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Abstract

Positive Energy Districts (PEDs) have emerged as a key innovation to accelerate the transition toward
climate neutrality and sustainability in cities. This study integrates backcasting methodologies and
Digital Twin (DT) strategies to advance PED developments using a two-step approach: participatory
backcasting workshops to co-create long-term visions and actionable strategies, and DT applications
tailored to three Urban Living Labs: Vienna/Austria, Gothenburg/Sweden, and Sakarya/Turkiye. The
backcasting process identified pathways to energy efficiency, renewable energy integration, and
decarbonization, creating a roadmap for PED development. DT functionalities—including Digitize,
Visualize, Simulate, Predict, and Orchestrate—translated the plans into operational tools, enabling
real-time monitoring, predictive modeling, and energy management. Results underscore the critical
role of stakeholder collaboration to align local priorities with sustainability goals and demonstrate the
capacity of DT frameworks and PEDs in diverse urban contexts. Still, challenges such as scalability,
resource intensity, and sustaining long-term engagement persist. The study highlights the potential of
integrating participatory planning with digital tools to bridge the gap between visionary energy goals
and practical implementation, offering a replicable framework for urban energy transitions.
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1 Background

The development of Positive Energy Districts (PEDs) represents a transformative shift in urban
sustainability, requiring integrated approaches that consider not only technological advancements but
also governance structures, stakeholder participation, and adaptive energy management strategies.
PEDs are defined as urban districts that produce more renewable energy than they consume on an
annual basis while integrating efficiency measures, smart grids, and energy-sharing mechanisms (JPI
Urban Europe, 2020). PEDs align with global climate neutrality goals and represent a systemic
innovation in urban energy transitions (Sassenou et al. 2024). The concept builds upon earlier research
on energy-efficient buildings and smart grids but extends to district-scale energy management,
requiring new governance models and interdisciplinary collaboration (Krangsas et al. 2021; Sareen et
al. 2022). Recent studies highlight that PEDs face technical, regulatory, and social challenges,
particularly regarding stakeholder engagement and the integration of renewable energy systems
(Albert-Seifried et al. 2022). Scholars emphasize the need for participatory approaches that allow
urban planners, policymakers, and local communities to co-design PED solutions tailored to specific
socio-economic and climatic conditions (Baer et al. 2021). This aligns with the concept of Urban
Living Labs (ULLs)—real-world experimental environments where PED strategies can be tested,
refined, and scaled up (Derkenbaeva et al. 2023). However, ensuring that these ambitious visions
translate into structured, actionable steps remains a challenge, particularly given the long-term nature
of PED development and the uncertainty of future urban energy systems. To address these challenges,
there is a growing interest in future studies methodologies that integrate visioning, scenario planning,
and participatory foresight approaches (Geels et al. 2019; Loorbach et al. 2010). These approaches
facilitate the exploration of multiple pathways toward sustainable urban futures while
fostering collaborative decision-making. In this paper, we adopt backcasting as a participatory tool for
envisioning and structuring long-term PED planning and Digital Twins as a technological tool for
continuously aligning these visions with real-time data-driven decision-making. By integrating these
methodologies, we aim to bridge the gap between long-term aspirations and short-term, actionable
strategies in PED development. Backcasting is a normative strategic planning approach that starts by
defining a desired future state and then works backward to determine the necessary steps to achieve it
(Dreborg et al. 1996). Unlike forecasting, which relies on current trends and incremental projections,
backcasting is particularly suited to sustainability challenges that require transformative system
change (Robinson et al. 2011). It enables stakeholders to co-develop visions of preferred futures and
systematically outline the policies, technologies, and governance structures needed to realize those
futures (Pereverza et al. 2019). However, while backcasting provides a high-level roadmap, challenges
remain in translating these visionary goals into real-time, adaptive implementation frameworks (Geels
etal. 2019). This is where Digital Twin technology can play a crucial role in bridging the vision-reality
gap. Digital Twin (DT) technology offers a powerful data-driven approach to managing urban energy
systems by providing real-time simulation, visualization, and predictive analytics (Madni et al. 2019).
A Digital Twin is a virtual replica of a physical entity, continuously synchronizing with real-world
data to enable dynamic scenario modelling (Semeraro et al. 2021). The main contribution of this paper
lies in demonstrating a novel methodological approach that integrates backcasting as a participatory
planning tool with Digital Twin technology as an implementation tool to support the development
of Positive Energy Districts (PEDs).

2 Research Methodology
The methodology for this study integrates a participatory backcasting exercise with four steps in three

ULLs and DT strategies alignment (Figure 2) to create a structured yet adaptable approach for
achieving PED goals in urban settings.
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Figure 1. Overall study methodology. Integration of backcasting method and Digital Twin for three Urban Living Labs.

2.1 Urban Living Labs

Each ULL is strategically positioned at different stages of the urban development lifecycle, allowing
for a comprehensive examination of DT applications in PEDs at various points from planning to
operation. The three ULLs are outlined in Figure 2.

Figure 2. Urban Living Labs: Left: Am Kempelenpark ULL (Vienna, Austria); Middle: Jattesten ULL (Gothenburg, Sweden); Right:
Camili ULL (Sakarya, Turkiye).

The Austrian ULL Am Kempelenpark is a 110,000 square meter campus located in Vienna’s 10th
district, near the main railway station. The area will comprise around seven buildings with mixed uses,
such as individual and multi-family apartments (some subsidized), conference and seminar rooms,
offices, counseling and education facilities, restaurants, coffee shops, and a primary school. The ULL
aims to integrate residential and commercial spaces with cross-property concepts for open space,
mobility, and energy supply, ensuring robust quality assurance in collaboration with the city of Vienna.
Construction for all buildings is expected to be completed by 2029. The Swedish ULL in Gothenburg’s
Jéttesten area focuses on both new constructions and retrofitting within an established residential
neighbourhood, encompassing 527 existing apartments with plans for 124 additional units as well as a
school and a kindergarten The ULL targets the early planning phase and emphasizes creating synergies
between new developments and existing structures. This area has been chosen due to its potential for
demonstrating how PED concepts can be applied in a mixed urban environment where existing
infrastructure needs upgrades, and new constructions can serve as benchmarks for energy-positive
solutions. The Turkish ULL, based in the Camili district of Sakarya, represents an operational phase
within an expansive area comprising 853 apartments over 292,000 square meters. This ULL was
selected due to its diverse urban setting that blends residential, commercial, and public spaces.
Featuring diverse building types, the district leverages both static and dynamic data including natural
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gas and electricity consumption, renewable energy generation, and indoor environmental quality
metrics to monitor energy use, integrate renewable sources, and ensure indoor comfort. The ULL aims
to utilize DT technology during the operational phase to optimize energy management within the PED
framework. The three ULLs represent different phases of PED development, allowing for a
comprehensive analysis of PED implementation across diverse urban contexts. While each ULL has
unique characteristics, they share common objectives such as integrating renewable energy sources,
enhancing energy efficiency, and fostering stakeholder collaboration.

2.2 Backcasting workshop

Through the participatory workshop, the DT4PED partners collaboratively developed actionable
strategies for planning towards PED, leveraging the collective expertise and commitment of all
participants. In total, 12 people participated in the 4 hours workshop (3 from Austria, 7 from Sweden,
3 from Turkiye) representing property owners, energy consultants, architects, researchers. All
participants were divided into four groups: Jattesten ULL (New buildings), Jattesten ULL (EXisting
buildings), Am Kempelenpark ULL and Camili ULL. The backcasting workshop thus served as both
a planning tool and a community-building exercise, aligning diverse stakeholders around a shared
vision for a sustainable urban future. The structure of the workshops included multiple phases, see also
Figure 3.

| F Uty RE P—

Step 2:
Define Long-
term vision

P STuws o,
LEaps 100y
RESEN un'““"mh":.;,‘“un Step 3:
T o Define Mid-
term vision

Step 1:
Baseline the
current state

Figure 3. Backcasting exercise template with 4 steps applied in the workshop (Adapted: Natural Step)

Step 1: Establishing the present conditions of the neighborhood, capturing baseline energy use,
infrastructure status, and environmental impacts. Step 2: Defining a long-term vision of a Positive
Energy District, a concept where districts produce more energy than they consume on a net annual
basis. Step 3: Identifying mid-term milestones that would mark significant progress toward achieving
the PED vision, such as intermediate targets for energy efficiency, renewable energy generation, and
community engagement. Step 4: Specifying actionable steps required in the short term, including
policies, technologies, and community initiatives, that contribute to realizing the long-term vision.

2.3 Digital Twin strategies

The DTs in this study serve as dynamic, data-driven tools for planning, implementing, and operating
PEDs, tailored to each ULL with real-time energy monitoring, scenario modelling, and predictive
analytics. The DT alignment framework (Figure 4) maps DT functionalities across building stages,
following the loT Analytics (2024) and Malakhatka et al. (2024) hierarchical categorization: Digitize,
Visualize, Simulate, Predict, and Orchestrate. In the Preparation Phase, Digitize and Visualize enable
data collection for feasibility studies (Negri et al. 2017). In the Design Phase, Simulate and Predict
support scenario modelling and energy forecasting (Madni et al. 2019). During Construction,
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Orchestrate ensures real-time coordination and tracking to meet PED standards. In the End-of-Life
Phase, Simulate facilitates decommissioning, impact assessment, and recycling planning (Anderson et
al. 2022). Compared to existing tools, DTs offer advantages over BIM, which supports 3D modelling
but lacks real-time and predictive capabilities (Succar et al. 2009), and EMS, which monitors energy
performance but lacks dynamic simulation (Cucchiella et al. 2017). By aligning DT applications with
project phases, this framework enhances operational efficiency, resilience, and sustainability,
supporting the DT4PED project’s energy goals.

PREPARATION PHASE DESIGN CONSTRUCTION OPERATION END-OF-LIFE

. .
NEW BUILT:  Feasibility study Arch. competition  Planner contract© Draft design  Building permission  Detailed design Tender | Pre-construction  Construction Commissioning Start operation Post-Occupaney Evaluation

RETROFIT: Existing Conditions Analysis Phased Renovation  Retrofit commissioning ~ Performance Monitoring ~ Continuous Improvement ~ Deconstruction Planning

Retrofit Design Developmen g for Retrofit

I DIGITIZE
B VISUALIZE Am Kempelenpark DT
Jattesten DT Jattesten DT Camili DT
(New Built) (Retrofit)
B SIMULATE
n PREDICT

[l ORCHESTRATE

Figure 4. Digital Twins mapping across stages in the building process for each of the Urban Living Labs

3 Findings and Discussion
3.1 Backcasting outcomes

The backcasting workshop demonstrated how participatory foresight methods support PED
development, providing a replicable framework for stakeholder-driven planning and decision-making.
Findings highlight the need to integrate PED strategies across planning and operational phases for
coherence and effectiveness (Figure 5). Short-term priorities focused on advanced EMS adoption and
mixed-use urban spaces for energy efficiency. Mid-term milestones targeted reduced energy
consumption and increased renewable integration, particularly as construction progressed. The
workshop also emphasized cross-sector collaboration, showing that sustained stakeholder engagement
is key for adapting strategies from design to implementation. ULL analysis underscored the balance
between context-specific approaches and a unified PED vision. Am Kempelenpark integrated PED
principles across design and construction, Jattesten combined retrofitting with new development, and
Camili focused on iterative improvements in operation. These insights reinforce that PEDs require
tailored baseline assessments while maintaining shared long-term goals. Active stakeholder
engagement across ULLs proved essential for progress, trust-building, and sustainable urban
transitions. This alignment of local and collective strategies illustrates how adaptable, participatory
approaches translate high-level PED visions into actionable urban energy transformations.
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Figure 5. Backcasting workshop outcomes per each ULL.

3.2 Digital Twin strategies alignment

Building upon the backcasting outcomes, the integration of Digital Twin frameworks within the
DT4PED project was instrumental in operationalizing the visionary goals identified during the
workshop. Through case studies across the three ULLs, the alignment of DT functionalities with PED
objectives highlights the potential for data-driven solutions to bridge the gap between high-level
energy transition targets and practical urban sustainability actions. To operationalize the alignment of
DT strategies within PEDs, it is essential to tailor these technologies to the unique characteristics and
developmental stages of each ULL. The three ULLSs illustrate the role of DTs in addressing context-
specific challenges while supporting the broader PED vision (Figure 6). Each ULL leveraged Digital
Twin strategies to enhance energy efficiency, stakeholder collaboration, and real-time decision-
making across their respective urban environments. Am Kempelenpark distinguished itself by
applying DT and openBIM technologies from the pre-design phase, avoiding complexities associated
with retrofitting. The DT framework supported model-based planning, project visualization, thermal
simulations, and real-time monitoring of HVAC systems.
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Figure 6. Digital Twin prototypes for the ULLs. Upper left: Am Kempelenpark (AT); Lower left: Jattesten (SE); Right: Camili (TR).

Jattesten DT focused on both retrofitting existing buildings and designing new PED-compliant
constructions. The project adopted a Local Digital Twin (LDT) approach, leveraging Grasshopper-
based parametric modelling continuously monitoring electricity consumption, renewable energy
production, and indoor environmental conditions. The Camili DT facilitated performance
benchmarking, real-time decision-making, and policy-driven optimization. The application of the
TRACID Digital Building Logbook in this case study underscored the potential for scalable, data-
driven urban sustainability strategies.

The findings from both the backcasting workshop and the Digital Twin applications reinforce the
importance of an iterative, data-driven approach to PED development. While backcasting
facilitated long-term visioning and stakeholder engagement, Digital Twins operationalized these
visions into adaptive, real-time frameworks. The analysis highlights three key takeaways:

e PED strategies require continuous alignment between stakeholder-driven visions and data-
driven implementation tools. Digital Twins provide a crucial feedback loop, allowing for
iterative refinements as PED projects evolve.

e The application of DTs varies depending on the phase of PED development. Early-phase
projects (e.g., Am Kempelenpark) benefit from BIM-integrated DTs, while mixed-
development ULLs (e.g., Jattesten) require hybrid approaches integrating retrofitting with new
construction modelling. Operational-phase ULLs (e.g., Camili) demonstrate the power of real-
time monitoring and adaptive energy management in sustaining PED performance.

e Stakeholder collaboration remains critical across all phases. While backcasting workshops
foster initial consensus-building, Digital Twins enable ongoing multi-stakeholder decision-
making through data visualization, energy forecasting, and scenario modelling.

4 Conclusions and Further Research

This study integrates backcasting methodologies and DT strategies alignments to address the
complexities of PEDs, demonstrating their combined potential for fostering sustainable urban energy
transitions. Through the DT4PED project, the application of these frameworks in three distinct
ULLs—Vienna’s Am Kempelenpark, Gothenburg’s Jittesten, and Sakarya’s Camili district—
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provided insights into how visionary planning and advanced digital tools can collaboratively bridge
the gap between long-term sustainability goals and actionable strategies. The backcasting workshop
enabled diverse stakeholders to collaboratively define long-term visions, mid-term milestones, and
short-term actions, fostering ownership and alignment across planning processes. Practical outcomes
included identifying pathways for renewable energy integration, retrofitting strategies, and
community-driven energy-saving initiatives. However, the workshop also revealed limitations,
including difficulties in maintaining long-term stakeholder engagement and translating high-level
visions into specific, actionable policies—a challenge noted in previous critiques of participatory
planning methods (Quist et al. 2006). DT strategies complemented these backcasting insights by
offering a platform for real-time monitoring, predictive analytics, and scenario modelling. Each ULL
demonstrated how DT applications could be adapted to different urban contexts. These findings
underscore the potential of DTs to enhance decision-making and operational efficiency, consistent
with prior research on DT-enabled urban systems (Batty et al. 2018; Zhang et al. 2021). While
backcasting provides a framework for aligning stakeholder visions and long-term sustainability goals,
DTs operationalize these visions by enabling iterative, data-driven adjustments to energy systems. This
dual approach advances the discourse on PED development by addressing both the visionary and
operational dimensions of urban sustainability. Overall, while this research presents a replicable
methodological framework that combines participatory foresight with digital simulation, it also
underscores the need for further refinement, scalability testing, and long-term validation of this
approach. The study contributes to the discourse on PED planning by illustrating both the potential
and the limitations of integrating participatory and digital tools, offering a realistic and critical
perspective on the complexities of sustainable urban energy transitions.
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