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Abstract — Cities and their inhabitants are among the largest consumers of energy and
contributors to environmental pollution, accounting for 70 % of global greenhouse gas
emissions. One of the European Union’s key strategies for addressing this issue is the
development of Positive Energy Districts (PEDs). Although some PEDs already exist, the
concept remains an emerging field of study that goes beyond achieving neighborhoods with
net-zero energy imports — or even net-positive energy production. It also emphasizes
sustainability and the reduction of greenhouse gas (GHG) emissions. This article explores
solutions for implementing PEDs, focusing on energy flow analysis and Life Cycle Assessment
(LCA) to inform decision-making. Developing PEDs is a multifaceted process that involves
improving building energy efficiency, assessing existing energy sources, exploring
opportunities for on-site energy generation, integrating renewable energy systems, and
ensuring efficient storage of generated energy. A significant aspect of LCA is calculating
embodied emissions for all PED-related implementations, particularly in existing districts
where substantial improvements are needed to meet PED goals. In such cases, LCA plays a
crucial role in ensuring not only net-zero energy imports but also meaningful GHG emission
reduction. Although LCA is not yet widely applied in the development of PEDs, this article
highlights its importance in addressing key aspects of achieving climate neutrality goals, when
transforming urban areas to PEDs.

Keywords — Buildings; climate neutrality; energy efficiency; energy flexibility; energy
production; urban areas; zero emissions.

1. INTRODUCTION

The building sector is among the largest contributors to global energy consumption and
greenhouse gas emission (GHG) emissions [1].

The focus in the building sector is shifting beyond individual buildings and their energy
efficiency toward a broader perspective that includes neighborhoods, building clusters, and
entire cities. Research and policy initiatives increasingly recognize that expanding building-
level strategies is essential for accelerating GHG reductions. This broader approach not only
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enhances energy efficiency but also enables synergies among multiple buildings, optimizing
the integration of renewable energy sources and maximizing overall sustainability [2]-[4].

This shift in perspective is essential to integrating the entire building energy infrastructure
into a comprehensive decarbonization effort. It accounts for the complexities of building
interactions, energy flexibility, grid integration, and load matching, ensuring a more efficient
and sustainable energy system [2].

Positive Energy Districts (PED) are defined as “energy-efficient and energy-flexible urban
areas which produce net zero greenhouse gas emissions and actively manage an annual local
or regional surplus production of renewable energy” [5]. EU has formulated the SET-Plan
ACTION No 3.2 Implementation Plan to facilitate the deployment of PEDs, which includes
the development of guidelines and conditions for achieving PED status [6]. However, the
methodology itself is under development [7].

Positive Energy Districts (PEDs) have emerged as a key model for driving the transition
toward more sustainable, resilient, and affordable urban settlements. They are being
developed as essential components of energy-efficient environments, aligning with
international sustainable development goals. PEDs embody self-production, self-
consumption, and zero emissions, offering a transformative approach to urban energy use
while also addressing social inclusiveness, stakeholder engagement, and economic
considerations. As innovative urban areas with a positive energy balance, PEDs inherently
prioritize sustainability, energy efficiency, sustainable mobility, and the integration of
renewable resources [3]. The implementation of PEDs is anticipated to greatly enhance the
sustainability of urban energy systems [1]. The district, positioned as an intermediate urban
scale between individual buildings and the city as a whole, provides a more comprehensive
framework for assessing building energy performance, characteristics, and the surrounding
urban context. Additionally, it facilitates the effective integration of on-site and nearby
renewable energy generation and distribution systems [8].

From an environmental perspective, higher retrofitting standards lead to lower grid
electricity-related carbon emissions. Additionally, retrofitted PEDs require less energy
infrastructure, reducing embedded emissions and conserving raw materials. However, the
production and installation of retrofitting materials also contribute to emissions [9].

One key challenge is the varying difficulty of implementing these solutions in newly built
districts versus existing neighborhoods, particularly from technical and regulatory
perspectives. Much of the EU’s built environment predates energy efficiency legislation,
making retrofitting a priority. However, this often conflicts with regulations protecting
historic city centers. Additionally, a frequently overlooked issue is the comprehensive
assessment of both direct and indirect carbon emissions—typically focused on the operational
phase—when defining and achieving Positive Energy Districts (PEDs). This remains a topic
of ongoing debate without a universally accepted framework at the international level [2].

While newly constructed houses are often designed to be sustainable, existing buildings
frequently fall short of sustainability standards. Refurbishing a building instead of
constructing a new one can reduce environmental impact by more than 50 %. Retrofitting or
refurbishing existing buildings while simultaneously installing insulation materials and
utilizing renewable energy sources (RES) is a more effective and beneficial approach to
achieving short- and mid-term environmental goals than constructing new buildings with
similar features [10]. This strategy enhances environmental sustainability, as the time
required to offset the GHG emissions from new construction can range from 10 to 80 years —
equivalent to the lifespan already surpassed by some existing buildings [11]. It is especially
effective for buildings with low energy efficiency [2].
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Life Cycle Assessment (LCA) is wildly used, recognized by the scientific community and
an essential tool for thoroughly evaluating the environmental impacts of buildings, and
evaluating embodied emissions and new operational emissions for renovation processes
[10]-[12].

This review article focuses on LCA’s emphasis on energy-related aspects of buildings when
developing a PED.

2. REVIEW METHODOLOGY

2.1. Bibliographic Analysis

The bibliometric method is a quantitative approach to analyzing published bibliometric
data, designed to investigate the intellectual structure of a specific research field [13].

A document search was performed using the Web of Science databases, focusing on
research and review articles. To capture the latest advancements, the search was limited to
the past five years (2020-2025). The search employed the keywords “positive energy
districts” or “positive energy district,” which were applied specifically to document titles.

This data was processed using VOSviewer, an open-access tool for constructing and
visualizing networks, as well as mapping relationships within various types of bibliometric
data [13]. Network visualizations for co-occurrence analysis were generated, focusing on
author-specified keywords. The weighting was based on the number of keyword occurrences,
with a minimum threshold of five occurrences.

2.2. Systematic Literature Review

A Systematic Literature Review (SLR) is a structured research methodology used to
systematically collect, identify, and critically analyze existing studies, including journal
articles, conference proceedings, books, and dissertations. The primary objective is to
synthesize key insights, evaluate critical aspects of existing knowledge, and identify gaps that
warrant further investigation [14]. For a systematic literature review, selected documents for
bibliographic analysis were used.

E Retrieval of . Documents with : Document Soveng ¢ { Document sorting i Document included
: documents through : : : by titles and ] 1. ;
i i open access ShSTEaE by content ¢ inthe study

database search

Fig. 1. Steps of Systematic Literature Review.

A total of 462 documents were retrieved through a database search, of which 313 were
available as open-access publications. The selection process was conducted based on the
inclusion of LCA or environmental evaluation criteria, as well as overall relevance to PEDs.
Following an initial screening of titles and abstracts, 242 documents were excluded due to
insufficient alignment with the research focus. There were also manually added articles.
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3. RESULTS

Bibliographic analysis shows that keywords closely linked to PEDs suggest a
multidisciplinary research focus, integrating energy systems, sustainability, and urban
planning — the network (Fig. 2) is structured into several interconnected clusters representing
different aspects of PED research.

It is possible to see that PEDs represent a rapidly growing interdisciplinary research field,
integrating aspects of energy efficiency, renewable energy, sustainability, smart cities, and
governance. Their successful implementation relies heavily on technological advancements
such as energy modeling, and optimization, which enhance energy performance and
management. Additionally, environmental and life cycle considerations, including carbon
footprint, resilience, and climate neutrality, are essential in assessing their overall impact.
Beyond the technical and environmental dimensions, PEDs also involve significant social and
policy aspects. Governance, economic development, and the creation of smart communities
play a crucial role in establishing supportive frameworks that enable the effective scaling and
long-term success of PED initiatives.

However, it is important to note that not all keywords are directly associated with PEDs.
Some included documents contain related keywords, yet their content remains entirely
unrelated to PEDs.
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Fig. 2. Co-occurrence of author-specified keywords.

3.1. Evaluating Environmental Aspects of PED

There are studies that have included environmental evaluation (see Table 1) or have
proposed a multi-criteria approach for environmental evaluation [15], Delphi-DANP
approach, [8] a Baseline Emission Inventory (BEI) [1] for environmental evaluation. Vole R.
[16] shows method for evaluating avoided emissions, when transitioning forward PED.
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Natanian J. [17] has also summarized different PED modeling tools, that have inclusion of
environmental evaluation. However, LCA is not widely used. While in some studies, LCA is
used to develop PEDs, no methodology is described [2]. Without defining a functional unit,
specific boundaries, and inventory, comparison is almost impossible. Thus, it cannot be used
as a baseline, taking into account that for now, there is no official baseline or criteria for
evaluation. Sassenou L. N. accents that further research should focus on establishing
standardized norms and guidelines for GHG calculations in PEDs. This would enhance

transparency, ensure consistency, minimize misunderstandings, prevent potential
greenwashing, and support genuinely transformative projects [18].

TABLE 1. METHODS FOR EVALUATING ENVIRONMENTAL ASPECTS OF PEDS
E]‘::::::ltwn Included aspects Main conclusions Limitations Reference
Adding GHG Grid and mobility Transition towards RER,  No specific method
factor associated carbon will significantly reduce  described, thus not [19]

emissions GHG emissions applicable
Dynamic . . The higher the retrofitting Only grid-related CO,
Time-of-Use Grl'd—é'issomated carbon standard, the lower the grid emissions are included [9]
(ToU) tariff €missions electricity-related carbon
emissions.
Weighted sum  Grid-associated and Hydrogen is an Narrow scope and different
method produced energy carbon environmentally better CO; factors in other [20]
(WSM) emissions option than solar energy countries
The use of electric storage
. solutions will not result in
Erﬁrcg)}éI}AN IC\/([)2‘21111111?1;,t ieorlllf?E gi;d and significant CO, emission ~ Difficult to apply to other 21]
model produced), energy storage reduction studies
Transport sector is crucial
for reducing emissions
Embodied emissions for
LCA Building operational energy buildings should focus on

use, building embodied
emissions, mobility energy

renovation
Inclusion of embodied

Inclusion is unlikely to
achieve net-zero emissions

use emissions will unlikely to

achieve net-zero emissions

Casamassima L. suggests that considering the focus on renewable local energy generation in
PEDs, this goal of net zero emissions is likely always fulfilled [22]. However, existing studies that
have incorporated environmental evaluation consistently indicate that achieving net-zero
emissions remains an unattainable goal [1], [2].

3.2. Energy Efficiency of Buildings

The main energy-related aspects when developing a PED are energy efficiency of buildings,
on-site energy production, and energy flexibility [9]. Unfortunately, renovation rate in most
municipalities is still low [23]. Studies have demonstrated that improving the energy
efficiency of buildings not only delivers substantial environmental benefits, enhances
economic gains, and strengthens energy security, but also improves indoor environment
quality and occupant thermal comfort [15], [24].

Building renovation will not only improve the building itself but also play a crucial role in
lowering future heat consumption in cities [25] and thus lowering emissions in district heating
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systems. However, optimizing the energy performance of existing buildings will inevitably
result in additional embodied emissions. These embodied emissions arise from the
manufacturing, transportation, and replacement of materials used in renovation projects,
among other processes [11]. LCA assessment for renovation includes not only stages A1-AS,
which cover the product and construction phases, but also stages C1 to C4, where applicable,
to ensure a comprehensive evaluation of the renovation’s environmental footprint [26], [27].
As existing research indicates, LCA is widely applied in the building sector and follows a
standardized methodology established within the International EPD System [34]. This
structured approach ensures consistency in evaluating the environmental impact of buildings
throughout their life cycle. Additionally, LCA in the context of building renovation has been
extensively studied, as evidenced by the literature summarized in Table 2. The existing body
of research provides a clear framework for conducting LCA in renovation projects, including
well-defined guidelines for establishing the functional unit (FU), determining the expected
lifetime of the building or its components, and setting appropriate system boundaries.

TABLE 2. LCA IN BUILDING RENOVATION

Impact

System . . e Renovation Impact .
Authors boundaries Functional unit Lifetime type assessment categories Database Location
method
“use of the
Serrano A4; B4; Bl; bu1ld1ng as Whole house
ot al. Cl dwelh.ng for 50 50 years (restoration 16 Ecoinvent Denmark
28] years in and/or
Bornholm, renovation)
Denmark”
Insulation;
?trl;;llu Al1-A3; m?/year of the 50 vears Wlnldow " 2-GWP Basque
’ AS; B4; B6 heated area ¥ replacement, and NRPE Country
[29] solar thermal
panels, heat
a single-family
residential house 4 scenarios 1
I;Ifldlm Cradle to glth a usablfe 60 vears gi(i; s’;m:ct:re, CML 2001 midpoint  Ecoinvent Netherlands
© cradle oor area o Y > SP baseline  based 3.8
(30] 95 m? plan, and indicators
(normalized per services)
m?)
Insulation,
Arbulu window
etal Al1-A3; B4; m?/year 50 years replz_icement, GWP Basque
[31] B6 heating Country
system
replacement
Kertsmik A1-A5; B4; A complete
etal. B6; C1-C4; 50 years comprehensiv GWP Estonia
[32] D e renovation
Luo Wall, roof,
building light .
etal. 50 years Lo, GWP China
33] remediation,
etc.
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These methodological foundations contribute to the comparability and reliability of LCA
studies in both new construction and renovation contexts.

Building materials and components significantly influence a building’s environmental
performance throughout its life cycle. Consequently, LCA helps incorporate environmental
awareness into selecting sustainable building materials and components. The embodied
energy of buildings encompasses the indirect energy used for manufacturing building
materials and the direct energy used for on-site construction [35], [36]. An LCA-based
module on choosing building materials with less environmental impact would be the next step
forward for more sustainable PEDs. Bio-based materials hold the potential to have less
environmental impact, due to the CO, capture and in some cases the usage of waste products,
thus using a circular approach [37].

3.3. Energy Production and Energy Flexibility

Effective mitigation strategies depend on available technology and government policies to
transition sectors from fossil fuels to sustainable alternatives [38].

TABLE 3. MAIN CHALLENGES REGARDING ON-SITE ENERGY PRODUCTION

Limitations References

Environmental Va'riable outdoor conditions (391, [40]
Climate zones

Economical High installation costs
Long payback periods [38], [40]
Existing policies

Social Occupancy patterns [39]

Technical Building design
Rooftop area/ land availability

For historic buildings — preserving the historical/cultural appearance by performing

[11], [39]-
X - e : [41]
reversible, non-invasive, and non-destructive interventions

Energy storage systems

For residential buildings, three main on-site energy production options are considered: heat
pumps, PV panels, and solar collectors. There are LCAs that have been developed for on-site
energy production, for example, for a ground-source heat pump [38], as well as solar PV
systems [41]. Heat pump LCA case studies indicate that the B1 stage (Use) is the primary
contributor, accounting for nearly 80 % of the system’s environmental impact [38]. While
this highlights the need to focus more on operational emissions, embodied emissions still play
a significant role in achieving net-zero emission districts.

Although LCA for on-site energy production and energy storage in buildings has not been
as extensively explored in the scientific literature, foundational methodologies do exist and
can be applied in such analyses [42]. However, when considering PEDs, the complexity
increases significantly due to their larger scale and the greater number of interacting
components involved. PEDs integrate multiple energy sources, storage systems, and
distribution networks, leading to a more intricate assessment process. Given these
complexities, the development of a standardized methodological framework would be highly
beneficial. A unified approach to LCA for PEDs would enhance comparability across studies,
ensuring consistency in evaluating environmental impacts and improving the reliability of
findings. Establishing such a framework would not only facilitate benchmarking between
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different PED implementations but also support informed decision-making in the transition
toward sustainable and energy-positive urban environments.

4. APPLYING LIFE CYCLE ASSESSMENT FOR PED EVALUATION

Defining system boundaries is a key step in conducting an LCA, as it establishes a clear
framework for inventory data collection. While collecting data on direct emission sources is
often straightforward, and reducing emissions from these sources is typically achievable,
compiling an inventory for embodied emissions is significantly more challenging. In many
cases, detailed data is either unavailable or limited to generalized averages, requiring
numerous assumptions. This, in turn, reduces the overall data quality and makes the results
less reliable. Adapted from Berville C. [43] article, the authors propose system boundaries of
PED, addressing the main direct and embodied emission sources that should be included in
LCA.

EMBODIED Infrastructure

Electricity production DIRECT

Energy consumption .
8y P Heat production
Waste

Water extraction
Transport

Water consumption
Refrigerants Water treatment

Waste disposal
Energy losses

) Energy storage
Raw material
Transport between

extraction
phases

Fig. 3. System boundaries of Positive Energy District.

When defining the functional unit for an LCA in the context of PEDs (PEDs), both time
and population can be considered. Dorr E. [44] suggests to base the functional unit on a
specific time period, such as one year, 10 years, or even 20 years, depending on the scope and
goals of the assessment. This allows for a consistent and measurable comparison of
environmental impacts over time. Additionally, the functional unit can be normalized per
capita, such as per person living in the district, to reflect the environmental burden or benefit
attributed to each resident. This is especially useful for comparing districts of different sizes
or evaluating the effectiveness of PEDs in delivering sustainability benefits at the individual
level. Selecting an appropriate functional unit is crucial, as it directly influences how results
are interpreted and compared across different case studies or scenarios.
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5. RESEARCH GAPS AND CONCLUDING REMARKS

While PEDs strive to balance energy production and consumption, the complexity of their
life cycle impacts presents significant challenges in fully eliminating emissions. A major
limitation in many assessments is the incomplete consideration of all contributing factors,
particularly embodied emissions, which account for the environmental impact associated with
material extraction, manufacturing, transportation, construction, maintenance, and end-of-life
processes. To draw definitive conclusions regarding the feasibility of net-zero emissions in
PEDs, a comprehensive life cycle impact assessment should be conducted. This assessment
must encompass all relevant aspects, including operational emissions, embodied emissions,
and indirect environmental effects related to energy storage, grid interactions, and system
dependencies. A more holistic evaluation would provide a clearer understanding of the actual
sustainability potential of PEDs and guide the development of more effective mitigation
strategies.

Although there are currently no established methodologies or case studies specifically
focused on conducting LCAs for Positive Energy Districts (PEDs), numerous case studies
related to smart cities do exist. By narrowing the scope and adapting the core principles of
existing methodologies, it is possible to develop guidelines for performing LCA in the context
of PEDs.

Defining system boundaries and a functional unit are only the initial steps in developing
guidelines for conducting LCA on PEDs. However, establishing such guidelines would
provide a unified approach, enabling comparability across case studies and supporting the
creation of a standardized baseline for evaluation.

ACKNOWLEDGMENT

This activity/work has been supported by the EU Recovery and Resilience Facility within Project No
5.2.1.1.1.0/2/24//CFLA/003 “Implementation of consolidation and management changes at Riga Technical University,
Liepaja University, Rezekne Academy of Technology, Latvian Maritime Academy and Liepaja Maritime College for the
progress towards excellence in higher education, science and innovation” academic career doctoral grant (ID 1002).

REFERENCES

[1] Marrasso E., Martone C., Pallotta G., Roselli C., Sasso M. A novel methodology and a tool for supporting the
transition of districts and communities in Positive Energy Districts. Energy and Buildings 2024:318:114435.
https://doi.org/10.1016/j.enbuild.2024.114435

[2] Guarino F., Rincione R., Mateu C., Teixid6é M., Cabeza L. F., Cellura M. Renovation assessment of building districts:
Case studies and implications to the positive energy districts definition. Energy and Buildings 2023:296:113414.
https://doi.org/10.1016/j.enbuild.2023.113414

[3] Volpe R., Bisello A., Tuerk A., Guarino F., Giancola E., Sanchez M. N., Tumminia G., Marrasso E., Pallotta G.,
Cutore E., Cellura M., Fichera A., Longo S., Roselli C., Sasso M., Zhang X., Marotta 1., Brunetti A., Rincione R.,
Reda F. Linking environmental impact assessment and Positive Energy Districts: A literature review. Cleaner
Environmental Systems 2025:16:100264. https://doi.org/10.1016/j.cesys.2025.100264

[4] Healey Trulsrud T., van der Leer J. Towards a positive energy balance: A comparative analysis of the planning and
design of four positive energy districts and neighbourhoods in Norway and Sweden. Energy and Buildings
2024:318:114429. https://doi.org/10.1016/j.enbuild.2024.114429

[5] Schneider S. Definition of Positive Energy Districts Cities4 PEDs WORKPACKAGE 2 Definition of Positive Energy
Districts Cities4PEDs WP2 Deliverable, 2023.

[6] SET-Plan ACTION n°3.2 Implementation Plan Europe to become a global role model in integrated, innovative
solutions for the planning, deployment, and replication of Positive Energy Districts, 2018.

[7]1 Ahrens Kayayan V., Cabral D., Israelsson K., Gustafsson M. Positive energy districts in Sweden: The impact from
heat Pumps, photovoltaic Systems, and energy recovery from district heating return pipe. Energy and Buildings
2025:334:115471. https://doi.org/10.1016/j.enbuild.2025.115471

468



Environmental and Climate Technologies

2025 /29

[8] Aparisi-Cerda 1., Ribo-Pérez D., Gomez-Navarro T., Garcia-Melén M., Peris-Blanes J. Prioritising Positive Energy
Districts to achieve carbon neutral cities: Delphi-DANP approach. Renewable and Sustainable Energy Reviews
2024:203:114764. https://doi.org/10.1016/j.rser.2024.114764

[9]1 Bruck A., Diaz Ruano S., Auer H. Values and implications of building envelope retrofitting for residential Positive
Energy Districts. Energy and Buildings 2022:275:112493. https://doi.org/10.1016/j.enbuild.2022.112493

[10] Apostolopoulos V., Mamounakis 1., Seitaridis A., Tagkoulis N., Kourkoumpas D-S., Iliadis P., Angelakoglou K.,
Nikolopoulos N. An integrated life cycle assessment and life cycle costing approach towards sustainable building
renovation via a dynamic online tool. Applied Energy 2023:334:120710.
https://doi.org/10.1016/j.apenergy.2023.120710

[11] Bartolucci B., Frasca F., Bertolin C. LCA- and nZER-based methodology for identifying optimal low environmental
impact interventions for existing buildings. Energy for Sustainable Development 2024:82:101543.
https://doi.org/10.1016/j.esd.2024.101543

[12] Jorge-Ortiz A., Braulio-Gonzalo M., Bovea M. D. Environmental and economic performance of residential buildings:
LCAJLCC tool and case study in Colombia. Building and Environment 2025:269:112459.
https://doi.org/10.1016/j.buildenv.2024.112459

[13] Slavkovic K., Stephan A. Dynamic life cycle assessment of buildings and building stocks — A review. Renewable
and Sustainable Energy Reviews 2025:212:115262. https://doi.org/10.1016/j.rser.2024.115262

[14] Carrera-Rivera A., Ochoa W., Larrinaga F., Lasa G. How-to conduct a systematic literature review: A quick guide
for computer science research. MethodsX 2022:9:101895. https://doi.org/10.1016/.mex.2022.101895

[15] Di Loreto S., Sangiorgio V., Bagagli M., Montelpare S. Multi-criteria approach for the energy and environmental
impact evaluation in urban districts in the central Mediterranean area. Sustainable Cities and Society
2025:120:106179. https://doi.org/10.1016/j.s¢s.2025.106179

[16] Volpe R., Cutore E., Fichera A. Design and Operational Indicators to Foster the Transition of Existing Renewable
Energy Communities towards Positive Energy Districts. Journal of Sustainable Development of Energy, Water and
Environment Systems 2024:12(2):1120513. https://doi.org/10.13044/j.sdewes.d12.0513

[17] Natanian J., Guarino F., Manapragada N., Magyari A., Naboni E., De Luca F., Cellura S., Brunetti A., Reith A. Ten
questions on tools and methods for positive energy districts. Building and Environment 2024:255:111429.
https://doi.org/10.1016/j.buildenv.2024.111429

[18] Sassenou L. N., Olivieri F., Civiero P., Olivieri L. Methodologies for the design of positive energy districts: A scoping
literature review and a proposal for a new approach (PlanPED). Building and Environment 2024:260:111667.
https://doi.org/10.1016/j.buildenv.2024.111667

[19] Bruckner H., Alyokhina S., Schneider S., Binder M., Abdin Z. U., Santbergen R., Verkou M., Zeman M., Isabella
0., Pagliarini M., Botta C., Streche A. Lessons Learned from Four Real-Life Case Studies: Energy Balance
Calculations for Implementing Positive Energy Districts. Energies 2025:18(3):560.
https://doi.org/10.3390/en18030560

[20] Sertséz M. Towards a Synthetic Positive Energy District (PED) in Istanbul: Balancing Cost, Mobility, and
Environmental Impact. Buildings 2024:14(10):3153. https://doi.org/10.3390/buildings14103153

[21] Viesi D., Borelli G., Ricciuti S., Pernigotto G., Mahbub M. S. Modeling the Optimal Transition of an Urban
Neighborhood towards an Energy Community and a Positive Energy District. Energies 2024:17(16):4047.
https://doi.org/10.3390/en17164047

[22] Casamassima L., Bottecchia L., Bruck A., Kranzl L., Haas R. Economic, social, and environmental aspects of Positive
Energy Districts—A review. Wiley Interdisciplinary Reviews 2022:11(6):e452. https://doi.org/10.1002/wene.452

[23] Dolge K., Vicmane L. K., Bohvalovs G., Blumberga D. Energy Transition Reality Check: Are Municipalities Meeting
the Mark? Environmental and Climate Technologies 2024:28(1):394-408. https://doi.org/10.2478/rtuect-2024-003 1

[24] Citadini de Oliveira C., Catdo Martins Vaz 1., Ghisi E. Retrofit strategies to improve energy efficiency in buildings:
An integrative review. Energy and Buildings 2024:321:114624. https://doi.org/10.1016/j.enbuild.2024.114624

[25] Rieksta M., Zarins E., Brumana G., Bazbauers G. Forecasting Heat Demand of Residential Buildings Connected to
District Heating: The Case of Riga. Environmental and Climate Technologies 2025:29(1):68-83.
https://doi.org/10.2478/rtuect-2025-0005

[26] Fahlstedt O., Rasmussen F. N., Temeljotov-Salaj A., Huang L., Bohne R. A. Building renovations and life cycle
assessment — A scoping literature review. Renewable and Sustainable Energy Reviews 2024:203:114774.
https://doi.org/10.1016/j.rser.2024.114774

[27] Zimmermann R. K., Rasmussen F. N., Birgisdottir H. Challenges in benchmarking whole-life GHG emissions from
renovation cases: Evidence from 23 real-life cases. Energy and Buildings 2023:301:113639.
https://doi.org/10.1016/j.enbuild.2023.113639

[28] Serrano T., Kampmann T., Ryberg M. W. Comparative Life-Cycle Assessment of restoration and renovation of a
traditional Danish farmer house. Building and Environment 2022:219:109174.
https://doi.org/10.1016/j.buildenv.2022.109174

[29] Arbulu M., Oregi X., Etxepare L. Environmental and economic optimization and prioritization tool-kit for residential
building renovation strategies with life cycle approach. Building and Environment 2023:228:109813.
https://doi.org/10.1016/j.buildenv.2022.109813

469



Environmental and Climate Technologies

2025 /29

[30] Khadim N., Agliata R., Han Q., Mollo L. From circularity to sustainability: Advancing the whole building circularity
indicator with Life Cycle Assessment (WBCI-LCA). Building and Environment 2025:269:112413.
https://doi.org/10.1016/j.buildenv.2024.112413

[31] Arbulu M., Oregi X., Etxepare L., Fuster A., Srinivasan R. S. Decarbonisation of the Basque Country residential
stock by a holistic enviro-economic assessment of renovation strategies under the life cycle thinking for climate risk
mitigation. Sustainable Cities and Society 2024:117:105963. https://doi.org/10.1016/].s¢s.2024.105963

[32] Kertsmik K. A., Arumégi E., Hallik J., Kalamees T. Low carbon emission renovation of historical residential
buildings. Energy Reports 2024:11:3836-3847. https://doi.org/10.1016/j.egyr.2024.03.030

[33] Luo X., Ren M., Zhao J., Wang Z., Ge J., Gao W. Life cycle assessment for carbon emission impact analysis for the
renovation of old residential areas. Journal of Cleaner Production 2022:367:132930.
https://doi.org/10.1016/j.jclepro.2022.132930

[34] PRODUCT CATEGORY RULES (PCR), 2019 [Online]. [Accessed: 18.03.2025]. Available: www.environdec.com

[35] Warrier G. A., Palaniappan S., Habert G. Classification of sources of uncertainty in building LCA. Energy and
Buildings 2024:305:113892. https://doi.org/10.1016/j.enbuild.2024.113892

[36] Asdrubali F., Fronzetti Colladon A., Segneri L., Gandola D. M LCA and energy efficiency in buildings: Mapping
more than twenty years of research. Energy and Buildings 2024:321:114684.
https://doi.org/10.1016/j.enbuild.2024.114684

[37] Argalis P. P., Sinka M., M Andzs., Korjakins A., Bajare D. Development of New Bio-Based Building Materials by
Utilising Manufacturing Waste. Environmental and Climate Technologies 2024:28(1):58-70.
https://doi.org/10.2478/rtuect-2024-0006

[38] Salata F., Golasi 1., Domestico U., Banditelli M., Basso G. L., Nastasi B., Vollaro A. d. L. Heading towards the nZEB
through CHP+HP systems. A comparison between retrofit solutions able to increase the energy performance for the
heating and domestic hot water production in residential buildings. Energy Conversion and Management
2017:138:61-76. https://doi.org/10.1016/j.enconman.2017.01.062

[39] Kim D., Seomun G., Lee Y., Cho H., Chin K., Kim M. H. Forecasting building energy demand and on-site power
generation for residential buildings using long and short-term memory method with transfer learning. Applied Energy
2024:368:123500. https://doi.org/10.1016/j.apenergy.2024.123500

[40] Martinopoulos G., Tsimpoukis A., Sougkakis V., Dallas P., Angelakoglou K., Giourka P., Nikolopoulos N. A
Comprehensive Approach to Nearly Zero Energy Buildings and Districts: Analysis of a Region Undergoing Energy
Transition. Energies 2024:17(22):5581. https://doi.org/10.3390/en17225581

[41] Ren M., Mitchell C. R., Mo W. Dynamic life cycle economic and environmental assessment of residential solar
photovoltaic systems. Science of The Total Environment 2020:722:137932.
https://doi.org/10.1016/j.scitotenv.2020.137932

[42] EPD International [Online]. [Accessed: 18.03.2025]. Available: https://environdec.com/home

[43] Berville C., Croitoru C., Bode F. Life Cycle Analysis in the Context of Smart Cities. E3S Web of Conferences
2025:608:05029. https://doi.org/10.1051/e3sconf/202560805029

[44] Dorr E., Frangois C., Poulhés A., Wurtz A. A life cycle assessment method to support cities in their climate change
mitigation strategies. Sustainable Cities and Society 2022:85:104052. https://doi.org/10.1016/j.5¢s.2022.104052

470



	1. Introduction
	2. Review Methodology
	2.1. Bibliographic Analysis
	1.
	2.
	2.2. Systematic Literature Review

	3. Results
	3.1. Evaluating Environmental Aspects of PED
	3.2. Energy Efficiency of Buildings
	1.
	2.
	2.1.
	2.2.
	2.3.
	2.4.

	3.3. Energy Production and Energy Flexibility
	3.
	4.
	4.1.
	4.2.
	4.3.
	4.4.


	4. Applying Life Cycle Assessment for PED Evaluation
	5. Research Gaps and Concluding Remarks
	Acknowledgment
	References

