 132,672.38 202,930.73 297,402.15 198,617.25
April 142,424.79 142,424.79 142,424.79 146,331.43 95,611.92 142,424.79 142,496.91 96,090.08
May 169,389.78 168,741.86 168,703.35 171,403.61 117,838.23 160,571.86 169,742.87 107,517.20
June 223,156.05 212,932.31 212,763.45 215,228.04 156,971.11 193,793.36 221,285.45 114,917.12
July 234,400.77 217,668.64 217,326.48 224,929.11 171,096.97 203,535.95 231,178.73 127,791.46

August 169,465.92 165,978.69 165,936.24 166,787.81 113,796.74 161,216.74 169,472.92 102,417.54

September 218,035.42 215,238.84 215,734.86 212,787.69 149,067.27 192,636.07 215,836.77 123,121.93
October 206,567.92 206,567.92 206,567.92 203,496.30 131,271.40 206,567.92 206,626.23 132,720.26

November 198,402.67 198,402.67 198,402.67 195,494.17 126,942.73 198,402.67 198,459.51 128,317.50

December 196,491.70 196,302.02 196,300.74 192,837.16 123,564.33 196,307.94 274,953.93 173,673.27

Total 2,398,159.71 2,363,506.71 2,363,406.13 2,369,243.16 1,597,533.59 2,294,511.56 2,798,220.81 1,753,308.77

| Deviation 144% | 14w | 121% -33.39% 432% | 16.68% -26.89%

As can be observed from Table 11, scenario 1 and scenario 2 exhibit modest reductions in
demand (i 1.44% and i 1.45% respectively), while scenario 3 shows a similarly minor reduction
(1 1.21%). Scenario 4 stands out with a substantial decrease in electricity consumption (i 33.39%
compared to the baseline).

A moderate reduction (i 4.32%) is shown by scenario 5, outperforming the previous ones, but
still lower compared to the gains achieved in scenario 4.

Conversely, scenario 6 records an increase in electricity demand (+16.68% relative to the
baseline), implying the transfer of loads from gas-based systems to the newly designed ones.
Finally, the PED scenario with full renovation, shows a strong reduction of 1 26.89%, indicating
a substantial shift towards energy autonomy, although maintaining a significant absolute
demand level.
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Table 12: Gas use per scenario, compared to the baseline demand for heating. At the bottom of the table, the
deviation with the baseline

Heating demand

[kwh]

MONTH Baseline Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6 PED
January 420,033.47 356,788.69 356,086.24 424,169.88 449,124.37 298,340.04 0 0
February 437,123.44 385,680.00 384,602.61 444,048.24 465,324.12 334,963.01 0 0

March 345,773.72 297,985.93 296,259.33 356,762.34 372,834.70 234,958.14 0 0
April 0 0 0 0 0 0 0 0
May 0 0 0 0 0 0 0 0
June 0 0 0 0 0 0 0 0
July 0 0 0 0 0 0 0 0

August 0 0 0 0 0 0 0 0

September 0 0 0 0 0 0 0 0

October 0 0 0 0 0 0 0 0
November 0 0 0 0 0 0 0 0
December 287,179.24 236,953.47 235,794.07 289,489.48 311,481.32 192,374.11 0 0

Total 1,490,109.87 1,277,408.10 1,272,742.26 1,514,469.93  1,598,764.52 1,060,635.30 0 0
Deviation -14.27% -14.59% 1.63% 7.29% -28.82% -100.00% -100.00%

Analogous and complementary trends can be traced in Table 12, with a significant reduction
(1 28.82%) in heating energy use, indicating the implementation of efficient measures such
as improved envelope performance, upgraded heating systems, or control strategies. Finally,
the last two scenario, 6 and Full Renovation, eliminate the heating demand (i 100%), with full
electrification align with ambitious decarbonisation goals, such as zero-heating energy
buildings.

To have a reference for all the scenarios with a synoptic overview, all the energy use metrics
are reported in Chat 8, where it is possible to see the PED scenario and the baseline one for
electricity.

Electricity Demand Comparison: Baseline vs PED Scenario
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Figure 22: Representation Energy demand comparison for electricity between baseline and scenario
PED (full-renovation).

79/138



The outcomes of the simulated electricity demand for the PED scenario (full-renovation),
include an important reduction equal to a i 48.50% for the months of June and significant
reduction of the energy demand during winter months, especially in November and December,
thanks to the fully electrification of the heating and cooling system. Additionally, in the months
from April to September photovoltaic production exceeds the district energy demand of the
baseline scenario.

PV Energy Production by Building
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Figure 23: Representation Energy production from PV per building (up), and the photovoltaic generation

versus the electricity demand for the entire district

The environmental impacts were evaluated following the Life Cycle Assessment methodology.
Therefore, the categories of impact were reported in Figure 24 and Figure 26, comparing the
two scenarios of interest: the baseline and the fully renovated scenario since now on named
APEDO.

In the PED scenario, there is a clear reduction in Global Warming Potential, mainly due to the
de-creased reliance on natural gas and improved energy systems, even if electricity imports
still contribute significantly. However, acidification and eutrophication impact slightly increase,
primarily due to the material and energy demands of thermal plant renovation and insulation
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installations. Notably, photochemical oxidation sees a mild reduction yet retrofitting processes
like windows and cork insulation remain visible contributors.

This suggests that while PED strategies are effective in reducing carbon emissions, trade-offs
exist in other environmental categories.

For example, Eutrophication potential registers an increase of 52~53% in the PED scenario.

This increase is likely associated with up-stream processes and material manufacturing
impacts, introduced by the renovation interventions.

The Global Warming Potential is significantly reduced, showing an almost 50% decrease
compared to the Baseline Scenario.

This improvement is largely attributed to enhanced thermal performance, complete
electrification, and the integration of renewable energy sources, while, for Acidification and
photochemical Oxidation, the results indicate mixed trends: a slight increase in acidification
and a modest reduction in photochemical oxidation, due probably to the reduced use of
resources in the use phase (Table 13).

Table 13: Main takeaways of the LCA for the PED scenario.

Main Contributors in PED

- Observations
Scenario

Impact Category

GWP is significantly
reduced in the PED
scenario; insulation and
efficient systems help.
Slight increase in total
impact, mainly due to
thermal plant renovation
emissions.
Increased impact
compared to baseline,
driven by retrofit-related

Electricity Import, Natural Gas,
Cork Insulation, Windows
Replacement.

Global Warming
Potential (GWP)

Electricity Import, Thermal
Acidification Plants Renovation, Windows &
Cork Insulation.

Electricity Import, Thermal
Eutrophication Plants Renovation, Windows
Replacement.

activities.
. Electricity Import, Cork & Reduction overall, but
Photochemical . o S
S Windows Replacement, visible contributions from
Oxidation . :
Thermal Plants Renovation. renovation processes.
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Figure 24: Representation: Single score baseline vs. PED scenario for categories Global
Warming Potential, acidification, eutrophication and photochemical oxidation.

As evident from Figure 24 and Figure 25, the single score plots for the different components
show that higher impacts on photochemical oxidation, abiotic depletion (elements and fossil
fuels), water scarcity and ozone layer depletion are to attribute at the cork insulation material
and the thermal plant renovation.

Furthermore, in the cases of acidification, eutrophication, abiotic depletion (and elements) and
ozone layer depletion, the fully renovated scenario presents higher values of cumulated
impacts.

82/138



Components
Natural Gas
Electricity Import

Abiatic depletion, elements [ky Sheq] 1e7 Abiotic depletion, fossil fuels [M)]

pOOCCC00000000
0G000000000004 16, Cork Insulation

Windows Replacement

Lights Replacement

Thermal Plants Renovation
Renewable Energy Integration

125

BONOR0N

iy
=
=

Impact Value
Impact Value

=

=
@

5.0

=
=

o

00 Baseline Full Renovation Baseline Full Renovation

Water scarcity [m3eg] Dzane layer depletion [kg CFCeq]

0000000000000
000000000000
0000000000000
0000000000C0!
0000000000000

500000
}0000C00000000
PCooo

400000
POO00000000000

RC00000000000

300000

Impact Value
Impact Value

200000

160000

Baseline Full Renovation Baseline Full Renovation

Figure 25: Representation Single score baseline vs. Full Renovation scenario for the impact categories

Abiotic Depletion (elements and fossil fuels), water Scarcity and ozone layer depletion.

Furthermore, it is evident how the cumulative energy demand from the fully renovated district
compared to the baseline, shows the extent of the reduction in imported electricity achieved
in the PED (full renovation) scenario (Figure 26).

Figure 27 shows the impact categories for the different scenarios, normalised on the baseline
impact categories values. Values below 1 identify that the PED energy efficiency scenario
could be achieved but having some major impacts. In fact, for abiotic depletion of elements
and ozone layer depletion, a marked spike can be observed, likely due to the materials and
technologies involved in deep renovation (such as insulation, electronic systems and
refrigerants). Overall, while the PED model supports decarbonisation goals, it highlights the
need for careful material selection and circular strategies to minimise burden-shifting across
environmental categories. The PED full-renovated scenario in green, despite impacting less
for come categories like global warming potential, photochemical, abiotic depletion (fossil
fuels), water scarcity and for the cumulative energy, for the others like ozone layer depletion,
abiotic depletion (elements), eutrophication and acidification, shows marked spikes, needing
a careful attention when evaluating the environmental issues connected with renovation
choices of the positive energy district in exam. As evident, the area filled-in with gray colour
represents the contours of the baseline values for the selected 9 indicators. It is evident that
for cumulative energy demand and global warming the PED scenario is always below certain
value, making it less impactful.
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Figure 26: Cumulative energy demand comparison between the full renovation
scenario and the baseline scenario.
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Figure 27: Impacts categories for all scenarios normalised on the baseline impacts
categories, including the full Renovation (PED) one.

338 Positive Energy District balance and respect.i

PED assessment

From an environmental performance perspective, detailed assessment of each renovation
strategy - evaluated on an annualised basis and disaggregated by individual impact category
(Figure 28) - reveals critical trends. Electricity import consistently emerges as a dominant
contributor across all nine environmental impact categories analysed. In contrast, as
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previously discussed, thermal plant renovation exhibits a marked influence specifically on
ozone layer depletion, indicating a localised but significant environmental burden.

Component Contribution per Impact Category (Full Renovation - Precise Data)
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Figure 28: Dominance analysis of the different component contribution per impact.

As shown in Figure 28, electricity import emerges as the dominant contributor across several
categories, most notably in GWP, Photochemical Oxidation, Abiotic Depletion (Fossil Fuels),
and Water Scarcity, highlighting the persisting dependence on non-renewable electricity
during the operational phase despite energy efficiency efforts. This underscores the
importance of aligning PED retrofits with decarbonised energy grids to fully realise climate
neutrality objectives. In contrast, materials such as Cork Insulation and Windows
Replacement significantly impact GWP, Eutrophication, and Photo-chemical Oxidation,
emphasising the embodied environmental costs of envelope upgrades, even when sourced
from biogenic or recyclable materials.

Additionally, Renewable Integration, while crucial for reducing operational emissions, shows
a non-negligible contribution to Abiotic Depletion (Elements) and Water Scarcity, likely
attributable to mineral-intensive technologies such as photovoltaics and associated
electronics. Similarly, Lights Replacement and Thermostat Optimisation, though less intensive
overall, contribute visibly to categories like Abiotic Depletion (Fossil Fuels), reflecting
upstream manufacturing impacts.

These results highlight the multi-dimensional nature of environmental trade-offs in deep
renovation strategies. While the PED approach achieves substantial reductions in energy
demand and carbon intensity, as previously shown in the deviation and spider web plot (Figure
27), the material intensiveness of the retrofit introduces burdens in resource-related
categories. Thus, the case study reinforces the necessity of integrating life cycle thinking into
renovation planning, advocating for low-impact material choices, supply chain transparency,
and an eventual transition to fully renewable and circular energy systems to avoid problem-
shifting across environmental domains.

85/138



Percentage Deviation per Impact Indicator

Cumulative Energy Demand -63%
Ozone Layer Depletion | 63%
Water Scarcity

Abiotic Depletion (fossil fuels) -
Abiotic Depletion (elements) - 61%
Photochemical Oxidation |
Eutrophication 54%

Acidification

Global Warming Potential |

-100 -75 -50 -25 0 25 50 75 100
Deviation (%)

Figure 29: PED scenario with the analysis of the annualised environmental indicators percentage
variation compared to the baseline (0%).

The trade-offs associated with the Full Renovation (PED) scenario are well showcased when

compared to the baseline (A0%0, in Figure 29). Most
exhibits a substantial 63% r eductdindecteasingtatal cati ng t he
energy consumption through efficiency measures and renewable integration. Similarly, global

warming potential is reduced by 34%, highlighting a meaningful decline in greenhouse gas

emissions, alongside moderate reductions in water scarcity, fossil fuel depletion, and
photochemical oxidation. These i mprovements globall
contribution to climate mitigation and resource conservation. However, these gains come at a

clear environmental cost. The most concerning impact is a 63% increase in ozone layer

depletion (remarkably high in Figure 28), suggesting the use of materials or processes that

involve ozone-depleting substances - potentially linked to insulation foams, refrigerants, or

manufacturing inputs. Additionally, abiotic depletion of elements rises by 61%, revealing a

higher demand for non-renewable mineral resources, likely due to the embodied impacts of

advanced building materials and technologies. Eutrophication and acidification also increase,

though to a lesser extent, indicating additional nutrient and acidic emissions possibly

associated with construction activities or material production. In sum, while the PED scenario

achieves significant progress toward energy and climate goals, it also introduces

environmental burdens in terms of resource extraction and atmospheric emissions,

emphasising the need for more circular and low-impact material strategies in future retrofit

planning.

The findings obtained for the selected case study focusing on the combined evaluation of PED
targets and the environmental Life Cycle Assessment for these four non-residential buildings
representative of a district in a southern Mediterranean university campus, are at the kernel
of this lesson learned and are the results of the implementation of the environmental
framework. This approach, studying in detail the material selected and used for the renovation
showed particularly functional, delivering the following takeaway messages:

AGlobal Warming Potential and Cumulative Energy demand vary from -34% to -63% as

in Figure 29, reinforcing the need for a careful evaluation and contextualised selection
of the indicators to interpret;
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ARenovation shows not to entail certain environmental prices when selecting high energy
efficient material, like the cork, impacting significantly on the water-related compartment
(Figure 28). This remarks the need of a thorough scrutiny of the material to renovate the
building and their synergistical environmental impacts;

AThe interplay with building energy performance analysis and Life Cycle Assessment to
capture the full environmental trade-offs of Positive Energy District (PED) scenarios
grants a better environmental-informed decision when decision makers have access to
these studies in the planning and feasibility phase of the retrofit of entire
neighbourhoods;

AThe implementation of energy solutions (e.g., installing PV fields on public land) may
generate socio-environmental conflicts, such as changes in land use that affect
community spaces. These indirect consequences highlight the need for assessment
tools that can integrate social dimensions into environmental and energy evaluations;

AEnvironmental trade-offs go beyond the technical dimension, involving socio-ecological
dynamics that standard tools may fail to capture (as in the life cycle thinking approach)
urging to define robust and standardised methodology to follow and compare, creating
ilibrariesodo as benchmarks.

The environmental framework applied in the case of the campus of the University of Palermo,
gives the opportunity to deliver a high-end Strengths Weaknesses Opportunities Threats
(SWOT) analysis. The Strengths Weaknesses Opportunities Threats (SWOT) analysis
provides a comprehensive evaluation of the environmental approach.

Among the strengths, the method stands out for its replicability, owing to its linear and modular
structure, and for the use of monitored data, which enhances credibility and site-specific
relevance. Scenario-based flexibility enables the selective variation of input parameters, and
adherence to the EPD (Environmental Product Declaration) framework ensures familiarity and
acceptance in professional and academic domains. Additionally, reliance on validated
commercial software contributes to standardisation and partial resolution of third-party
verification challenges.

However, several weaknesses constrain the robustness and scalability of the approach. The
main is the high demand for monitored data, which can hinder implementation when such data
are scarce or costly to collect. Software/tools costs also pose barriers, especially for
institutions without access to advanced commercial platforms. Further complications arise
from the subjectivity in interpreting impact results, variability in emission factor selection, and
the overall time-consuming nature of data collection and item selection.

Despite these limitations, the methodology presents several promising opportunities. It
facilitates environmentally-informed decision-making and supports a holistic, interdisciplinary
approach that fosters systemic thinking. This approach also enables feasibility studies on
environmental impact during early project planning stages, helping to mitigate risks associated
with outdated or environmentally harmful solutions.

On the other hand, threats mainly revolve around data inventory reliability and accessibility.
The aggregation of real data and discrepancies in commercial databases can compromise
consistency and reproducibility. Updates and changes in database entries may lead to
incompatibilities across studies, weakening comparability and third-party validation. Finally,
software-specific limitations, such as inconsistencies in selecting equivalent materials or
emission factors, introduce methodological uncertainty that must be addressed through
rigorous cross-referencing and transparent documentation.

In conclusion, the SWOT analysis reveals that while modular and replicable scenario-based
environmental assessments enhance methodological robustness, persistent issues like
limited data availability, reliance on commercial software, possible expertise assumptions and
biases, the need of commercial soft-ware (or at least database) and time-consuming analysis
processes pose significant barriers. A holistic evaluation would balance technical accuracy
with stakehol der sd engage men tsgcialactaptanueiradisatoisng t heir nee

This study has examined the feasibility of retrofitting a representative university district in
southern Italy with the ambition of aligning it with the Positive Energy District framework within
a one-year operational timeframe as a lesson learned to work as benchmark for further study
cases replicating the same methodology. The implementation of the life cycle assessment
approach enriched the energy performance analysis, with a structured scenario-based
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comparative study. Implementing a set of targeted energy retrofit strategiesd including
thermal envelope enhancements (both opaque and transparent), lighting system upgrades,
and integration of efficient electrical equipmentd produced a substantial reduction in
operational energy demand, despite not being capable of offsetting (solely with extensive use
of installed PV fields), the reliance on the power distribution grid.

Results show that a rigid application of a mere PED mathematical balance may neglect
significant environmental aspects which may worsen even significantly in the effort of
achieving a positive energy balance.

In detail, results demonstrate that while scenarios like thermal insulation and lighting upgrades
contribute positively to operational efficiency, they may also introduce substantial embodied
burdens. Likewise, PED scenario (full renovation), showed, despite being energy efficient,
high values of ozone depletion indicator.

The environmental trade-offs emphasised too the critical importance of material selection and
eco-design. For instance, the cork insulation scenario achieved notable reductions in GWP
and Cumulative Energy Demand (CED), but scenarios involving intensive HVAC replacement
exhibited negative deviations in ozone depletion metrics.

Ultimately, this research advocates considering PEDs not as a static objective, but as an
evolving system requiring multidimensional optimisation. The district should be viewed as a
dynamic energy-environmental ecosystem rather than a set of discrete buildings, considering
the surroundings and the possible impact on the biome. Therefore, future approaches must
account for energy flows, environmental burdens, and socio-urban interactions
simultaneously, considering the possible analysis of how different scenarios might actually
have an impact on the ecosystem of the urban areas to plan possible mitigating actions.
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Sustainability is recognised as a crucial aim in pursuing the development that leads society
to environmental balance and social justice. Elkington's "Triple Bottom Line"(TBL) strategy
(1997) is widely recognised as a key source for the three-pillar concept of sustainability,
encompassing economic viability, social responsibility, and environmental impact. Despite
being constantly overlooked, the social dimension of sustainability is vital to address and
secure human well-being. Moreover, policies focusing on stakeholder collaboration and on
the social aspects of a district, have been found to be instrumental in developing successful
PED case studies (Derkenbaeva et al., 2022). Nevertheless, specific methods for assessing
social sustainability for PEDs are lacking in research.

Several benefits can be drawn from a PED, such as enhanced social cohesion, improved
energy literacy, the development of social networks, the promotion of global partnerships,
and reduced energy poverty (Gjorgievski et al., 2021). In addition, urban energy systems
directly affect the well-being and happiness of urban inhabitants. While it generates energy
within the city, it improves energy efficiency and achieves carbon neutrality, relying on citizen
involvement (Kammen and Sunter, 2016). Consequently, social inclusiveness and
participation of various stakeholders are important success factors in establishing citizens-
centric carbon-free energy solutions. However, in the context of energy communities, a
guantitative framework for evaluating the social impacts and benefits is missing.

Thus, a literature review to map the existence of initiatives to assess the social sustainability
of PEDs and PED-related projects was conducted in order to deepen the understanding.
The platforms Web of Science, Scopus and Research Gate were consulted using the string

that contained the keywords combination: APositive E
Nei ghbour hoods o, foll owed by t he keywords fisocial o
sustainabilitydo or fisoci al i mpactThedefinddtimeOpen Accesso

frame was from 2016, as this literature review is state-of-the-art, until 2021 when the search
was conducted. Therefore, existing studies addressing main themes related to the concept
and definition of PED are also presented here. The literature review entailed creating a
harmonised set of KPIs and social impact categories, and identifying relevant stakeholders,
in order to support future social assessments of PEDs. Based on the review of the literature
and the 24 PEDs from the JPI UE PED Booklet (Gollner et al. 2020), the social impacts
identified and defined are presented in the following sections. Several positive or negative
social impacts in general ultimately aiming at the well-being of people are presented in Table
14.
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Table 14: Social impacts of PED

Impact category Change Nature: Source
through PEDs Positive/Negative
Community policing/security improved positive (Shnapp et al. 2020)
Crime rates reduced positive (Shnapp et al. 2020)
. ildi
Common community Zl::]gl:gg positive (Shnapp et al. 2020; Hearn
purpose/a sense of community Inhabitants and Castafio-Rosa 2021)
household incomes increased positive (Shnapp et al. 2020)
local circular economy (in - (Shnapp et al. 2020; Hearn
tourist areas) boosted positive and Castafio-Rosa 2021)
labour productivity increased positive (Gouveia et al. 2021)
Employment opportunities increased positive (Shnapp et al. 2020)
tios f _ " ol _
opportunities o.r increased positive, as gsoma (Uspenskaia et al. 2021)
entrepreneurship benefit
modern urban services accessible positive (Uspenskaia et al. 2021)
Il- i ional . iti ial .
well-organised recreationa accessible positive, as gsoma (Uspenskaia et al, 2021)
area benefit
(Shnapp et.al 2020,
I nhabitantsé | Gouveia et al. 2021,
condition improved positive Haarstand and Wathne
2019, Bisello 2020,
Uspenskaia et al. 2021)
. - (Hedman et al. 2021;
Th | health of h .
e mental health of residents enhanced positive Gouveia et al, 2021)
Social acceptance increased positive (Hedman et al. 2021)
Social inclusiveness increased positive (Hedman et al. 2021)
Indoor comfort improved positive (Hedman et al. 2021)
The well-being of inhabitants/ imoroved ositive (Hedman et al. 2021; Hearn
vulnerable families P P and Castafio-Rosa 2021)
Social cohesion increased positive (Hedman et al. 2021)
(Haarstand and Wathne
Ener overt Expected both, depending on 2019; Hearn et al. 2021,
P y mitigation the district's situation ~ Gouveia et al. 2021,
Hedman et al. 2021)
awareness raisin ositive (Haarstand and Wathne
9 P 2019)
citizen engagement (Giourka et al. 2020,
gag ' increased positive Haarstand and Wathne

supporting engagement

2019)
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(Hedman et al. 2021,

G?,T{:;Zg?;é:g;:)hsc;se exzz:ae);bbaete q negative Gouveia et al. 2021; Yazar
et al. 2020)
consensus among difficult to negative (Shnapp et.al 2020, Hearn
stakeholders achieve and Castafio-Rosa 2021)
energy illiteracy, lack of barriers in negative (Hearn and Castafio-Rosa
awareness PEDs 2021)
passive participation of citizens increased negative (Nguyen and Batel 2021)
lack of trust lg(;\?vzseend hindering (Hearn and Castafio-Rosa,
development 2021)

stakeholder

Among the 24 PED projects, a total of 15 projects summarised their respective social impacts
and expectations, with no adverse impacts included. Apart from the positive impacts of the
two already running projects, the remaining 13 projects express high expectations for PED
deployment. In addition to the ultimate impact of improving people's standard of living and
well-being, almost half of the projects considered the impact of accessibility, including
access to local services, amenities, mobility, and local infrastructure. Job creation through
PED has also been demonstrated in the operation stage.

The importance of the social dimension and respective measuring indicators for cities and
communities have been recognised internationally through standards and initiatives such as
the UN Sustainable Development Goals, ISO 37120 - Sustainable Cities and Communities
-Indicators for City Services and Quality of Life, and the United Nations Economic
Commission for Europe (UNECE). The SDGs set the international agenda to make cities
and human settlements inclusive, safe, resilient, and sustainable and define indicators to,
among others, ensure access to adequate, safe, and affordable housing and basic services
and upgrade slums, provide access to safe, affordable, accessible and sustainable transport
systems for all, enhance inclusive and sustainable urbanisation and capacity for
participatory, integrated and sustainable human settlement planning and management. The
UNECE endorsed a set of indicators under the dimension of Society and Culture to address
Education, Health, Culture, Safety, Housing, and Social inclusion categories.

The authors also address social innovation structures related to citizen-led energy transitions
(Walker et al., 2010), and how government responds to them (Warbroek and Hoppe 2017).
It is of course worth stating thattinéonsihmedaanBEBnNga:«
residents, can significantly impact the energy performance targets, by managing to articulate
demand while maintaining the Indoor Environmental Quality IEQ goals within the energy
production profiles at the district level. They contribute to shaping the district's energy
performance to a positive energy balance within a specific timeframe and might be able to
react and adapt their energy needs towards PED energy limits. This implies significant
attention to household and social practices under varied and specific cultural, climatic, and
boundary conditions.

The conventional approach tends to set up a dominant ideal energy consumer, a
characterise d 6personad who is intended to develop functior
her energy uses in the function of the building typology. Academic studies (Stephenson et
al., 2010) refer to the disruption of this concept of the ideal consumer. Energy demand also
implies significant agency by households and energy communities. This is limited and is
subject to broader societal expectations that are constantly changing and inevitably ramping
up; over the past few decades alone, expectations of cleanliness, comfort, and convenience
have changed rapidly, and individual households and single communities, however,
committed, cannot remain unaffected by these wider societal trends. Social scientific energy
research may support a c ¢ o mmo Soaidl Impagt Assesemmestd6 di ver sity
processes of PEDs communities. The adoption of frameworks and methodologies such as
the Energy Cultures Framework (Stephenson et al., 2010) or Time Geography research
(Ellegard, 2018) could be useful and bring new ways of understanding the social implications
of PEDs and how to integrate those into a comprehensive Impact Assessment of Key
Performance Indicators (KPI) Framework for PED.

Methodologies for sustainable city indexes and green building schemes have been
developed incorporating defined social performance indicators. Based on KPlIs in the social
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and human dimensions under the KPIs framework reviewed in the previous section, 56 KPIs
were collected, from the JPI PED projects and KPIs from other reviewed literature. An
analysis and mapping of the social issues and common KPlIs resulted in a harmonised list
of KPIs as presented in Table 2 of the appendix. These KPIs were identified through
stakeholder needs and the specific scope of urban interventions and are compared through
relevant evaluation frameworks and monitoring databases (Angelakoglou et al. 2020).

The level of integration of indicators varies greatly from one methodology to another (Akande
et al., 2019) e.g., A set of KPIs expressed in monetary units, for smart cities based on the
Gross Social Feel-Good Index, (Bosch et al. 2017) which includes 13 Society and Culture
KPIs as part of a framework that intends to assess and rank cities based on how smart and
sustainable they are. The fipeopledo dimension is one
framework developed under the EC CityKeys project (Angelakoglou et al., 2020).

From the perspective of social sciences, there is also a broad spectrum of indicators and
indices relating to environmental aspects and their direct or indirect impact on human well-
being. However, no studies addressing specific social science indicators related to PEDs
were found. Here, social science aspects are considered for PEDs building upon the
relationship between the environment and all it may contain and its effects on human life as
a whole.

Moser (2005) states t hat Environment al Psychol ogy
attitudes, and behaviours concerning the social and physical context on four levels: 1)
Microenvironment (private spaces); 2) Proximity Environments (working place, parks,
neighbourhood, etc.); 3) Public and collective environments (cities, villages, etc.); 4) Global
environment comprising the totality of the world and everything it contains. Also,
Environmental Psychology pertains to a broad spectrum of sciences including Environmental
Engineering, Urban Planning, and Human Ecology, among others.

Among the different characteristics an environment encompasses is the quality of being
restorative providing well-being and health to people surrounding it. Restorative
environments are those that all ow a r efatipuget e i n someon
reduction (Alves, 2017). A particular place is restorative when a person gains psychological
distance from the demands of daily life and engages instead with something pleasant and
interesting (Collado et al.,, 2017). Several places in an urban city can be considered as
restorative, such as large recreation areas, pocket parks, a garden, a room with plants, or
even looking out the window to a street with trees bouncing jointly with the wind. Therefore,
restorative environments can play a crucial role in promoting quality of life, well-being, and
health in a citizen-friendly urban space.

The concept of affordances relates to the quality or stimulus that an object transmits to an
organism (Lewin, 1975; Gibson, 1986). From the first definition of affordances, many studies
have been developed exploring how humans experience the landscape and the relevance
of this to people's attitudes, behaviours, and ultimately to well-being. A key element of
landscape perception is how people make sense of the environment and what it offers, and
in turn, processes that form the basis of environmental perception, aesthetic landscape, and
appreciation are dealt with by theories of landscape perception and preference (Thompson,
2018).

Also, in the Environmental Psychology approach, spatial structure arises as an
environmental physical aspect in which the space with all it contains is organised promoting
or hindering human appropriation, interaction, and development (Campos-de-Carvalho,
2008). In the same direction, spatial policies are an important measure when tackling
mobility and energy consumption reduction issues by deepening understanding of citizens'
needs and mobility to better place spatial coordinates such as homes, locality of work, and
other facilities (Meurs & Haaijer, 2001).

Frameworks and methodologies to assess the social performance of cities, communities,
and similar human settlements have been designed according to the different scopes in
which these sets of indicators are used and serve to further analyse the overall impact of
specific urban design principles. Each method or approach has its advantages and
disadvantages and can be based on qualitative and/or quantitative assessments. Social
Impact Assessment (SIA) includes the processes of analysing, monitoring, and managing
intended and unintended social consequences -both positive and negative planned
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interventions, as well as any social change processes caused by them, ex-ante and ex-post
(IAIA, 2013).

Regarding the assessment of social impacts, further measures should be envisaged in the
framework to solve some conceptual gaps for a socially sustainable design. The review finds
that, in some pilot projects, more attention is paid to citizen involvement during the planning
phase than in others. Some critical issues concerned the involvement during the operational
phase of the district and the difficulty of citizens in sharing their needs with planners and
governors to request corrective or adaptation actions.

To achieve the SDG fAmaking cities and human

sustainable | eaving no one behindo, it is
measures to combat green gentrification. Although specific KPIs are used to evaluate the
phenomenon in some cases, this issue is not sufficiently discussed in the context of the
experiences of innovative districts reviewed and stemmed through tailor-made solutions,
such as citizen empowerment.

The social sustainability concept has evolved into a multi-layered complex and triggered an
integrated network of stakeholders (Gollner et al.,, 2020). Coming originally from
sustainability sciences, it is integrated into social sciences in an intrinsic way, which brings
together several subjects into play, such as sociology, psychology, and anthropology, among
others. Examples of methodologies coming from social sciences are the sociology of work
(Grint, 2005) and work psychology which offer a rationale for understanding and
investigating working conditions and social impacts on workers (Arnold, 2005).
Environmental psychology provides methods to analyse the effect of the environment on
people, creating a restorative and beneficial result for them (Collado et al., 2017). Finally, it
is possible to mention methods from anthropology on how to investigate specific populations,
considering their culture, values, etc., such as ethnography (Bjerregaard, 2011).

Each and every of them can bring important theoretical and methodological background to
be applied to social sustainability, however, none of them comprise a comprehensive
framework to assess social impacts on different stakeholders (Chabrawi et al., 2023). On
the other hand, Social Life Cycle Assessment (S-LCA) is a methodology to assess the social
impacts of products and services across their life cycle, offering a systematic assessment
framework that combines quantitative as well as qualitative data, aiming ultimately for the
well-being of stakeholders (UNEP, 2020). S-LCA is one of the three methodologies to assess
the sustainability of the three pillars, focusing on the People Pillar (UNEP, 2020).

The approach is largely based on the framework of ISO 14040 and 14044 and comprises
the social dimension of the LCSA, together with LCA and LCC. It entails several
stakeholders, covering a wide variety of social topics that are interlinked to different social
sciences, bridging the scopes among sustainability and social sciences (Chabrawi et al.,
2023). Moreover, S-LCA is founded on international standards such as the norms and
conventions of the International Labour Organization (ILO), and United Nations Ch i | d
Fund (UNICEF), when addressing the stakeholder workers, and children, respectively.
Furthermore, S-LCA is also contemplated with a dedicated ISO norm (ISO 14075), in which
the principles and framework for S-LCA are established, providing a consistent and
standardised background, also based on knowledge yielded from social sciences to
understand and measure the social phenomena.

Given the above-mentioned outcomes of the review, it is possible to conclude that aspects
of social sustainability and its respective assessment methodology are lacking specifically in
PED research. Methodological developments and case studies applying the Social Life
Cycle Assessment (S-LCA) approach are clearly missing despite the more than 10 years of
activities from the publication of the 2009 UNEP SETAC Guidelines of S-LCA of Products.
The energy and in particular renewable energy relevance in PEDs indicate the importance
of assessing social impacts across the entire life cycle.

Although the KPI frameworks reviewed earlier are quite comprehensive, they do not
systematically assess PEDs as complex, fully integrated developments. They also lack
considerations for sustainability and life cycle assessments of PEDs. Furthermore, the
defined indicators primarily focus on monitoring and evaluating specific technologies and
actions within a particular Smart Cities and Communities SCC project rather than addressing
sustainability and interdependencies within broader PED urban development.
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Despite extensive research on social dimensions in energy projects and PED development,
further efforts are needed in planning and designing socially sustainable PEDs, as well as in
developing methodologies and indicators for assessing social sustainability. To advance
these areas, it is essential to examine social, behavioural, and organisational barriers that
hinder public support for Positive Energy Developments. Additionally, a more
multidisciplinary approachd incorporating socio-technical, anthropological, cognitive, and
behavioural perspectivesd should be explored and tested to foster truly sustainable PED
developments.

In this sense, it is recommended the application of S-LCA as a robust approach to
contemplate the multi-diverse complexity of the social phenomena within a PED. The
method is embedded in consistent methodological backgrounds coming from various social
disciplines, benefitting from years of study and development coming from each field.
Moreover, S-LCA is intrinsically aligned with international norms and standards, such as
those coming from ILO, and has been largely organised and systematised by the
UNEP/SETAC (2009) and UNEP (2020) Guidelines, and standardised by ISO 14075,
granting consistency and robustness to the approach.

Regarding the scope of assessment of a PED, in general, all life cycle stages of the PED
shall be considered: Acquisition and extraction of raw materials, construction/development
of the PED, use of PED, and deconstruction/decommissioning. In addition, the supply chain
of related materials and components should be included with a special focus to the energy
and construction sector. An assessment of the mobility sector should be carried out
depending on the goal of the study and other specific aspects including geographical
location.
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oduction
This document provides rules for the assessment of the social impacts of Positive Energy
Districts (PEDs) and follows the framework of Product Category Rules for the environmental
assessment of products. These rules make up a Social Impact Assessment Framework of
PEDs (SIA Framework) and are meant to support practitioners in presenting transparent,
consistent, and verified information about the social sustainability performance of PEDs or
PED-related components. It should enable different practitioners to generate consistent
results when assessing PEDs from humanities and social perspectives.
Social Life Cycle Assessment (S-LCA) has the ultimate objective of promoting the
improvement of social conditions for all its stakeholders and achieving overall socio-
economic performance (UNEP, 2020). The assessment considers positive and negative
impacts on relevant stakeholders that occur in the entire life cycle of the product or service
under study. There are four main stages in conducting S-LCA aligned to the Life Cycle
Assessment (LCA) framework in ISO 14040/44 (2006): Goal and Scope Definition, Inventory
Analysis, Impact assessment, and Interpretation. Moreover, the S-LCA methodology has
been standardised by the recently published ISO 14075: 2024 (Environmental management
8 Principles and framework for social life cycle assessment) which builds on the LCA
framework and recognises the fact that other tools can be combined with S-LCA to have a
more extensive assessment of sustainability, such as Life Cycle Costing. S-LCA, according
to ISO 14075, addresses the social impacts of products in line with major international
agreements such as the Universal Declaration of Human Rights and the International Labour
Organization (ILO) standards.
The rules provided in this SIA Framework are based mainly on the S-LCA methodology with
the incorporation of tools and best practices developed in recent research activities relevant
to PEDs, including but not limited to JPI UE activities, Energy culture, and Climate circular
communities (ARV). Hence, the four steps of S-LCA for PEDs are illustrated in the following
sections to guide the evaluation of social impacts over the entire life cycle of the PED. The
entire life cycle of the PED must be considered, including the acquisition and extraction of
raw materials, construction/development, use, and deconstruction/decommissioning. In
particular, the implementation stage includes the construction of the buildings and other
PED-related infrastructures.

Goal and Scope (G&S) definition is the first phase of an S-LCA study where the purpose,
the object, as well as the methodological framework, are determined. The objective is to
provide a clear statement of the purpose of the study and define its breadth and depth. This
is a crucial phase of the process, which will have a significant impact on how the study will
be conducted and, ultimately, on the results. The G&S, and by extension the complete S-
LCA, are often carried out iteratively 7 it may be revised due to unforeseen limitations,
constraints, or because of additional information uncovered along the way. Such
modifications made during the process, together with their justification, should be
documented. I n LCA, st akehol dedefinedl asghase affeated
in any way by the study and its results) in the development of the G&S is strongly
encouraged. This is to ensure optimal decision-making at this crucial phase. In S-LCA, the
importance of stakeholders is further strengthened by the fact that the social impact is
assessed for various stakeholder categories.

In defining the goal of the S-LCA various aspects must be considered with a focus on why
the study has to be conducted. The answer to this question will also lead to the identification
of the intended use(s), target audience, what needs to be assessed, the expected potential
improvement, and the stakeholders involved. The goal(s) should be clearly defined to ensure
successful outcomes. The goals sought by S-LCA case studies can vary. S-LCA applied to
PEDs can examine potential social improvement options along the life cycle, support the
sustainable planning, design, and implementation of PEDs by integrating social
considerations into early-stage decision-making, help policymakers have a deeper
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of PED models evaluating different PED designs to identify those that best promote inclusive
urban development. These PED-specific S-LCA goals will ultimately lead to the identification
of social hotspots within the PED pinpointing critical issues such as affordability,
displacement risks, and unequal access to mobility and energy services.

The scope clarifies the object of the study and determines its methodological framework. It
needs to be related to the goal of the study. For this purpose, and in the case of PEDs, the
definition of PEDs and their function shall be stated. Consequently, the quantity of materials
needed to develop the PED (reference flow) and the steps, activities, and organisations
needed to comply with the functional unit (the product system) are defined. The scope
definition shall also include the following as a minimum:
Aldentifying which parts of the product system are part of the assessment (the system
boundaries);
Ast akehol ders included and affected, and
AType of impact assessment method and impact categories and/or subcategories
included;
AData collection strategies (inventory indicators, data type, and data collection);
AData quality requirements (reliability, completeness, temporal and geographical
conformance, etc).

The requirements related to these aspects in applying S-LCA to PEDs are provided in the
following paragraphs.

The function defines what is offered by the investigated product or service, which in this case
refers to the PED. Following the definitions of PEDs proposed so far, the close relationship
to energy efficiency and renewable energy use is evident. PEDs might also incorporate
housing and mobility solutions which form part of the function provided.
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Table 15: Requirements and Definitions for PEDs

The buildingés ther
Highly efficient buildings at least 10% lower than the national
standard.
The local potential of renewable energies
is determined. A PED must use at least
60% of the local potential (as long as a net
import of energy is necessary for the
annual balance).
Implement one of the following measures
with a minimum capacity concerning the
peak load of x %:

Minimum use of the local renewable energy
potential

1. establishing a mechanism for electrical
peak shaving in
the neighbourhood depending on
external electricity availability
- either by instaling batteries
Support of the surrounding energy system - or by sector coupling (heat pumps with
heat storage or controlled charging of e-
vehicles)
- or by-demand side management
including a corresponding control system

2. provision of electrical storage or
controllable loads to provide balancing
power demand outside
the neighbourhood

The function of the PED needs to be consistent with the G&S of the S-LCA and also informs
the identification of the functional unit. The functional unit (FU) defines quantitatively the
object of a study, whose magnitude can be fixed arbitrarily but constitutes an important
choice in conducting the S-LCA of PEDs. Some authors have argued that it is difficult to link
qualitative S-LCA indicators with functional units (Arcese et al., 2013, Hu et al, 2013).
Literature on FU gives us an overview of functional units used in LCA studies at the
neighbourhood and urban district scale involving energy and mobility aspects, highlighting
their diversity and impact on comparability. Francois & Coulombel (2024) link FU to annual
travel demand, while Quest et al. (2022) consider yearly neighbourhood energy supply.
Neighbourhood-wide approaches, like those of Sigurdardéttir et al. (2023), Nematchouaa et
al. (2019), and Lausselet et al. (2019), define FU at the neighbourhood level, with debates
on whether FU should be per neighbourhood, per person, or square meter. Building-focused
studies, such as the ones of Mastrucci et al. (2020) and Schildt et al. (2023), use FU based
on building stock or specific metrics, like floor area. Palumbo et al. (2019) incorporate
dimensional characteristics of blocks, while Alberti et al. (2019) and Lotteau et al. (2015)
review FU variations in LCA studies. PEDs could be considered at the project level to avoid
disaggregation that could prove meaningless in the social context. In light of this, it is
recommended to consider the entire district in applying S-LCA to PEDs (i.e., one positive
energy district initiative comprising buildings, infrastructure, and associated systems). The
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humanities and social function of PEDs should also be included in the FU definition through
per capita considerations.

System boundaries define which parts of the life cycle and processes belong to the analysed
system (Moltesen et al., 2018). Credible life cycle assessment will preclude the use of equal
and consistent system boundaries. In general, all life cycle stages of the PED shall be
considered: Acquisition and extraction of raw materials, Construction/development of the
PED, Use of PED, and Deconstruction/decommissioning. This should be in line with the goal
of the S-LCA, and any exclusion of life cycle stages shall be justified.

In addition, the supply chain of related materials and components should be included.
Considering the characteristics and main function of a PED, it is recommended to include
materials and components related to, at least, the energy and construction sectors. An
assessment of the mobility sector should be carried out depending on the goal of the study
and other specific aspects including geographical location. For example, during the
manufacturing or construction stage of the PED, materials and components serve as key
inputs. The assessment of their impact should not only focus on the construction stage but
also consider their broader life cycle, spanning from extraction and production to disposal or
recycling.

This requires evaluating the social impacts of these materials throughout their entire supply
chain - from labour conditions in raw material extraction to manufacturing processes,
transportation, and the eventual end-of-life management. Moreover, when considering the
mobility sector, the impact of materials used in public transport infrastructure and vehicles
must be explored, as these will have significant social consequences, such as the potential
for job creation, impacts on local communities, and access to mobility services. The social
effects of transportation infrastructure during its life cycle, particularly its role in increasing or
reducing social inequality in the production stage of public buses, influencing mobility access
in the local community where fuel is extracted should also be addressed. Any exclusions
must be justified and transparently reported alongside its effect on the results.

The LCA framework requires the involvement of stakeholders in the scope definition,
therefore the identification and definition of relevant stakeholders is important in establishing
the scope of the study. JPI Booklet reviewing 61 PED and Towards PED projects (Gollner,
et al.,, 2020) and other scientific articles identify citizens, municipalities, researchers, the
building sector, and industry as the main stakeholder groups related to the main phases of
a PED.

In summary, the above-mentioned major stakeholder groups are common for the planning,
implementation, and operation phases of the PED, and their cooperation and communication
influence significantly the development of each phase. Occupants, end-users, energy utility
and transportation service companies, researchers, and architectural companies in one or
more phases of the PEDSs, as reported in Table 1 of the appendix.

Stakeholders play a key role in S-LCA, as the social impact is evaluated on Stakeholder
Categories recommended and defined in the Guidelines and adopted in ISO 14075 (Table
16).

The stakeholders are classified under defined stakeholder categories and can be relevant in
various PED life cycle stages. For example, the employees of the building and construction
company can be classified under the Worker stakeholder category of the construction or
implementation phase while the employees of municipalities in charge of maintenance fall
under the same Stakeholder Category but in the operation phase. The Consumer
stakeholder category comprises the residents and non-residents benefitting from the
services provided in the PED while the Local community may refer to PED inhabitants as
well as the neighbouring communities depending on the context of the study.
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Table 16: Stakeholder categories and subcategories in the UNEP 2020 Guidelines

Value chain
Worker Local community actors Consumer Society Children
(notincluding
consumers)
Freedom of Access to material Fair competition | Health and Public Education
association and resources Promoting Safety commitments to | provided in the
collective bargaining | Access to immaterial social Feedback sustainability local community
Child labor resources responsibility mechanism issues Health issues for
Fair salary Delocalisation and Supplier Consumer Contribution to children as
Working hours migration relationships privacy economic consumers
Forced labor Cultural heritage Respect of Transparency development Children's
Subcate Equal Safe and healthy living intellectual End-of-life Prevention and concerns
gories opportunities/discrim | conditions property rights responsibility mitigation of regarding
ination Respect of Indigenous Wealth armed conflicts marketing
Health and Safety rights distribution Technology practices

Social benefits /

Community engagement

development

social security Local employment Corruption
Employment Secure living conditions Ethical
relationship treatment of
Sexual harassment animals
Smallholders Poverty
including farmers alleviation

To ensure a robust social assessment, each selected impact and subcategory from the Goal
and Scope section must be linked to appropriate inventory indicators.

These indicators should align with the chosen impact assessment approach to accurately
reflect social conditions (ISO 14075).

Social inventory indicators, also known as social flows, are measurable variables that
represent specific aspects of a life cycle stage or process (Vanclay, 2002).

Common examples include salary levels and workplace accident rates, which provide direct
evidence of social conditions. The selection of these indicators determines the type of data
required for analysis (UNEP, 2020).

An initial list of 56 harmonised indicators for PEDs was established drawing from multiple
sources to ensure comprehensive, robust, and relevant indicators (Table 2 in the appendix).
The harmonised indicators were further validated by different methods.

At first, a hotspot assessment was carried out for the sectors of Construction, Energy, and
Transport for all countries throughout the world, to verify which indicators represent a hotspot
for these sectors. Hence, the harmonised indicators which correspond to the indicators with
high and very high impact were selected, resulting in a total of 49 indicators. After this, a
panel of experts and researchers was involved in a second round of screening, resulting in
the most relevant indicators selected for PEDs and PED-related projects (Table 17).
Additional indicators can be included building on the selection process and methodology
implemented (Table 3 in the appendix 2). Hence, specific product life cycle stages, sector-
specific concerns, or regional social priorities can be incorporated.

Consequently, while the selected indicators serve as the baseline, practitioners should refine
the selection further to reflect specific social dynamics, stakeholder concerns, and product
system attributes, maintaining alignment with ISO recommendations.
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Stakeholder Consumer

Table 17: Selected

Indicators

Subcategory | Health & Safety
Indicator Unit
Thermal comfort Five-point Likert scale
Thermal Comfort-Predicted | [#]
Mean Vote (PMV)
Thermal Comfort-Predicted | [%]
Percentage Dissatisfied (PPD)
Indoor Air Quality COF[ppm]
Noise Pollution [dB], [%]
llluminance [Lux]
Daylight Factor [%0]
Green space [ha/100.000 inhab], [m2/inhab.], [%]
Public  outdoor recreation | [m2/inhab.]
space
Subcategory | Feedback mechanism

Indicator

Unit

Degree of satisfaction

[%] and/or Five-Point Likert Scale

Stakeholder  Local Community

Subcategory | Access to material resources
Indicator Unit
Progress towards Energy | Five-point Likert scale
Citizenship
Access to public transport [% of inhab]
Access to vehicle-sharing | [#/100.000 inhab], [#/inhabs.], [#],
solutions for city travel [km]
Access to commercial | [% of inhab]
amenities
Access to public amenities [% of inhab]
Shared EV Penetration Rate [%0]
EV charging stations [#], [#/km?], [%], [#/100,000]
Length of the bike route |[% in km], [km/100,000 inhab)], [m]
network
Public Transport Network [km/100,000 inhab]
Subcategory | Access to immaterial resources
Indicator Unit
Internet Penetration Rate [% of inhab]
Subcategory | Safe and healthy living conditions
Indicator Unit

Thermal comfort

Five-point Likert scale

Thermal Comfort-Predicted
Mean Vote (PMV)

[#]
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Thermal Comfort-Predicted | [%]
Percentage Dissatisfied (PPD)

Indoor Air Quality COF[ppm]
Noise Pollution [dB], [%0]
llluminance [Lux]
Daylight Factor [%0]

Green space

[ha/100.000 inhab], [m%inhab.], [%]

Public
space

outdoor  recreation

[m2/inhab.]

Access to basic health care
services

[% of inhab]

Subcategory | Community engagement
Indicator Unit
Active/ proact i \[%]and/orFive-Point Likert Scale
behaviour
Increased consciousness of | Five-point Likert scale
citizenship
Social Cohesion Five-point Likert scale
Increased  participation  of | Five-point Likert scale. The indicator
vulnerable groups provides a qualitative measure and is
rated on a five-point Likert scale: No
atalli 10 20 30 406 529
Excellent 1. Not at all: the project has
not increased the participation of
groups not well represented in
society. 2. Poor: the project has
achieved little when it comes to the
participation of groups not well
represented in society. 3. Fair: the
project has somewhat increased the
participation of groups not well
represented in society. 4. Good: the
project has significantly increased the
participation of groups not well
represented in society. 5. Excellent:
Participation of groups not well
represented in society has been
hugely improved due to the project.
Number of awareness- | [#/100 inhab], [#]
engagement initiatives/events
Open Public Participation [#/hab], [#/100,000 inhab] and/or
Likert scale
Subcategory | Local employment
Indicator Unit
Job creation [#], [%]
Subcategory | Secure living conditions
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Indicator Unit

Crime rate [#/100.000 inhab], [%]
Living Conditions [% of inhab]

Affordability of Energy [% of inhab], Likert scale
Affordability of Housing [% of inhab], Likert scale

Stakeholder ~ Worker
Subcategory | Health and Safety

Indicator Unit

Access to basic health care | [% of inhab]

services
Noise Pollution [dB], [%0]
Indoor Air Quality COF[ppm]
Illuminance [Lux]
Subcategory |[Equal opportunities [ discri min
Indicator Unit

Gender Equity of New Jobs [%0]

Stakeholder  Society

Subcategory | Contribution to economic development, poverty alleviation

Indicator Unit

Median Disposable [[ u/ househol d], [

Household) Income

o

Indicator Unit

Accessible Design 10-point Likert scale and [% of barrier-
free units] at the building level; [% of
barrier-free units] at the district level

Social factors [%] and/or Five-Point Likert Scale

Considering the indicators identified above, the relevance of Consumer, Worker, Local
Community, and Society stakeholder categories emerge. Hence, these stakeholder
categories shall be assessed vis-a-vis the social impacts of PEDs. Any exclusions must be
justified. The relevance and hence inclusion of the Children and Value Chain Actors
stakeholder categories should be addressed, case by case.

In the supplementary sheets of this SIA Framework, subcategories related to these
Stakeholder categories are defined, and information on why they are relevant for PEDs is
provided based on the methodological sheets of the Guidelines.

In defining the scope of a S-LCA the type of impact assessment method must be specified
considering the particular product and the defined goal. There are two main types of impact
assessment approaches identified by ISO 14075 (2024). Both ISO 14075 (2024) and UNEP
Guidelines (2020) give a comprehensive overview of the methods, which are the Reference
Scale Assessment (formerly Type | or RS S-LCIA) and the Impact Pathway Assessment
(formerly Type Il or IP S-LCIA), each responding to different practitioner needs.

Reference Scale Assessment focuses on predefined reference scales for measuring social
impacts. This approach primarily uses generic data established in databases to evaluate the
potential social impacts associated with a product's life cycle. It is particularly useful when
the objective is to assess impacts using established benchmarks. This method is suitable
for practitioners needing straightforward assessments where data is easily accessible
through databases, especially when working with well-defined impact categories and
subcategories. In the context of PEDs, RS S-LCIA might be used to evaluate how the PED
impacts community well-being compared to established benchmarks. This would involve
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identifying indicators to their corresponding stakeholder subcategories. In contrast, Impact
Pathway Assessment is based on the social mechanisms that link causes to effects,
representing impacts through a cause-effect chain. This approach can account for both
midpoint and endpoint indicators, making it ideal for scenarios that require a more complex
understanding of social impacts. IP S-LCIA is best utilised when assessing stakeholder
impacts beyond just workers is critical, allowing for a more nuanced exploration of social
mechanisms. It is also preferable when there is a need to integrate qualitative observations
and findings from multiple disciplines. In the scale of PEDs, one might explore how energy
efficiency measures and renewable energy projects affect social well-being through their
impacts on air quality, which may subsequently influence health outcomes and equity within
the community.

Chec klist/Scoring system

Invento Inventor Sub- Impact

TYPEI v v category Category
Data Indicators ;

Indlcators Indicators

Welghtlng system

Cause-effect relation

TYPE Il Inventory Inventory Midpoint Endpoint
Data Indicators Indicators Indicators

Figure 30: Impact Assessment Methods (adapted from Chhipi-Shrestha et al., 2015)

Figure 30 summarises both approaches. In other words, RS S-LCIA is more straightforward
and suitable for scenarios with clear benchmarks, while IP S-LCIA is preferable for complex
assessments requiring deep analysis of social mechanisms and broader stakeholder
impacts. Both approaches provide a pathway to identify both positive and negative social
impacts, such as potential displacement due to gentrification, or enhanced community
cohesion through increased local engagement. Figure 31 shows the goal and scope steps
regarding the impact assessment method. Each approach has its pros and cons, depending
on the specific needs and context of the assessment. Additionally, in one study, one may
apply both Type | and Type Il for different impact categories, which can then be subsequently
aggregated.

RS S-LCIA

3) Choose
reference scales

RS & IP S-LCIA RS & IP S-LCIA RS & IP S-LCIA

1) Determine
impact assessment
method

2) Decide for topic 4) Determine
of assessment weighting method
(if applicable)

IP S-LCIA

3) Choose
characterization
model and type of
impact pathway

Figure 31: Steps in goal and scope (UNEP, 2020)

105/138



Type | and Type Il can be applied for PEDs but for this SIA Framework, methodological and
practical guidance is provided for the reference scale approach S-LCIA (Type I). This
approach allows for a more straightforward assessment of social performance and risks by
comparing observed impacts against established reference scales. The reference scale
approach is clearly outlined in ISO 14075 (Figure 32), and this SIA Framework adheres to
that guidance. In contrast, the impact pathway assessment (Type Il) is less suitable at this
stage as the specific cause-effect relationships within PEDs have not been clearly defined,
indicating a need for further research to develop comprehensive impact pathways in this
context.

—] Reference scale assessment | — —|

Definition of impact categories

1 () ——
Definition of reference scales v Assignment of inventory date to
the refi I
Levels / Performance indicators & their € relerence scales
colors relative PRP .
Indicator 1
Performance above average PRP ) Quantitative / qualitative / semi-
Indicator 2 [ quantitative data:
Performance corresponding to the (e.g., average worker salary at
recommanded / mandatory PRP the plant €X/month)
Performance below average PRP Indicator N

@ @
Interpretation of results Assessment of the indicators

Reference scale level "1", "0", "-1", Association of inventory data with its
or "color" corresponding reference scale level

L ]

Figure 32: The reference scale assessment (ISO 14075:2024)

While choosing the indicators and creating the reference scales for PEDs, the effect of
various energy culture groups should be considered. A useful framework for comprehending
energy behaviours is the Energy Cultures Framework (Stephenson et al., 2010), which
emphasises how material culture, cognitive norms, and energy practices influence energy-
related decisions and results. The reference scales and indicators must take into account
the variety of energy cultures found in various districts, as PEDs seek to promote sustainable
and socially inclusive urban settings. This guarantees that evaluations include social
acceptance, behavioural patterns, and cultural impacts on energy usage, in addition to
technical achievement. Integrating the Energy Cultures Framework into the development of
reference scales strengthens the evaluation approach, making it more comprehensive and
contextually relevant, in alignment with the broader objectives of PEDs.

In the context of PEDs, the development and application of reference scales for social
indicators must reflect the unique characteristics and sustainability goals of these districts.
PEDs aim to create energy-efficient, inclusive, and high-quality urban environments, making
social performance a key aspect of their evaluation (Hedman et al., 2021; Salom et al., 2021;
Angelakoglou et al., 2020). Therefore, the indicators assessed must be aligned with the
specific needs and challenges of PEDs. PED-relevant reference scales for each indicator
shall be defined based on global or local (e.g., national or municipal) norms. In cases where
predefined norms are lacking, alternative methodologies are to be applied, such as
converting existing rating systems or using expert-defined ideal benchmarks to differentiate
between performance levels. The reference scale may comprise five levels, ranging from a
positive high social performance (score 2, green) to a negative and severe social risk or
deficiency (score -2, red), as highlighted in Table 18. Building the reference scales should
start with defining performance reference points (PRPs, score 0, yellow) using regulatory
and scientific research.

To enhance and support the assessment of PEDs on social performance, reference scales
have been defined and provided for use in this SIA Framework, addressing the final list of
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the selected indicators that should ideally be assessed (Table 6 in the appendix).
Performance reference points (PRPs) of this SIA Framework are firstly valid for urban area
contexts but at the same time can be valid for different contexts. Some of the PRPs are
developed for Europe-specific contexts, some are valid for all around the world. Depending
on each specific PED, where it is located and locally available guidelines, regulations, or
benchmarks, PRPs should be adjusted accordingly and transparent justification provided
(Chabrawi et al., 2024).

I n the case of the indicator MfAaccess to public trans
inhabitants with a public transportation stop at less than 500m, the reference point is defined
as fN7804% of inhabitants have a t fhereferpmeegstalest op at | ess

is, therefore, defined as follows.

Table 18: Example of reference scale of Access to public transportation

Stakeholder Subcategory Indicator Unit
Local Access 0 Access  to  [%ofhab) 50-68% of Inhabkants, g, inhabi
i " : . of inhabitants
commenty resourees i 295% ofIhablants eV 2 o4 of inhabitants C-84% of _inhabitants S5, aaa‘é?ﬁ"eaiﬁgm a transport stop
ranspol " . 85 . :
public transport stop within have a public transpnnhaéﬁf transportstupwn:hlns‘gnmcam portions “f“"’:m:a?ruméclcg:?;ﬂg
500m. stop within 500m. : population  lack easymueJ Y
access. .
Anot her example is fAindoor air qualityoF where the

concentration between 55171 800 ppmd meeting regul atory standards f
air quality.

Table 19: Example of reference scale of Indoor air quality

Stakeholder Subcategory Indicator Unit

Consumer Health & Safety Indoor Air oz [ppm] CO: concentration < CO, cencentration CO, concentration CO,; concentration CO, concentration
Quality between 451 —550  between 551 — 800  between 801-1350  >1350 ppm
450 ppm ppm ppm. ppm Indoor air quality is
Ideal air quality, Meets regulatory and Indoer air quality is severely
industry standards for below compliance, inadequate, and
optimal for health and adequate indoor air indicating classified as low
comfort; Mirtually no quality. insufficient quality.
! wventilation.
discomnfort.
. ~ . . N .
The reference point of Aaffordability of energyo is
energy is 5.0% OR 50% of inhabitants finding energy

generic data, household income spent on energy values can be used to identify the reference
value. However, when specific data is collected, affordability can be assessed either by
analysing actual household energy expenditures or through inhabitant perceptions using a
Likert scale.

Table 20: Example of reference scale of Affordability of energy

Stakeholder Subcategory Indicator Unit

Local Secure living  Affordability [% of habl,  Household income  Household income  Household  income  Household income  Household income

Community conditions of Energy Likert scale] B spent on energy is spent on energy IS spent on energy is spent on energy is
spent on energy is = between 3.3% - 5.0% OR 50% of between 51% — > 6.5% OR < 30%
329 OR = 75% of  4.9% OR 51-74%  inhabitants  finding  6.5% OR 30-50%of  of inhabitants

i . of inhabitants energy costs  inhabitant  finding finding costs

inhabitants finding finding energy affordable costs affordable. affordable.
energy costs costs affordable

affordable

4.2.3 Life cycle inventory

The Social Life Cycle Inventory analysis (S-LCI) of a PED should follow closely the 1SO
14040/44 (2006) framework. In addition, specific requirements provided in this document
shall also be implemented when carrying out S-LCI. The specific requirements are based on
the methodological sheets of the 2020 UNEP Guidelines on S-LCA of products and
organisations (Guidelines) alongside findings on relevant social indicators for PEDSs.
Moreover, the S-LCl is required to be conducted in line with the provisions of ISO 14075.
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Data collection is the most labor-intensive activity when carrying out an S-LCA. Therefore,
different indicators may be used depending on data availability and the goal and scope of
the study. The methodological sheets address each impact subcategory included in the
stakeholder categories, defining generic and specific indicators and giving examples of
sources for collecting both types of indicators. However, these methodological sheets are
not product-specific. Hence, this SIA framework provides specific guidance for PEDs aiming
to avoid misunderstandings about subcategories and to clarify their relation to stakeholder
groups as well as providing examples of inventory indicators, units of measurement, and
potential data sources for hotspot assessment to aid calculations of each subcategory.

In addition to the generic data sources provided in the methodological sheets and
summarised for this SIA Framework (Table 4 in the appendix), PED-specific data sources
shall be consulted for each subcategory.

In the case of the subcategory Freedom of association and collective bargaining under the
worker stakeholder category, PED-specific data sources would include Documentation of
Trade Union bodies related to workers of the construction companies, utility providers, and
service providers. Human resource records will also provide supply-specific confirmation of
the agreements signed by any organisation involved in the PED life cycle. Evidence of
payment of working hours dedicated to activities in Trade unions represents support of the
organisation for workers to be members of trade unions while specific interviews of workers
will provide information on prejudice in participating in collective bargaining or a strike. A list
of PED-specific data sources has been compiled for guidance and consultation in the
planning and implementation of PED data collection for S-LCI (Table 5 in the appendix).

Social Life Cycle Impact Assessment (S-LCIA) is the process of aggregating inventory data
to assist in understanding the magnitude and significance of the social data in respective
contexts (UNEP, 2021). S-LCIA is highly challenging to accomplish as it involves value
judgments across different categorisations including normalisation, weighting, and
aggregation of social data (Hosseinijou et al., 2014, Sala et al., 2013, Hannouf and Assefa,
2018).

Based on the social impacts to be assessed, defined in the G&S stage, and once the data
about the relevant indicators is collected, and the respective reference scales are developed,
the impact assessment can be carried out. The exercise is quite straightforward: the
indicators relating to a certain impact category should be compared against their reference
scale, and their position in the scale is registered in terms of potential social impact score.
In the above examples, the scores vary from +2 (when the highest performance is identified)
and -2 (in cases of worst social performance).

As an example, the indicators findoor air
and well-being which is a Human Right as stated in paragraph 25 of the Universal
Decl aration of Human Rights #fAEvVer ydequatefbrdhe

healthandwell-kbei ng of hi mself and of his familyébo

adequate indoor air quality and affordable costs of energy in a PED 1 house or buildingi fall
under the human rights impact category.

A value of indoor air quality of 579 ppm COF concentration would correspond to an
intermediary level of the developed reference scale (Table 19) and therefore would be

assigned the soci al performance | evel Aoo.

5-point Likert scale question (How do you rate the adequacy of your current living costs
regarding electricity and heating costs?), if 45.5% of the interviewed inhabitants of a given

guality?o

the righ
( UN,

I'n the

an

PED state that the costs are fnNafflor d®elwvled 0 ,0ft hsiosc i vad u l

performance (Table 20).

This is also in the impact assessment phase where aggregation of the results may occur.
Aggregation is a way of bringing together several pieces of information and synthesising
them into a single score to facilitate understanding and communication of the S-LCA results
(UNEP, 2020). Aggregation may occur alongside weighting. In the weighting process, values
(weights) are applied to inventory, impact subcategory, or stakeholder category results, to
represent their relative importance.

If aggregation takes place, the procedures to aggregate the results must be aligned with the
G&S of the study, as well as weighting. An important remark is made to data transparency
while aggregating and weighting the S-LCA results. Both should be conducted by using
reliable and scientific methods where the combination of different types of data (units) is
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mad e possi bl e. An exampl e i s t he aggregation of a
transportationo with the unit A% of IiIFnhpp®mo.and fAindo
Thus, aggregating indicators with different units and dimensions may pose challenges that

should rely on procedures, like normalisation, to transform them into a single unit, allowing

for making mathematical operations like addition and multiplication, for instance.

Since aggregation combines different data altogether, the original values might be lost.

Therefore, ISO 14075 recommends that aggregation should always be made transparently,

reporting and justifying the methods and criteria adopted for conducting aggregation.

Furthermore, the results of the study should always be complemented with the

disaggregated data (UNEP, 2020, ISO 14075).

The interpretation phase of PED S-LCA comprises several analyses or elements (UNEP,
2020, 1SO 14075):

- identifying significant issues based on the results of the S-LCI, and S-LCIA phases;
- evaluating completeness, sensitivity, and consistency;
- providing conclusions, limitations, and recommendations.

These elements shall be conducted against the goal and scope of the study.

In addition, the appropriateness of the definitions of the system functions, the functional unit
and system boundary as well as limitations identified by the data quality assessment and the
sensitivity analysis shall be analysed with regards to the stated goal.

In identifying significant issues, analyses shall be made considering information from the
preceding S-LCA phases. The methodological choices on allocation and system boundaries
as well as the value choices, roles, and responsibilities of different interested parties as
defined in the G&S goal and scope. This information will lead to the identification of
significant inventory data, impact categories, and contributions from life cycle stages or
processes to the S-LCI or S-LCIA results.

Evaluation of the social results shall include completeness, sensitivity, and consistency
checks to establish and enhance confidence in, and the reliability of the results, in particular
in relation to the significant issues identified. This shall be conducted through a
completeness, sensitivity and consistency check. The completeness check establishes if
relevant information and data needed for the interpretation are available and complete. In
case any relevant information necessary for determining the significant issues, is missing or
incomplete, the preceding phases (S-LCI, S-LCIA) have to be repeated or the goal and
scope definition should be adjusted. The sensitivity check aims to assess how the final
results and conclusions are affected by uncertainties in the data, allocation methods or
calculation or reference of category indicator results. This shall include sensitivity and
uncertainty analyses performed in the S-LCI and S-LCIA phases and consider the sensitivity
check shall include the results of the sensitivity analysis and uncertainty analyses and shall
consider issues predetermined by the goal and scope of the study, the results from all other
phases of the study and expert judgements and previous experiences. If the S-LCA is to be
used for social comparative assertions intended to be disclosed to the public, the evaluation
element shall include interpretative statements based on detailed sensitivity analyses. The
consistency check is to establish whether the assumptions, methods and data are consistent
with the goal and scope. This shall include differences in data quality along product life cycle
and between different systems, regional and/or temporal differences, the consistent
application of allocation rules and the system boundary and the consistent application of
social impact assessment.

The last part of interpretation is to draw conclusions, identify limitations and make
recommendations for the intended audience of the S-LCA.

Conclusions shall be made iteratively considering them based on the other elements of the
interpretation phase. Hence a preliminary conclusion is drawn following the identification of
significant issues and the evaluation of the results, checking its consistency with the
requirements of the goal and scope of the study. In particular, the consistency of the
conclusions with data quality requirements, predefined assumptions and values,
methodological and study limitations, and application-oriented requirements are analysed. If
the conclusions are not consistent the previous steps have to be repeated.
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Recommendations shall be formulated on the final conclusions tested with the requirements
of the goal and scope of the study.

In line with the G&S definition, the intended audience needs to be informed of the results
and conclusions of the PED S-LCA. This should be done without bias, including data,
methods, assumptions, and limitations. The report shall be based on the principles of
completeness, accuracy, transparency and provide sufficient detail to allow the reader to
comprehend the complexities and trade-offs inherent in the S-LCA while supporting
decision-making.

Finally, the general requirements in ISO 14075 on preparing third-party reports and including
limitations of S-LCA shall be considered.
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This work is part of a three-step approach to support social sustainability assessment for
Positive Energy Districts (PEDs). The first one was dedicated to creating a State-of-the-Art
(SoTA) report that aimed at mapping viable methodologies to conduct a social impact
assessment of PEDs. Moreover, the SoTA report also mapped and harmonised an extensive
list of inventory indicators and another on social impacts related to PEDs and PED-related
projects. The second step was built upon the knowledge raised previously and focused on
developing a self-explanatory framework activity (FA). The FA provided comprehensive
guidance on how to conduct the four phases of a Social Life Cycle Assessment of PEDs,
providing examples and hands-on tips for social sustainability practitioners.

Likewise, the third step was also built upon the previous ones and consists of a real-case
social assessment to demonstrate the methods and procedures necessary to implement
each phase of a S-LCA. For this illustrative exercise on how to conduct a social sustainability
assessment, a real case st udhflauseré&ss r a€keoect @ach, utrtb@anhiFr
district in Salzburg, Austria. The district is part of the syn.ikia project (Fuchshofer et al., 2024)
and comprises 99 apartments and a total gross floor area of 10.24 m2. The initiative does
not satisfy all requirements to be considered a PED but meets several specific
characteristics of a PED, such as mobility alternatives, renewable energy integration, and
easy access to public services.

This case study details the application of S.SLCA t o t helnhdwBer-$teda Ced di strict
following the four phases: Goal and Scope; Life Cycle Inventory; Life Cycle Impact
Assessment; and Interpretation.

As per the first step of the Social Life Cycle Assessment study, the goal and scope have the
aim of setting the base for the activities that will be carried out. However, before initiating,
some information about the case studies planning, such as the objective, functional unit,
system boundaries, and other methodological aspects have to be defined. As mentioned
above, the study wunder c oelmhaused-®trrad Co®® U rshb anh ed ifAsFtrriiecdtr i
Salzburg, Austria. The housing project was first built in 1985, comprising 75 social
apartments and it was totally renovated in 2019 and 2021, due to rotted wooden
constructions in the roof and balcony. The renovation increased the number of apartments
to 99 with 8,107 m2 of living area. It also comprised an adaptation of the thermal insulation
and the heating system was changed from gas to heat pump and pellets. Moreover, a large
photovoltaic system on the roof was installed for electricity generation. The initiative did not
extend the car parking area, but provides mobility services such as bicycle parking, car
sharing, and rental bikes, as alternatives to cars. After the renovation, 30 families returned
to the new complex in December 2021, and in March 2024 the residents were surveyed on
their satisfaction.

The following aspects of Goal and Scope were defined:

1.1. GOAL: The aim of the S-LCA study is to investigate the positive and negative
impacts on stakeholders of the housing project Friedrich-Inhauser-Stral3e, considered as a
PED, identifying improvement potentials. The study serves as guidance on implementing the
steps of S-LCA in a real case highlighting methodological choices and challenges.

1.2. SCOPE: The elements deemed relevant for the scope definition, given the goal of
this case study were: functional unit, system boundaries, stakeholders, data collection
strategy and definition of the type of impact assessment, impact categories, and
subcategories. Moreover, Salzburg is situated in a spatial and geographical landscape of
mountains, with height variations that can lead to temperature differences between the city
and surrounding suburbs, especially during autumn and winter. In general, the city has
evenly sunny and cloudy days, but a temperate climate prevails

1.2.1. Functional Unit: The FU defined in this case study is at the urban district level, and
considers the main services related to a PED. The FU is therefore one urban district of 30m?
living area per inhabitant, offering housing conditions and public services. The housing
project has future prospects for improving energy generation and savings, energy and house
affordability, and urban development design with a hi
1.2.2. System boundary: The raw material extraction phase, the construction phase, the
use occupation stage, and the demolition stage belong to the system boundary of the study.
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Flows related to electricity use, water consumption, maintenance services, and public
services such as public transportation in the PED fall within the system boundary. The
indicators associated with these flows are assessed all through their life cycle. Likewise, it
is important to bear in mind that for each life cycle stage considered within the goal and
scope of the study, components, and materials should be considered not only within that
particular stage but also in their entire supply chain. For example, during the use phase,
while focusing on aspects such as electricity consumption, maintenance materials for
buildings, and the upkeep of green spaces, it is crucial to also consider in the scope of
assessment the impacts from the earlier life cycle stages, including raw material extraction,
construction, and manufacturing. In the case of electricity consumed in the district, it is a
product of energy generation, and its social impacts are also shaped by the conditions under
which it was produced, i.e., labor rights violations during energy production, aspects related
to safe and healthy living conditions of the communities surrounding the power plant, or the
reduction of social inequalities in the distribution of energy access for consumers. However,
because the renovation was completed two years ago, relevant social data related only to
the use stage without the supply chain could be collected. Hence, the system boundary of
this case study includes all unit processes related to the use of the Friedrich-Inhauser-Stralie
district, in Austria. The activities are focused on supporting the daily living of the residents
through the supply and operation of residential, energy, and mobility-related services.
1.2.3. Stakeholders: In PEDs Worker, Consumers, Local community, Society, and
Children are to be considered. However, due to data availability stakeholder categories
considered in this case study are consumers and the local community due to data availability.
In the use stage of PEDs the extent and complexity of an urban district encompass a broader
perspective of users that are, on the one hand, consumers and, on the other hand, local
community. Specific subcategories and indicators were assigned to each stakeholder
category as detailed in the S-LCI phase.

1.2.4. Data collection strategy: Following the aim of the study expressed under the Goal,
only site-specific data is allowed for inventory flows related to the use stage. Although not
included in the Friedrich-Inhauser-Stral3e assessment, further social impacts related to the
supply chain should be encompassed here. Thus, resuming from the example of electricity
provided as a service, questionnaires to collect data regarding workers in the power plant,
or possible issues related to the health and safety living conditions should be developed to
also measure the associated social impacts throughout its supply chain.

1.2.5. Impact assessment method: The Reference Scale Approach was selected as a
social performance assessment method for the Friedrich-Inhauser-Stral3e urban district. The
method comprises defining reference values (Table 21) for each indicator to compare it
against thresholds and classify the performance of the organisation accordingly. For the
stakeholders Consumer and Local community, the corresponding indicators and
subcategories are listed in Table 22.
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Table 21: Selected stakeholders, indicators, and their data unit

Stakeholder Consumer

Subcategory | Health & Safety

Indicator Unit
Indoor Air Quality COF[ppm]
Subcategory | Feedback mechanisim
Indicator Unit
Degree of satisfaction [%] and/or Five-Point Likert Scale

Stakeholder  Local Community

Subcategory | Access to material resources

Indicator Unit
Access to public transport [% of inhab]
Access to commercial [% of inhab]
amenities

Access to public amenities [% of inhab]

Subcategory | Safe and healthy living conditions

Indicator Unit
Indoor Air Quality COF[ppm]
Access to basic health care [% of inhab]
services
Subcategory | Secure living conditions
Indicator Unit
Affordability of Energy [% of inhab], Likert scale
Affordability of Housing [% of inhab], Likert scale

Indoor air quality is assessed by COF concentration level. According to EN 16798-1-2019,
Occupational Safety and Health Administration (2011) and World Health Organisation
(2021), the PRP of this indicator is determined as the COF concentration value is between
551 1 800 ppm. Degree of satisfaction assessed by questionnaires. Impact assessment
results are determined by the percentages of inhabitants answering with positive perceptions
and/or average score value obtained by the questionnaires. According to the Product Social
Impact Assessment Handbook (2018), PRP is when the average score from questionnaires
is between 2.6 - 3.5 and/or 59-40% of inhabitants report positive perceptions (agree or
strongly agree) across all key variables. Access to public transport is calculated by the
percentage of inhabitants have a public transport spot within 500 m. PRP of this indicator is
701 84% of the inhabitants can reach the closest public transport spot with a 500 m walking
distance. Their closeness to the district assesses Access to commercial amenities and
Access to public amenities. In this SIA Framework and this case study proposed commercial
amenities are 4 (Supermarket/ grocery store; Bank/ ATM; Commercial centre (mall, high
street, etc.); Hospitality (Cafés, restaurants, bars, hotels, hostels, etc.)) and for public
amenity, type is 8 (Primary School; Playground; Kindergarten; Public parks/gardens; Local
public transport node; Community centre; Post office; Library). PRPs of both indicators mean
that half of the amenities are within a 1 km range of the district. Access to basic health
services indicator is assessed by the percentages of inhabitants who have access to a basic
health service within 30 minutes of walking distance. When 701 84% of inhabitants can reach
it, the impact assessment result would be the compliance value (0).

According to researchers - Wehrmann (2022), Hoppe et. al (2019) and IEA (2019) -, PRP of
Affordability of energy is determined as Household income spent on energy is 5.0% OR 50%
of inhabitants finding energy costs affordable. Similarly, PRP of Affordability of housing is
determined as Household income spent on housing is 20% OR 50% of inhabitants finding
housing costs affordable - Eurostat (2024).
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Table 22: Reference scale of case study indicators

Stakeho- Subcate-
Indicator Unit +2
Mer gory
Conmmer Health&: Indoor dir COpp]  CO; mncentration = C O boncentation C O koncentation 20 roncertration CO honcentration
Safety Quality 450 ppm betwreen 451 =550 betaresn 551 =800 baterean 8011 - 1350 =1330 ppm
ppm ppm Fpm
Consumer Feadback Degee of [*4] andfor = B0% of TG of imhabitants  SS.4004 of inhabitants  35-200% of inhabitants 20% of
nechanisim  satisfaction FivePomt  jphahitants report positive report pos ihve eport positive inhabitants
;—‘]:: report positive P;:eplﬁm (aﬁm o P:“Plﬁm“ (aﬁm @ peroephians (a?ee % report positive
c . storgly agree) across  shongly agree) across  stromgly agime) acvoss .
t
femeptl ons all ey varisbles all ey varisbles all kegrvarisbles f’amep Lana
Aagres or ANDIOR Avemge  AND/IOR Average  ANDICR Avenge Aagres or
strengly agreel scare fromm seare from seore fom strengly agres)
across all Ke¥  gyectiomrwives of this  questommaives ofthis  questinmnaives of fhis ~ Aeroes all key
wariahles indicator is hebareen indicatoris hetireen indiratoris hetareen variables
AND/OR Average 36-45 26-35 16-25 LND/OR Avermze
acors from soore from
questicnmaires ques Hommaires of this
of this irdicator 15 betareen 1
s . -15
indicator is
between 4.6 — B,
Locd doeess to Aecess o [ of =38% of 35-54% of inhabitants 70843 of habitants  S0-85%% of iwhabitants =302 of hdb itants
Communty  material pablic inhah] inhshitants have apublic tarsport  have a tramsport stop have a tansport stop have a tansportstop
E5O1ICEs transport have a public stop within 500m within S00m within 300, meaning  within 300m,
sigruficant portiors of  dicating a major
transpert stop the population lack ility i
withio 500m. papL acess ¥ ismie.
BV ACCEFS.
Loeal Aocass to Acass o [ of A1 4 (Supennadet! At leact 3 At least 2 nly 1 Nome of the
Commurity material monmerdal  inhah] gancary s tove; Barde! commeraial commercial commercial mommertal amenities
s onwes ameities ATMCormvercial  gmanities (275%) amenities amenity (<z6%) e vwiton Ll (%
":m:; (‘t““’”'J Meh rawithinlkm.  [2850% are iewithin1km, ool
stimet, efe ), cpas
Hospitality (C afis, within 1 lan.
restanrards bars,
hotels, hostels, ete )
commercial amermties
arewithin 1 km
(100 accessihality) .
Loca hooess to Arcess to %% of Al 8 public amerities At least 6 public AL least 4 Less than 4 Most (£25%) or
Conumuity  material Plblik?_ inhah] (Primary Schoal, amenities (=75%) public public amenities none of the
s aues amevities Playgraand; _ arewithinlkm. amenities [£B0%) are public
N :g;;:n’ P;b]'; [=B0%) are within 1 km. amenities are
parksle TS Lo s P
public frams pott node; within 1 km. within 1 km.
C ommu ity cente
Past affice; Library)
arevrithinl km
[100% accassihility)
Loca Saft ard Areess to [2% of 20B% of 85-%M% of irhabitants  70-84% of irhbitarts  30-69% of inhabitants  <50% of irhabitants
Commurity  healthy living  basic health  inhah] inhshitants have ahealth center have a health center have a health center have a health center
conditions oave s ewvices have a health writhin 30 mins writhin 30 mivs within 30 mirve writhin 30 mins
center within %0 wrallrivg distanee. wralking distance. wrallang dis tance. wralling dis tamze.
mina walking
distance.
Locd fecureliving  Affcedability [0 of Houzehold Household income Househald icome Household incame Household income
Communty condiborns of Energy inhahb], incoms spent on s pert O eNerEY I spent onenegy is s pent on ererEY Is spentonenagyls =
Likert scale enargy is £ 3.2% betreen 35— 4 8% OR 5004 OR 5004 of betareen 3l —8.5% 8.5% OR = J%af
OR = 785 of 51-74% of inhab itants inhabitants finding CR 3050 of inhab itarts finding
X X finding erergy costs eNergy costs inhabitant finding costs affbrdahle.
inhabitants affordsble affdable costs affordsble.
finding energy
costa
affordable
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In 2016, a standardised questionnaire was developed by StadLandBerg and the SIR. The
instrument has been used in 16 different projects in Salzburg, serving as a comparison
between these projects. In 2024 the questionnaire was sent to residents of more than 16
years old, throughout the 99 apartments, totalling 270 people. Only 63 questionnaires were
returned and served as the basis for the social assessment. Additionally, quantitative
measurements were made for actual walking distances through Google Maps and for
emission concentrations. For illustrative purposes of this case study, the selection of 8
indicators was made: 1. indoor air quality, 2. degree of satisfaction, 3. access to public
transport, 4. access to commercial amenities, 5. access to public amenities, 6. access to
basic health care services, 7. affordability of energy, 8. affordability of housing.

Air quality measurement is done with the AQM G3 measurement device from the company
AAiT Quality Monitoro with a measuring interval of
measurements are given in Figure 33.

RESULT AIR QUALITY MEASUREMENT SPRING: MEASUREMENT SERIES 1

Key data flat

Flat type 3 rooms

Usable living space 64,5 m?
Number of persons 3

Move in December 2022

Key data for air quality measurement

Installation site Living room

Start of measurement 10.05.2023, 00:00

End of fair 23.05.2023, 23:59

Measuring interval 10 minutes

Measuring device AQM G3 from the company
"AirQualityMonitor"

Further sources Weather data GeoSphere Austria

Remark Exhaust air system available

Air quality measurement results at a glance

Average indoor air temperature 23,4°C
Average air temperature outside 13,5°C
Average indoor relative humidity 39 %rF
Mean value relative humidity outside 79 %rF
Average CO2 concentration 579 ppm

Figure 33: Air quality measurement results

Degree of satisfaction, affordability of energy, and affordability of housing are measured
using the results of the questionnaires. For the degree of satisfaction, inhabitants answered
the question fAhow satisfied are wouuaturopefdl wi wht h

answering options of Afvery satisfiedo, Afsatisfiedo,
i nhabitants answered Avery satisfiedo, 46% of peopl e
very satisfiedo. For afdfadorida ktiyl iotfy hoofu se megr, g yt haen dq uaefsfto
you rate the adequacy of your current | iving cost?0 ¢
fifaf fordabl ed, fiitds oko, fitoo higho, fin/ a6 (Figure 3

question for four different aspects: Rent costs, running and maintenance costs, heating costs

115/138



and electricity costs. 49% of inhabitants answered
cost s. Running and maintenance costs resulted in
and 48% saying Aitdés okodo. Heating okdt angawter3z34%nfila
electricity costs got 14% naffordabled and 21% Ait

How satisfied are you currently with your personal living

situation
very satisfied satisfied not very satisfiec
40% 46% 9%

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Figure 34: Answers of inhabitants to the question fAHow
l'iving situation?0o

How do you rate the adequacy of your current living costs?
Rent costs 49% 46% 3%2%
Running and maintenance costs 25% 48% 22% 5%
Heating costs 24% 32% 33% 11%
Electricity costs 14% 21% 35% 30%
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Daffordable Dit'sok [Otoohigh Emuchtoo high COn.a.
Figure 35: Answers of inhabitants to the question fAHow
living costs?o0

For the indicators, access to public transport, access to commercial amenities, access to
public amenities and access to basic health care services, the distance from the inhabitants

to the related indicator location is important.

Therefore, Google Maps is used to measure the walking distance from each of the houses
in the housing unit to the related location that the relevant indicator assesses.
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Figure 36: Google Maps view of the housing unit

4.3.3 S-LC Impact Assessment

With the collected inventory, the results are obtained and they are given in Table 23. Social

Life Cycle Performance Assessment Results. For the consumer stakeholder category, two

subcategories with corresponding two indicators are measured. Two subcategories with

corresponding six indicators were measured in the local community stakeholder category.

For the consumer stakehol der categoryds health and
quality indicator is assessed. Measurement of the average COF concentration in the case

study results of 579 ppm corresponds to a A0O0 i mpact
for the indoor air quality indicator, this case study is aligned with international standards. For

the feedback mechanism subcategory, the de gr ee of satisfaction i s asses
satisfiedd and fAsatisfiedd answers to fiHow satisfied
situation?0 are used for this indicator. The sum of t
perceptions which correspo n d s to a fA+20 i mpact assessment resul
performance.

Local community stakehol der categoryos access t o m

assessed by three different indicators. All the inhabitants of this housing unit can reach the
public transport spot within 500 m. This means for the Access to public transport indicator
the i mpact assessment result is A+20. Within 1 km ¢
i nhabitants can reach a supermarket, an ATM and a h
assessment result to the indicator Access to commercial amenities which is progress beyond
compliance. Primary school, kindergarten, public park, playground and a post office are
within 1 km walking distance of the inhabitants of this housing unit. This means Access to
public amenities indicator gets a A0O0 I mpact assessme
Safe and healthy living conditions subcategory is assessed with Access to basic health care
services. A health care service is within 30 minutes walking distance from all the buildings

of the unit. Due to this, thistresutdi cator gets a fi+20

Affordability of energy and Affordability of housing are related to secure living conditions

subcategory. I nhabitants answered the question fAHow

current |living costs?0 and Affordbbebi apdofiiedaer gkoi
answers to heating costs and electricity costs. On average, 45.5% of inhabitants gave

positive perceptions. Thi-B0 meramactt hasse ndmeratt ore geltts

is a non-compliant situation. For Affordability of housing,t he answer s fdAaffordabl ed an
okd to rent costs and running and maintenance costs ¢
gave positive perceptions resulting in this indicator
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Table 23: Social Life Cycle Performance Assessment Results

Stakeholder Subcategory Indicator Unit Result
Consumer Health & Safety  Indoor Air COF[ppm]
Quality

Consumer Feedback Degree of [%0]

mechanisim satisfaction
Local Access to Access to public [% of inhab]
Community material transport

resources
Local Access to Access to [% of inhab]
Community material commercial

resources amenities
Local Access to Access to public [% of inhab]
Community material amenities

resources
Local Safe and healthy Access to basic [% of inhab]
Community living conditions  health care

services

Local Secure living Affordability of [% of inhab]
Community conditions Energy
Local Secure living Affordability of [% of inhab]
Community conditions Housing

4.3.4 Interpretation

As stated under the Goal and Scope, the main aim of this study is to investigate the positive
and negative impacts on stakeholders of the housing project Friedrich-Inhauser-Strale,
considered as a PED, identifying improvement potentials. The study also serves as guidance
on implementing the steps of S-LCA on a real-case highlighting methodological choices and
challenges. The interpretation of the findings relates to the various elements of the stated
aim and also the scope.

The S-LCA steps were applied to the housing project Friedrich-Inhauser-Stral3e, assuming
that it is a PED, as it features PED-similar construction, energy and mobility aspects.
However, due to the lack of a specific definition of PEDs at the moment of the case study,
the PED nature of the housing project cannot be established. The social impacts are
therefore to be interpreted bearing this limitation in mind.
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With the purpose of providing guidance on implementing the steps of S-LCA, there was the
need to simplify the complex nature of PEDs while maintaining the robustness of the
methodology. Consequently, the system boundary was narrowed down to processes
pertaining only to the use stage. Moreover, the life cycle perspective was not fully addressed
for components, materials and other inputs related to the use stage. This is mostly as a result
of data unavailability and the fact that the housing project was not planned with the aim of
applying the S-LCA methodology. A sensitivity analysis to assess the effect of this
simplification is not possible due to the very specific nature of the assessment and the lack
of questionnaires addressing stakeholders related to the Construction/Manufacturing and
raw material extraction/acquisition stages.

A sensitivity analysis was carried out on the choice of reference scales with a 5% increase
and decrease in reference scale values. The analysis showed that for all of the indicators,
the performance assessment results did not change (Table 7 of the Appendix 2).
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Positive Energy Districts (PEDs) represent complex urban models whose full potential and
overall impact are often not entirely understood by end-users. PEDs are frequently described
and promoted by emphasising primarily technical aspects, such as energy efficiency and COF
emission reductions, while less immediate yet equally significant benefits tend to be
undervalued or overlooked. However, to fully understand the value of PEDs, it is crucial to
adopt an integrated perspective that considers all positive outcomes, including those less
apparent or more challenging to quantify (Bertolami et al., 2024; Marotta et al., 2021).

In recent years, the concept of ESG standards (Environmental, Social, Governance) has
emerged globally as a framework for measuring the social and environmental impacts of
organisations and companies, prompting many to realign their operations towards more
sustainable and responsible models (Croci, Edoardo et al., 2022). This tripartite approach
(environmental, social, and governance) is not limited to organisations alone; it can also be
applied to urban projects, including PEDs. ESG evaluation enables the quantification of
impacts on the environment, communities, and decision-making processes, contributing to the
structuring of an integrated sustainable urban development model.

Despite the several advantages of the ESG approach, there is a risk of overly
compartmentalised evaluations, where each impact is rigidly categorised into one of the three
primary dimensions, potentially ignoring significant, intersectional aspects relevant to local
stakeholders and project partners. To address this limitation, a "multiple benefits" evaluation
model is proposed. This model aims to explore the full spectrum of benefits generated by
PEDs, not only within the environmental, social, and governance domains but also by
accounting for the interconnections among these dimensions.

The "multiple-benefits" approach is a holistic and transversal method capable of capturing the
range and depth of the positive effects PEDs can generate over time. The benefits of PEDs
rarely concentrate on a single area of impact (Bertolami et al., 2024) (Bisello, 2017); instead,
they develop across multiple dimensions, affecting various aspects of urban life. For example,
infrastructural improvements designed to reduce energy consumption can produce additional
benefits in terms of public health, through reduced air pollution, or in the social sphere, by
promoting sustainable practices and civic engagement. Similarly, better governance within a
PED can foster transparency and equity in decisions regarding land and resource
management, creating an environment of trust that strengthens the bond between
communities and local institutions.

The concept of "multiple-benefits" emerged on the international scene in 2014, when the
International Energy Agency (IEA) published an article identifying the main multiple-benefits
(including social, environmental, economic, and other domains) arising from improved energy
efficiency (International Energy Agency, 2014).

Multiple-benefits are defined as all the positive impacts of a project, understood from a holistic
perspective (Bisello, 2020) and therefore encompassing several areas, such as social,
environmental, economic and governance. They include both the primary benefits of the
project (explicitly stated and related to the project's objectives) as well as those not anticipated
(Urge-Vorsatz et al., 2014).

Since a PED or PED-to-be is a complex urban model involving multiple stakeholders with
diverse perspectives and priorities, it is essential to analyse and address these differences to
ensure effective and inclusive dialogue. According to Bertolami et al. (2024) the multiple-
benefits analysis should be performed considering as well including stakeholders in the
process. In the case of a project including multiple case studies, stakeholders should be
engaged through a structured process, operating on two primary levels: project-wide and
local.

The objective of conducting a multiple-benefits analysis for an urban project, such as a positive
energy district (PED), is to comprehensively assess and highlight the wide range of positive
impacts it generates. By adopting a holistic perspective, this analysis helps ensure that all
potential benefits are recognised, ultimately leading to more effective and well-informed
decision-making.
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A stakeholder-focused approach further enhances this process by actively involving those
who are directly affected by or have an interest in the project. By integrating their perspectives,
priorities and needs, the analysis can identify and prioritise benefits that align with stakeholder
expectations, thereby increasing the overall value and acceptance of the project. This
approach fosters greater involvement, increases equity and improves the likelihood of
successful implementation, ensuring that the project delivers significant and lasting benefits
to the community.

The process, as described by Bertolami et al. (2024), begins with an analysis of the literature
and comparable PED (or similar) projects in order to identify the most frequently mentioned
multiple benefits. This initial step provides a general understanding of the positive impacts
typically associated with such initiatives and allows for a comparison with the project in
question. Figure 37 shows the most common multiple benefits derived from a literature review
and project screening of different PED and smatrt cities projects (Bertolami et al., 2024).
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Figure 37: Most relevant multiple benefits in a PED according to the literature review

Subsequently, the main multiple benefits of the project taken into consideration are identified.
This phase is conducted collaboratively with all project partners to ensure no significant
elements are omitted.
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For projects involving multiple case studies, the analysis is conducted on two levels:

A Project-wide level: The target audience includes all project partners, regardless of
their direct involvement in the case studies.

A Local level: Focused collaboration with local stakeholders directly or indirectly
involved in the project.

At the project-wide level, partners participate in a collective brainstorming session to identify
the multiple benefits deriving from the project, including those related to its case studies.
These benefits can be organised into four main categories: social, governance,
environmental, and economic. This classification serves two primary purposes:

1. It encourages participants to reflect on a diverse range of benefits.
2. It visualises the interconnections between different areas through a Venn diagram
(Figure 37), highlighting benefits with positive impacts across multiple sectors.

Social

Figure 38: Diagram for the brainstorming on multiple benefits

The outcome of this brainstorming session is a structured list of the main benefits associated
with the project's implementation.

For projects involving multiple case studies, it is crucial to progressively tailor the list of
benefits to suit the specificities of each context. To this end, meetings with demonstration
leaders and local decision-makers are organised to define a targeted list of benefits for each
case study.

Subsequently, the analysis of multiple benefits is enriched through the involvement of project
partners and other local stakeholders in a more detailed evaluation by means of a
questionnaire.

The questionnaire helps determine whether different stakeholder groups share common
priorities or exhibit significant variations. By identifying patterns of alignment or divergence,
the process improves communication strategies and simplifies project implementation.
Prioritising widely valued benefits ensures efficient allocation of resources, while addressing
discrepancies fosters greater stakeholder engagement and support. This step is therefore
important because it integrates stakeholder insights into the decision-making process,
i mproving the initiativebs responsiveness
The questionnaire presents respondents with a random selection of identified benefits, asking
them to indicate the most and least relevant according to their perspective. This process,
repeated for different benefit groups until a uniform evaluation is ensured, uses the Best Worst
Scaling method. Best Worst Scaling (BWS) was developed by Louviere and Woodworth in
1990 to create user-friendly surveys. It helps respondents identify the "best" and "worst" items

and
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from a set, based on Random Utility Theory (RUT). BWS is used within MCA (multicriteria
analysis) frameworks to quantify preferences through normalised scores, aiding objective
decision-making. Its advantages include simplicity, reduced bias, and strong discriminative
power as well as the identification of a clear hierarchy of perceived priorities (Finn & Louviere,
1992) (Chrzan & Peitz, 2019).

Finally, the dissemination of results is critical and pursues two main objectives:

1. Supporting project partners: The results provide valuable insights into local perceptions
and preferences, enabling partners to make more informed and deliberate decisions in
subsequent project phases.

2. Engaging stakeholders: Sharing the motivations and benefits of territorial
transformations helps the community to better understand their value. This increased
awareness fosters acceptance and support for the proposed changes. In addition, being
aware of the priorities of the different stakeholder groups makes it possible to structure
more targeted communication.

Dissemination is a multi-faceted process that combines various communication channels and
strategies. Interactive tools, such as living labs and public events, offer stakeholders the
opportunity to engage directly with the results. Simultaneously, digital platforms like social
media, project partner websites, and other communication means amplify the reach, ensuring
the message reaches a broader audience. This phase not only promotes transparency but
also bridges the gap between decision-makers and the community, fostering understanding
and harmonious integration of territorial changes.

This integrated approach enables a comprehensive examination of PEDs and highlights their
large-scale effects. The fmultiple-benefitsd approach also allows the definition of both
qualitative and quantitative metrics and evaluation methodologies, adaptable to different
contexts and often expressed in monetary and non-monetary values, capable of reflecting the
real impact on the environment, society, economy and governance.

Stakeholders are a central part of an urban project; they have the power to improve or worsen
the project in question depending on their involvement. To maximise project effectiveness, it
is crucial not only to communicate the potential benefits of implementation, but also to create
opportunities for stakeholders to express their priorities and concerns. Meaningful dialogue
and active engagement ensure that different perspectives are taken into account, fostering a
collaborative approach that strengthens stakeholder support and improves project outcomes.
Ultimately, integrating multi-benefit analysis with a stakeholder-driven perspective leads to
more resilient and impactful urban projects. It reinforces the importance of balancing technical,
economic, and social considerations to create positive energy districts that not only meet
climate and energy goals, but also generate significant and lasting value for the communities
they serve.

132/138



Irene Bertolami, Institute for Renewable Energy, Eurac Research, Italy
(Irene.Bertolami@eurac.edu)
Adriano Bisello, Institute for Renewable Energy, Eurac Research, Italy
(adriano.bisello@eurac.edu)

Bertolami, I., Bisello, A., Volpatti, M., & Bottero, M. C. (2024). Exploring Multiple Benefits of

Urban and Energy Regeneration Projects: A Stakeholder-Centred Methodological Approach.

Energies, 17(12), 2862. https://doi.org/10.3390/en17122862

Croci, E., Bagaini, A., Florenzio, N., Lucchitta, B., & Molteni, T. (2022). Definition of an ESG
framework for sustainable urban regeneration. (Position paper). Universita Bocconi,
Sustainable Urban Regeneration Lab.
https://surlab.unibocconi.eu/sites/default/files/media/attach/Paper_1303_VShort.pdf?Version
Id=xnnEIDRohXJOKHS6SnPnyvz_fVn_dgIQ -

Bisello, A. (2017). Smart and sustainable projects at the energy-district level: How to assess
them based on the co-benefits paradigm. [PhD thesis]. University of Padua.

Bisello, A. (2020). Assessing Multiple Benefits of Housing Regeneration and Smart City
Development: The European Project SINFONIA. Sustainability, 12(19).
https://doi.org/10.3390/su12198038

Chrzan, K., & Peitz, M. (2019). Best-Worst Scaling with many items. Journal of Choice
Modelling, 30, 611 72. https://doi.org/10.1016/j.jocm.2019.01.002

Finn, A., & Louviere, J. J. (1992). Determining the Appropriate Response to Evidence of
Public Concern: The Case of Food Safety. Journal of Public Policy & Marketing, 11(2), 12i
25. https://doi.org/10.1177/074391569201100202

International Energy Agency. (2014). Capturing the Multiple Benefits of Energy Efficiency.
https://www.iea.org/reports/capturing-the-multiple-benefits-of-energy-efficiency

Marotta, I., Guarino, F., Longo, S., & Cellura, M. (2021). Environmental Sustainability
Approaches and Positive Energy Districts: A Literature Review. Sustainability, 13(23),
13063. https://doi.org/10.3390/su132313063

Urge-Vorsatz, D., Herrero, S. T., Dubash, N. K., & Lecocq, F. (2014). Measuring the Co-
Benefits of Climate Change Mitigation. Annual Review of Environment and Resources,
39(1), 5491 582. https://doi.org/10.1146/annurev-environ-031312-125456

133/138


https://doi.org/10.1146/annurev-environ-031312-125456

Positive Energy Districts (PEDs) embody a new paradigm in urban transformation, where
energy production, consumption, and distribution are interwoven with social, economic, and
environmental dynamics at the district scale. Unlike traditional energy efficiency
interventions or high-performance buildings, PEDs are not isolated projects but rather
complex socio-technical systems operating within a dense network of urban
interdependencies. This complexity demands a fundamental shift in how we approach
impact assessment.

Historically, impact evaluation in the built environment has followed sectoral lines: economic
feasibility studies and environmental Life Cycle Assessments (LCAs), have typically been
conducted in parallel or in isolation, while social impact assessment practices are only now
beginning to appear in the evaluation landscape. However, this compartmentalised
approach is no longer sufficient. PEDs necessitate an integrated framework that combines
these dimensions into a unified methodology, capable of capturing interactions, synergies,
and trade-offs across multiple domains.

The findings from research activities performed under the Subtask C supervision and
coordination show that while several methodologies exist, ranging from Cost-Benefit
Analysis (CBA) and Life Cycle Costing (LCC) to Multi-Criteria Decision Analysis (MCDA)
they are rarely used in combination. Most studies adopt a single-method perspective, which
can result in overlooking important cross-cutting effects. For instance, an intervention that
appears economically advantageous may have negative distributional impacts or
environmental rebound effects that are not captured through financial metrics alone.
Conversely, some nature-based solutions that may perfectly fit into the overall PED design,
substantially helping in achieving energy efficient results, also providing substantial co-
benefits (e.g., air quality, urban cooling, biodiversity) may be undervalued if assessed only
through conventional investment analysis.

An integrated evaluation framework must therefore evolve toward a hybrid model, combining
quantitative and qualitative tools, static and dynamic indicators, and financial as well as non-
market valuation techniques. Such a model should be designed not only to support decision-
making but also to communicate the systemic value of PEDs to a broader audience of
stakeholders, including policymakers, developers/investors, and citizens.

Moreover, this evaluation effort must be context-sensitive. PEDs are deeply embedded in
local social, regulatory, climatic, and economic conditions. A one-size-fits-all framework risks
generating misleading conclusions. Site-specificity is essential, both in terms of
technological configurations and in the way value is constructed, perceived, and distributed
among stakeholders. Key Performance Indicators (KPIs) must be carefully chosen and
balanced to avoid skewing priorities. For example, over-reliance on short-term Return on
Investment (ROI) or Payback Periods might disincentivise long-term benefits such as energy
poverty reduction or climate adaptation capacity. A balanced scorecard approach that
reflects a plural set of values and timeframes is recommended, e.g. through the integration
and adaptation of existing sustainability protocols, which adequately consider the specific
energy characteristics of PED, while taking a broad view in which the quality of urban life is
a fundamental element together with environmental compatibility.

Spatial analysis and GIS-based tools are particularly promising in this domain. They can
support integrated evaluation by overlaying environmental impacts, socio-demographic
vulnerability, infrastructural needs, and economic potential across urban territories. This
allows for data-driven prioritisation and a better understanding of how PED benefits and
burdens are spatially distributed, tackling a key concern for inclusive and equitable
development.

In conclusion, evaluation frameworks for PEDs should be more than accounting exercises.
They must become instruments of strategic governance, capable of articulating a shared
vision of urban sustainability. This means aligning assessments with broader policy
objectives such as the European Green Deal, the Renovation Wave, or the Sustainable
Development Goals (SDGs), and ensuring that metrics reflect not just cost-efficiency, but
long-term public value creation and which can also be attractive to investors and users.

134/138



Therefore, an integrated evaluation approach for PEDs is both a methodological necessity
and a political imperative. It offers a pathway to make the complexity of PEDs manageable,
transparent, and actionable, turning ambitious concepts and pilot cases into replicable,
desirable, and investable urban transformations.

One of the key insights emerging from research activities in Subtask C is the essential role
of co-benefits in defining the real value of Positive Energy Districts, because PEDs generate
a much wider spectrum of impacts that often remain invisible in standard assessments.
These include improved public health, increased urban resilience, enhanced social
cohesion, higher property values, and the creation of local jobs, among others.
Recognising and accounting for these multiple, interrelated benefits is crucial not only to
justify investments but also to foster social legitimacy and stakeholder engagement. Co-
benefits are what make PEDs truly transformative: they turn a technical intervention into a
strategic urban policy tool, capable of addressing complex challenges such as climate
adaptation, demographic change, and economic inequality in an integrated manner.

A key challenge lies in the monetisation and comparison of these benefits, particularly when
they span diverse domains and time horizons. For example, how can we compare avoided
COF emissions with improved learning outcomes in schools, or enhanced biodiversity with
increased energy security? To address this, mixed methods able to capture the social,
environmental, and economic value created by an intervention in monetary terms, offering a
more comprehensive performance narrative are gaining interest. Among others, the Social
Return on Investment (SROI) is a promising one. The identification of monetary values can
be done by using proxies related to market values or adopting revealed or stated preferences
of stakeholders (e.g., hedonic pricing techniques allow us to quantify how sustainable
features, like proximity to green infrastructure or access to district energy systems, influence
real estate markets. Conversely, Willingness to Pay - WTP can help assess how much
citizens value certain outcomes, especially those not traded in the markets like cleaner air,
reduced noise pollution, or increased safety). These techniques are not only useful for
evaluation purposes but can also guide design and policy choices by revealing user priorities
and preferences.

Another critical dimension is equity. Co-benefits are not evenly distributed, and this
asymmetry can lead to unintended consequences, such as green gentrification or
displacement of vulnerable groups. PED assessments should therefore include distributional
analysis, asking who benefits, who pays, and who decides. Tools from welfare economics,
such as equity-weighted cost-benefit analysis, can provide insights into how to design PEDs
that are not only efficient and sustainable but also socially fair. The application of the concept
of Apublic valued may provide a wunifying |l ens for tt
value, which is captured by individual actors, public value encompasses collective gains that
contribute to the common good. This includes not only economic growth but also health,
justice, environmental integrity, and cultural vibrancy. PEDs, when designed and evaluated
through a public value perspective, can serve as platforms for societal innovation, creating
shared benefits that extend well beyond the energy domain.

The application and adaptation of existing handbooks,
European Bauhaus self-assessment method and tool
(https://publications.jrc.ec.europa.eu/repository/ han

the European Community may be used as a reference.

Some of these co-benefits are interdependent and mutually reinforcing. For instance, green
spaces integrated in PEDs improve stormwater management, reduce urban heat island
effects, and promote physical and mental health, all of which can lower public health
expenditures and enhance quality of life. Similarly, local energy generation and storage
systems can increase community resilience to power outages while reducing dependence
on external suppliers. This fichaendsitselftodeublé-ect so i s i nt
counting or overestimation of benefits, which must be avoided.

Aligning PED vision with overarching frameworks such as the New European Bauhaus can
facilitate both strategic coherence and cross-sectoral collaboration, facilitating planning,
funding, and evaluation systems.
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It has already been said that Positive Energy Districts are not merely technological projects;
they are complex urban projects that also challenge existing governance models. Their
implementation requires coordinated management across multiple sectors (e.g., energy,
mobility, construction-planning, environment, social services) and the active involvement of
a diverse range of public, private, and civic stakeholders. In this sense, PEDs represent a
case of complex, multi-level governance.

Most local administrations still lack the tools and institutional capacity to plan, assess, and
monitor such multifaceted interventions. PEDs demand a strong integration between energy
planning and urban planning, which are often developed separately in policy and regulatory
frameworks. This also calls for overcoming administrative silos and promoting
interdepartmental and interinstitutional collaboration.

Another critical aspect is participatory governance. For PEDs to succeed, they must be co-
designed with end-users: citizens, local businesses, and utility companies. Only through this
approach can trust be built, social acceptance of new technologies increased, and equitable
distribution of benefits ensured. Tools such as co-design workshops, urban living labs, and
digital engagement platforms are essential to this process. At the same time, there is a need
for new forms of public-private partnerships, capable of attracting investment and ensuring
long-term economic sustainability. This requires innovative business models, flexible
contracts, and regulatory incentives that recognise the contribution of PEDs to both the
energy system and broader urban well-being. The use of KPI and wording aligned with
corporate and investor sustainability reporting can help in this regard (e.g. referring to
EFRAG, GRI, etc.).

The national and local regulatory frameworks also play a key role. In many cases, legal and
policy barriers (such as limitations on energy sharing, building codes, or tax regimes)
constrain the full potential of PEDs. A revision of legal instruments could be necessary in
specific contexts to enable new energy governance models at the urban scale, including
energy communities and local flexibility markets. In general, PEDs rollout requires a
paradigm shift in urban governance: from linear, sectoral models to adaptive, collaborative,
and public value-oriented systems. Only then will it be possible to scale up pilot initiatives
into transformative and sustainable urban solutions.

Positive Energy Districts are not just an innovation in energy systems but a strategic
opportunity for rethinking urban planning and urban-energy frameworks. The PED concept
lies at the intersection of energy infrastructure design, environmental performance,
economic regeneration, and social innovation. As such, its implementation requires a
profound transformation of the tools and approaches traditionally used in urban
development.

As a prerequisite, PEDs call for a new planning rationale that integrates energy requirements
and performance criteria directly into land-use plans, zoning codes, and not only building
regulations. Energy issues related to local clean generation potential, district heating and
cooling opportunities, or infrastructure for flexibility and storage must become structural
components of urban development strategies, not post hoc add-ons.

This also implies revisiting spatial planning instruments. Masterplans, urban regeneration
projects, and Sustainable Urban Mobility Plans (SUMPSs) should include energy objectives
and be aligned with the vision of decarbonised, resilient, and self-sufficient urban districts,
as cornerstones of municipal transition plans. PEDs can serve as spatial and institutional
itestbedsodo to experiment with this new generation of
thinking and place-based strategies. At the policy level, a key implication is the need for
multi-sectoral alignment. Many of the benefits of PEDs, from reduced health costs to
improved air quality and mobility integration, fall outside the traditional jurisdiction of energy
departments and require a new approach in public budgeting, calling for cross-sector
funding, fostering collaboration across environmental, economic, housing, and social
sectors. Also, from an investment perspective, PEDs challenge existing funding schemes.
Their long-term returns and distributed benefits do not always align with short-term financial
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logics or siloed budget lines. Therefore, new financing models, including blended finance,

green bonds, climate funds, or results-based financing, should be tailored to the

characteristics of PEDs. In such interconnected and high-tech systems. reliable data and
digital tools become key enablers for planning, monitoring, and optimising PED performance.

Therefore, cities should invest in interoperable platforms, open data standards, and

spatialised energy models to support evidence-based decision-making and transparent

impact evaluation. The adoption of international standards as a reference (see for example

ISO smart cities related publications https://www.iso.org/sectors/environment/smart-cities)

may facilitate this process.

Building on these insights and considerations, we propose the following key

recommendations for practitioners, policymakers, and stakeholders involved in the

development of PEDs:

1. Adopt integrated evaluation frameworks that combine economic, environmental, and
social indicators, including qualitative and non-monetary dimensions, to assess the full
range of impacts and trade-offs associated with PED implementation;

2. Center co-benefits and public value creation in project appraisal processes. This includes
quantifying avoided costs, societal gains, and long-term benefits across different sectors
(e.g., health, education, biodiversity, resilience);

3. Embed PED criteria in spatial planning instruments, ensuring alignment between energy
objectives and land-use regulations, urban design principles, and infrastructure planning;

4. Foster regulatory innovation through flexible, adaptive, and participatory frameworks.
Regulatory sandboxes and experimental planning zones can help test new solutions
while reducing institutional inertia;

5. Promote collaborative governance models that enable co-creation, shared ownership,
and multi-stakeholder engagement across the project lifecycle. Strong local leadership
and empowered intermediaries are essential for navigating complexity and building trust;

6. Strengthen local capacities in integrated planning, data management, and project
evaluation, especially within municipal governments. Capacity-building programmes,
peer-to-peer exchange, and participation in international networks can support this
objective;

7. Develop dedicated funding streams and investment tools tailored to the specific nature
of PEDs, leveraging both public and private capital while ensuring fair distribution of risks
and returns;

8. Align PED initiatives with broader policy agendas, such as the Green Deal, the
Renovation Wave, the New European Bauhaus, and the Sustainable Development Goals
(SDGs), to maximise impact and policy coherence;

9. Support replicability and upscaling by codifying lessons learned into actionable toolkits,
open-source platforms, and standardisation protocols. A PED certification scheme could
enhance investor confidence and benchmarking;

10.Integrate user feedback and behavioral insights into the design and operation of PEDs,
recognising the central role of citizens not just as end-users but as active elements in the
energy transition and social value creation.

In conclusion, PEDs are a powerful lever to operationalise a just, green, and smart urban
transition. But to do so, they must be framed not only as optimised energy projects, but
as catalysts of urban regeneration, policy innovation, and social transformation. Their
successful implementation will require the ability to rethink how cities are planned,
financed, governed, and evaluated.
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To delve into the different energy flows characterising PEDs, it is worth focusing on each of
them singularly, starting from EtnEen, Considering that it can be supplied by (DHN) networks

R PED N
as well as usersd own plants, t hken !ErE:EB)manbeotal t her ma
evaluated according to Equation 1:

NTPUS
PED _ § TPUS DHNUS 1
E th.net ( )

ETPU5 gTPYs - _ .
th;  quantifies the thermal energy supplied by each plant owned by single users,
WhICh is referred to by using the subscript i that ranges between 1 and the total number of
. Us Us DHN pDHN ]
TPs owned in total by users (NTPY>NTP™) EfietEthnet represents instead the net
thermal energy delivered to the users by the DHN. According to Equation 2, in addition to

EDHNUSEDHNUS EDHN

DHN
, the gross thermal energy delivered to the DHN (Ethﬂmss th.gross)

E DHN EDHN
includes the share of thermal energy exported outside of the PED boundaries (= th.exp ™~ th.exp

DHN
) and thermal energy losses (Eth.IossEth.Ioss). From the generation side and according to
DHN DHN
EtngrossEth.gross equals the sum of the thermal energy imported from non-local
DHN
RESs-based TPs (Eth ImnEth-imn) and the thermal energy produced by all TPs inside the

Equation 3,

. PED PED .
PED(WhosetotalnumberlsequaltoNTP NTP ) net of each plantébés energy
PED TPPED

for the activation of auxiliaries ( th net; Eﬂl-neti).

DHN DHNU5 DHN DHN

Eth.ﬂ]’"OSS E + Eth.exp + Eth.:oss (2)
DHN EDHN E TpPED

Eth.gross th imp + Eth.net!- (3)

TP TP
TPso6 primary energy demand can bellielkt)iLikewiseed by using
the electric energy demand of electric-driven TPs can be estimated by using coefficients of

TP TP
performance (COP:' COP; ). As a result, the total primary energy demand of the PED

PED y; PED
relating to thermal energy supply (E E ) can be evaluated according to Equation 4.
The subscripts f and r account for the energy source exploited by each plant, that is fossil or

TpPED _ rpPED
) E r r

renewable, respectively. The term “p.exp; “p.exp; relates to the exports of thermal energy,
and therefore acts like a subtractive term in the total balance. The overall emissions due to

th .th
thermal energy supply and demand in PED (mCGq mCGq) can be evaluated according to
Equation 5 by multiplying each term of Equation 4 by the EF of the source exploited in the

TP TP

corresponding TP (ﬁ:‘ B ). As a result, the emissions due to the export of surplus thermal
energy produced by RESs-based plants are subtracted to the total emission balance and act
as an emission credit.
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PED us
NTPNL NTP NTPPED NTPf

TP pPED PED PED
EPED = Z TP 4 Z E, + Z B ~Epiy, )+ Z B

i=1

NTPYS (4)
T
NTelE NTPFED PED PED
th _ TpNL _ prpNL TR TFf
mep, = Z (Ep! ; )-I— Z (Ep!. B,
=1 i=1
NTPPED NTPf® g e
TPPED TPPED . TPPED T'Pf i TPf
+ Z ((Epir N Epir ) ﬁi ' )+ Z (Epi '81' ) (5)
= i=1
NTRYE

X Z TP,-US_ TP,US)

The methods discussed so far can be applied also to the evaluation of emissions due to supply

co co
and demand for cooling energy (""¢0-""c0.). In both cases, the emissions relating to the
activation of electric-driven thermal/cooling energy production plants belonging to users (

TPUS TPUS CPUS‘ CPUS‘ FED
E, E, and Ee E. , respectively) as well as serving the DHN/DCN (EgrP
ETPPED ECPPEDECPPED

, respectively) can be included in the total balance for electric

. . L PED
energy supply/demand. In this regard, the total electric energy demand of the district (E.qr
E.frED) can be determined according to Equation 6,

EFED = EUS + ETF*™ + EGF™™ )

WherethetermEe:Eexrepresents the usersé total electric ene

) PUS TPUS CPUS CPUS ) ) )
mcludesE E, and Ee E; ). From the generation side and as stated in

Equation 7, E,,, EprE equals the supply of electric energy from RESs-based plants outside

of PED netofself-consumpti on due to auxil: a‘lf:etnetsEinealct i vation an
EEPPEDEEPPED
), plus the supply from plants inside the PED (“elLneti~elneti) and belonging to users (

gplUs gplUs
EcinetiEel, net.i) net of their self-consumptions and reduced by potential exports. In addition,

the imports from the external power grid (PG) must be also considered (Eer. Ee: ).

()

For quantifying the primary energy demand relating to , the distinction
between plants exploiting fossil fuels, thermal RESs and non-thermal RESs is required. The

latter categorisation applies also to ~elneti®elneti and is useful to evaluate the total

emissions due to electric energy supply and demand in PEDs ( ), according to
Equation 8. In this Equation, NEP identifies the total number of EPs distinguished based on
their location and exploited source, by analogy with Equation 4. Indeed, in the case of thermal
RESs-based plants (which are referred to by using the subscript tr), emissions can be
evaluated multiplying their primary energy demand by the EF of the corresponding source (
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