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Abstract

This study investigates the application of the Positive Energy District paradigm to two
existing and morphologically diverse urban districts in Rome: Testaccio and Valco San
Paolo. The research aims to evaluate the feasibility and effectiveness of district-scale en-
ergy retrofitting strategies, integrating dynamic simulation tools to model current energy
behavior and assess future scenarios. The methodology combines a range of interven-
tions including envelope insulation, high-performance glazing, HVAC system upgrades,
efficient lighting solutions, and large-scale photovoltaic deployment. Additionally, the
study explores the potential benefits of energy storage systems, with particular focus on
the optimal sizing of lithium-ion battery solutions to enhance local self-consumption and
reduce grid dependency. Key performance indicators are used to analyze the alignment be-
tween renewable energy generation and district demand, as well as the interaction with the
electrical grid. By calibrating simulation models with real thermophysical and consumption
data, the research ensures methodological robustness and enables the replicability of the
proposed approach in other urban contexts. The study offers a comprehensive framework
for planners and policymakers seeking to support the decarbonization and resilience of
urban districts through the implementation of PEDs. Future developments will focus on
optimizing storage management, assessing the environmental impact of battery life cycles,
and integrating PEDs within broader urban energy ecosystems.

Keywords: positive energy district; renovation; simulation model; case study

1. Introduction
The accelerating global urgency to mitigate climate change, ensure energy security,

and achieve climate-neutral cities by 2050 has intensified the interest in Positive Energy
Districts (PEDs) as a strategic solution at the urban scale. Actions related to the transition
of urban energy systems need to be based on solid decision-making foundations, which
require robust concepts, methods and modeling tools to represent cities’ energy systems
and to support the low-impact design process and the development of decarbonization
strategies [1,2].

PEDs are defined as urban districts that have an annual net-positive energy balance,
meaning they produce more renewable energy than they consume through the integration
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of local energy production, storage, demand-side flexibility, and smart energy manage-
ment systems [3]. They are not merely technical constructs but complex socio-technical
ecosystems where energy, governance, and spatial planning intersect [4]. In the European
context, PEDs are at the forefront of the EU’s long-term strategy for sustainable urban
transformation, as promoted through initiatives such as Horizon Europe, SET Plan, and
the 100 Climate-Neutral and Smart Cities by 2030 Mission. These initiatives underscore
the need for systemic, technical, institutional, and behavioral innovation across multiple
levels of governance [5,6]. PEDs are no longer considered pilot experiments; they are being
institutionalized as essential infrastructure for next-generation cities [4]. From a technical
standpoint, achieving energy positivity requires not only maximizing local renewable
generation, typically from photovoltaic (PV) systems, solar thermal, and biomass, but
also addressing challenges related to building performance, heating and cooling systems,
district heating networks, and thermal storage.

Based on these premises, Yang et al. [3] present a transformation roadmap that empha-
sizes two main phases: first, optimizing endogenous resources and digital infrastructures;
second, reconfiguring financial models and participatory planning processes to align local
stakeholders. However, despite these frameworks, real-world implementation is often
constrained by fragmented urban infrastructures, rigid regulatory frameworks, and in-
sufficient data integration [7–9]. Recent reviews, such as that by Rehman and Hasan [10],
demonstrate that PED research is rapidly evolving, with growing interest in advanced
technologies like hybrid PV-thermal systems, smart forecasting, multi-energy hubs, and
real-time control algorithms. These systems require robust simulation environments and
comprehensive energy modeling tools. A notable example is the study by Kayayan et al. in
the Swedish context [11], where a bottom-up urban energy model based on EnergyPlus was
used to simulate district-wide energy demand and evaluate the contribution of heat pumps,
solar PV, and district heating return-flow recovery. Their findings reveal that, even under
optimized conditions, it is difficult to meet PED energy balance goals due to climate-related
constraints and system inefficiencies [11–13]. In parallel, there is growing recognition that
environmental and social dimensions must be structurally integrated into PED design.
Volpe et al. [4] argue that traditional energy performance metrics are insufficient without a
complementary Environmental Impact Assessment (EIA) that considers land use, material
cycles, emissions, and biodiversity impacts. Moreover, emerging frameworks such as that
by Natanian et al. [6] propose a holistic evaluation approach that goes beyond kilowatt-
hours and CO2 savings, incorporating factors like social equity, citizen engagement, and
adaptive governance. Furthermore, issues such as energy poverty, urban inequality, and
citizen participation are increasingly central to the PED discourse [5]. PEDs must evolve
from technology-driven experiments to community-oriented systems, promoting inclusive
and just transitions. Finally, the scalability and replicability of PEDs across diverse urban
contexts require the development of common standards, open datasets, and multi-level
governance mechanisms. The literature shows that no universal solution exists; instead,
PEDs must be context-sensitive, adapting to local climatic, infrastructural, regulatory, and
socio-economic conditions [11]. In summary, the transition toward PEDs is not merely a
technical challenge, but a multidimensional process that intertwines engineering innova-
tion with environmental ethics and participatory urban planning. Achieving widespread
adoption of PEDs will require a profound integration of multi-vector energy systems,
including electricity, heat, mobility, and storage, alongside the deployment of high-fidelity
simulation tools capable of assessing both real-time and long-term performance. Further-
more, it demands the systematic inclusion of environmental and social impact indicators in
the planning process, as well as strong collaboration among municipalities, urban planners,
utility companies, citizens, and technology providers. Only through this comprehensive
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and integrated approach can PEDs emerge as a truly transformative force, shaping the
sustainable, resilient, and climate-neutral cities of the future.

Early research on energy efficiency mainly focused on the scale of individual buildings,
particularly Net or Nearly Zero Energy Buildings (NZEB or nZEB). However, in 2015, the
European FP7 project “Next Buildings under the Smart Cities Marketplace” introduced the
concept of the Positive Energy Block (PEB), initially defined to describe net-zero energy
buildings [14,15]. Over time, attention shifted from single buildings to a more integrated
approach that includes urban planning and the built environment PEDs emerged by over-
coming the limitations of the original PEB concept, expanding the focus to the district
scale. This broader perspective enables the assessment of energy efficiency and emissions
across an entire district rather than isolated buildings, promoting more comprehensive
and sustainable solutions [16]. A key tool in the design and evaluation of PEDs is Urban
Building Energy Modeling (UBEM), highlighted by Wang et al. (2025) [17] as essential for
developing low-carbon, green cities. Morales et al. and Li et al. [18,19]. further explored
how integrating urban and environmental factors into PEDs enhances this approach. By in-
corporating microclimate data and climate change scenarios, UBEM significantly improves
performance analysis, enabling new thermal comfort indicators and advanced models for
multi-zone buildings, vegetation, and longwave radiation. This leads to improved indoor
comfort and climate adaptability. Despite these advances, defining PED boundaries remains
a practical challenge. Various studies have proposed operational definitions, categorizing
system boundaries as geographic, functional, and virtual. Indeed, it is demonstrated that
specific geographical, climatic and economic conditions, and particularly the energy mix,
vary significantly from country to country, influencing the procedures for determining a
PED [20,21]

Based on these classifications, four PED types—Diamond, Platinum, Gold, and Silver—
were initially proposed, primarily in internal documents until 2019 [22]. From May 2019,
however, the terminology was revised to adopt clearer categories: autonomous PEDs,
dynamic PEDs, and virtual PEDs, with Pre-PEDs mentioned less frequently [23]. These
practical definitions were further refined by Guarino et al. (2023) [24] and Lindholm et al.
(2021) [25], contributing to ongoing debates. In summary, autonomous PEDs are districts
generating all their energy from on-site renewable sources without importing energy,
though they may export surplus. Dynamic PEDs produce more renewable energy locally
than their annual demand and can connect to external grids, collaborating with other
PEDs [25]. Virtual PEDs combine on-site and off-site renewable systems, with total energy
production exceeding annual consumption. The key difference between autonomous
and dynamic PEDs lies in their energy boundaries: autonomous PEDs are fully self-
sufficient and confined, while dynamic PEDs may import energy as long as the annual
balance remains positive. Virtual PEDs transcend physical boundaries by blending multiple
sources for greater energy use and storage flexibility. Achieving PED status is complex,
requiring attention to energy efficiency, flexibility, environmental and social sustainability,
and economic feasibility [26].

Given the multidimensional nature of these criteria, an integrated, multidisciplinary
approach is essential. Multi-Attribute Decision-Making (MADM) methods provide an
effective framework to evaluate these diverse factors and their interactions [27]. For ex-
ample, Laguna et al. (2022) [28] applied the Weighted Sum Method (WSM) to evaluate
renovation strategies aimed at transforming a rural building into a nearly zero-energy
building. Alternatives were assessed based on greenhouse gas emission reductions, eco-
nomic profitability, occupant comfort, resource depletion, and human health; for example,
Chacón et al. (2022) [29] evaluated and compared different renovation strategies with
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dynamic simulation for urbanization in the Herrera province of Panama to achieve a Net
Zero Energy District (NZED).

Similarly, Szulgowska-Zgrzywa et al. (2022) [30] used WSM to perform a multi-criteria
assessment of fifteen Polish homes, considering environmental, energy, indoor environment,
and economic attributes. Finally, Shi et al. (2023) [31] conducted a comparative evaluation
of retrofit strategies for a hospital ward in China using the Technique for Order of Preference
by Similarity to Ideal Solution (TOPSIS) method. Their analysis covered technical, economic,
and thermal comfort factors, identifying external wall insulation, green roofs, and window
replacement as the most effective interventions.

Decision-making must consider spatial constraints, heterogeneity, and uncertainty in
socioeconomic and technological development trajectories. Few modeling approaches are
holistic enough to support such complex planning needs on their own, and combinations
of modeling tools are often applied on a case-by-case basis. For example, the Urban Energy
System Modeling Framework (UESMF) combines City Energy Analyst (CEA), MAED-City,
and MESSAGEix, leveraging their respective strengths. However, the framework has
several limitations and potential shortcomings, such as the definition of generalizable and
replicable clustering criteria [32].

The study proposes the energy analysis of two urban areas in Italy and their potential
transformation into PEDs. In particular, the energy performance of two neighborhoods in
the city of Rome is analyzed: Testaccio and Valco San Paolo. Thanks to a careful census of
the thermophysical and energy data of these two areas, it was possible to analyze both real
scenarios that represent the current state of the two Roman neighborhoods and optimized
scenarios in the perspective of PED and therefore evaluate the potential transformation
of real urban areas into PED, the efforts and weaknesses to overcome. Furthermore,
the possible replicability of the actions, in similar contexts, has allowed us to identify a
procedure that, in the preliminary phase, can be followed by an energy planner.

To develop this analysis, the CEA tool [33] was adopted; it is an open-source urban
building energy modeling (UBEM) platform for designing low-carbon, high-efficiency
cities; simulates urban design and energy systems engineering knowledge, allowing for
the study of the effects and synergies of urban design scenarios and energy infrastructure
plans. As indicated in [34–36], this tool has been considered suitable for assisting urban
planning authorities in identifying design and engineering options to enhance the perfor-
mance of their neighborhoods and urban districts. Finally, a SWOT analysis validates the
methodology’s replicability while emphasizing challenges such as data accessibility and
interpretation.

2. Materials and Methods
The paper adopts a structured and comparative methodology that allows us to evalu-

ate the feasibility of transforming two neighborhoods of Rome into PED. In particular, the
methodology is divided into the following phases:

• Collection of input data related to energy consumption, building typologies and
system characteristics;

• Classification of buildings into representative archetypes;
• Development of hourly dynamic simulations using the City Energy Analyst (CEA 4.0

[beta]) tool [33];
• Calibration of the base model using real data of electrical and thermal energy con-

sumption;
• Simulation of energy improvement scenarios, including on-site PV generation systems

and thermal/electrical storage systems;



Energies 2025, 18, 6431 5 of 35

• Evaluation of Key Performance Indicators (KPIs) such as Load Coverage Factor (LCF)
and Grid Interaction Index (GII) at different time intervals (hourly, sub-hourly) to
analyze energy self-sufficiency and interaction with the grid;

• Computation of PED energy balance and final considerations.

In any case, the reliability of the result was guaranteed by a calibration of the dynamic
models created that well respect the trends of the real data. Based on these, it was in fact
possible to hypothesize some precise scenarios that could lead to the transformation of
urban areas into PED.

3. Case Study
This paper investigates Testaccio and Valco San Paolo, two urban areas in the central-

southern region of Rome, through a comparative analytical framework. Despite their
geographic proximity, the districts differ substantially in historical development, urban
form, construction practices, and building typologies. Testaccio is a historic neighborhood
situated at approximately 41.879◦ N latitude and 12.478◦ E longitude, with an average
elevation of around 20 m above sea level. It is characterized by a dense, compact urban
fabric with buildings predominantly constructed between the late 19th and early 20th
centuries. The area features masonry-based construction and a rich variety of structural
systems and usage types. Valco San Paolo, located further south at approximately 41.844◦

N latitude and 12.479◦ E longitude, lies at an average elevation of about 25 m above sea
level. Developed mainly between the 1950s and 1980s, the district includes mid- to high-
rise buildings with reinforced concrete structures and is primarily residential in nature,
although it also hosts commercial and institutional uses.

In total, 150 buildings in Testaccio and 273 buildings in Valco San Paolo (Figure 1)
were analyzed. The architectural and functional heterogeneity observed in both districts
necessitated the definition of representative building archetypes, which serve as simplified
models for simulating energy performance at the urban scale.

  
(a) (b) 

Figure 1. (a) Testaccio District; (b) Valco San Paolo District.

3.1. Climate Context

According to the Italian Ministerial Decree [37], both Testaccio and Valco San Paolo
fall within climatic zone D, which is characterized by a temperate climate and a Heating
Degree Day (HDD) value of 1415. This classification indicates a moderate seasonal heating
demand and relatively mild winters, typical of urban areas in central Italy. Climatic zoning
not only serves as a regulatory reference but also plays a fundamental role in defining the
minimum energy performance requirements for buildings, influencing key parameters such
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as insulation standards, permissible heating periods, and the criteria for energy retrofit
interventions and new constructions. To the energy simulations conducted using the
CEA tool [14], climate data from the year 2011 were employed. These data were sourced
from the meteorological database of Vatican City, available through the One Building
platform [38]. Given the geographical proximity and the similar urban microclimatic
conditions shared between Vatican City and the two districts under investigation, the
2011 dataset is considered representative of local climatic behavior. The Vatican City
weather station provides high-resolution temporal data, including hourly measurements
of air temperature, relative humidity, solar radiation, and wind speed, variables that are
essential for accurate dynamic modeling of urban energy consumption. Although more
recent climate datasets are available, the decision to utilize data from 2011 was based on
its compatibility with the CEA framework and its reliability in terms of data quality and
temporal continuity. Moreover, the use of a standardized historical weather year facilitates
comparability with prior studies and aligns with commonly adopted practices in urban
energy modeling. Considering the similarities in urban morphology, building density,
and land use between Testaccio and Valco San Paolo, the assumption of homogeneous
microclimatic conditions across the two areas is deemed methodologically sound for the
purposes of this analysis.

3.2. Archetypes Identification

To analyze the two selected districts, a building archetypes approach was adopted [36,39].
Each district was represented through a set of characteristic archetypes, defined

based on

• Construction: This includes the definition of opaque and transparent envelopes, both
horizontal (floors, roofs) and vertical (external walls, windows).

• Energy systems and HVAC (Heating, Ventilation & Air Conditioning): This refers to
the energy systems and HVAC required to meet energy demands related to heating,
cooling, and domestic hot water (DHW) production.

• Occupancy features: This is a key aspect for determining the building’s energy man-
agement, particularly for scheduling HVAC systems use and estimating the electricity
demand for lighting and electrical loads.

3.2.1. Building Archetypes in Testaccio District

Based on the available data, it was possible to identify six different archetypes. In
the district analyzed, there are 150 buildings, of which 16 have not been associated with
any archetype and were not considered in the energy demand calculations for the district.
This exclusion is due to the complete lack of information, as well as the fact that buildings
are very small structures and cover a negligible percentage of the overall area of interest.
Table 1 presents the classification of building archetypes including their respective usage
types and the number of buildings for each category.

The model was developed in CEA using parameters extrapolated from previous
studies on the Testaccio district [40]. In particular, the assignment of all construction
parameters (opaque and transparent structures), HVAC and intended uses was based
on a bibliographic survey [41,42], also integrating missing information with the data
from the TABULA project [43]. Furthermore, additional on-site visits and verifications
were conducted using tools such as Google Maps and Google Earth. The construction
characteristics of each type include

• Wall types with a thermal transmittance U between 1.14 and 2.8 W/(m2K);
• Roof types with a thermal transmittance between 1.14 and 2.6 W/(m2K);
• Window types with a thermal transmittance between 3.4 and 4.8 W/(m2K).
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Table 1. Archetypes and intended use in Testaccio.

No Archetype Occupancy Features Number of Buildings

1 Residential buildings with load-bearing masonry Residential 58
2 School buildings with load-bearing masonry School 4
3 Industrial buildings with load-bearing masonry Industrial 31
4 Commercial buildings with load-bearing masonry Retail 2
5 Residential buildings with concrete masonry Residential 17
6 School buildings with mixed masonry University 22
7 Other buildings 16

Total 150

Figure 2 shows how archetypes were associated with the buildings within Testaccio.

 
Figure 2. Archetype Map in the Testaccio district.

All thermophysical data for each archetype of Testaccio were collected, as shown
in Table 2.

Overall, the data underscores the urgent need for targeted energy retrofit interventions,
especially concerning the opaque envelope components and windows. However, due to the
heritage value of the historic urban fabric, any energy efficiency improvements must care-
fully balance thermal performance upgrades with architectural conservation requirements.
From a plants perspective, Testaccio presents a varied and heterogeneous situation, both in
terms of efficiency and system modernization. In archetypes 1 and 5, traditional centralized
radiator systems powered by fossil fuel boilers, with low efficiency (80%), are still in use.
In contrast, archetypes 2, 3, and 4 have installed air-to-air heat pumps for both heating and
cooling, ensuring moderate performance levels (Coefficient of Performance (COP) equal to
2.7). Finally, archetype 6 presents a more advanced configuration with a centralized radiant
floor system, also powered by a heat pump, which can potentially offer greater thermal
comfort and better distribution efficiency, although cooling performance data for this case
are not available. In all archetypes, DHW production is managed exclusively by electric
boilers, each with a nominal efficiency of 90%. While this represents a relatively efficient so-
lution in terms of direct energy conversion, it is generally associated with higher operating
costs and a greater environmental impact. The overall overview therefore suggests that
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there is still considerable room for improvement, particularly through the implementation
of fully integrated, highly efficient systems combined with renewable energy sources.

Table 2. Envelope Characteristics of Testaccio Archetypes.

No Walls U
[W/m2K] Roof U

[W/m2K] Window U
[W/m2K]

1 Natural stone
load-bearing walls 2.217

Flat roof with
vaults and steel

beams
2.6

Metal frame with
thermal break and

double glazing
3.4

2 Natural stone
load-bearing walls 2.217 Pitched roof with

wooden structure 1.8
Wooden frame

with single-glass
windows

4.8

3 Hollow brick
masonry 1.26 Pitched roof with

wooden structure 1.8
Wooden frame

with single-glass
windows

4.8

4 Natural stone
load-bearing walls 2.217

Flat roof with
vaults and steel

beams
2.6

Wooden frame
with single-glass

windows
4.8

5 Concrete masonry 2.8 Flat roof made of
reinforced concrete 1.85

Metal frame with
thermal break and

double glazing
3.4

6 Mixed masonry 1.14 Pitched roof with
clay tiles 1.14

Wooden frame
with single-glass

windows
4.8

3.2.2. Building Archetypes in the Valco San Paolo District

For Valco San Paolo, thirteen representative archetypes were identified. Table 3
presents the classification of building archetypes including their respective usage types and
the number of buildings for each category.

Table 3. Archetypes and intended use in Valco San Paolo.

No Occupancy Features Number of Buildings

1 Residential 163
2 Residential 16
3 Residential 27
4 Residential 5
5 Residential 14
6 Residential 7
7 Residential 3
8 University 1
9 Office 4
10 University 29
11 University 1
12 University 2
13 University 1

273

Figure 3 provides a graphical representation of the building archetypes assigned
throughout the district, where each structure within the delineated perimeter is color-coded
according to its respective archetype.
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Figure 3. Archetype Map of Valco San Paolo district.

All thermophysical data for each archetype of Valco San Paolo were collected, as
shown in Table 4.

Table 4. Envelope Characteristics of Valco San Paolo archetypes.

No Walls U
[W/m2K] Roof U

[W/m2K] Window U
[W/m2K]

1 Mixed masonry 1.10 Pitched roof with
clay tiles 1.10

Wooden frame with
single-glass
windows

4.90

2 Mixed masonry 1.15 Pitched roof with
clay tiles 1.10

Wooden frame with
single-glass
windows

4.90

3 Mixed masonry 1.15 Flat roof with vaults
and steel beams 1.10

Wooden frame with
single-glass
windows

4.90

4 Mixed masonry 0.76 Pitched roof with
clay tiles 0.75

Wooden frame with
single-glass
windows

4.90

5 Mixed masonry 0.76 Pitched roof with
clay tiles 0.75

Metal frame with
thermal break and

double glazing
3.70

6 Mixed masonry 0.80 Flat roof with vaults
and steel beams 0.75

Metal frame with
thermal break and

double glazing
3.70

7 Mixed masonry 0.60 Pitched roof with
clay tiles 0.57

Metal frame with
thermal break and

double glazing
3.40

8 Mixed masonry 1.10 Flat roof with vaults
and steel beams 1.10

Wooden frame with
single-glass
windows

4.9

9 Mixed masonry 1.10 Flat roof with vaults
and steel beams 1.10

Wooden frame with
single-glass
windows

4.9

10 Mixed masonry 1.10 Flat roof with vaults
and steel beams 1.10

Wooden frame with
single-glass
windows

4.9
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Table 4. Cont.

No Walls U
[W/m2K] Roof U

[W/m2K] Window U
[W/m2K]

11 Concrete masonry 2.80 Flat roof with vaults
and steel beams 1.10

Wooden frame with
single-glass
windows

4.9

12 Concrete masonry 2.80 Flat roof with vaults
and steel beams 1.10

Wooden frame with
single-glass
windows

4.9

13 Mixed masonry 1.10 Flat roof with vaults
and steel beams 1.10

Wooden frame with
single-glass
windows

4.9

The building envelope in Valco San Paolo presents a different configuration compared
to more historic districts like Testaccio. The wall structures are mostly composed of
mixed masonry, with thermal transmittance (U-value) values ranging between 0.60 and
1.15 W/m2K. This variation suggests that some buildings (e.g., Archetypes 4 to 7) may
have undergone partial insulation upgrades or were originally built with more thermally
resistant wall assemblies. A notable exception is found in archetypes 11 and 12, which
feature concrete masonry with very high U-values (2.80 W/m2K), indicative of low thermal
performance and an absence of any thermal protection layer.

In general, roof surfaces have high transmittance values, around 1.10 W/m2K; only a
few archetypes (particularly 4, 5, 6, and 7) have values between 0.57 and 0.75 W/m2K, likely
attributable to subsequent insulation interventions or design changes during construction.
Windows represent a major source of heat loss in all archetypes, with transmittance values
nearly equal to 5 W/m2K; only a small subset of buildings (archetypes 5, 6, and 7) use
thermally broken metal frames and double glazing, achieving U-values between 3.70 and
3.40 W/m2K, but still well above current best practice standards. Unlike the first district,
the energy system configuration in Valco San Paolo is characterized by a high degree of
standardization, with limited technological diversification. For heating, 11 archetypes (1 to
9, 11, and 13) feature centralized radiator systems powered by boilers with an efficiency
between 0.8 and 0.9. Air-to-air heat pumps are the standard solution for cooling, with an
average Energy Efficiency Ratio (EER) of 2.7. Specifically, for archetypes 10 and 12, the
latter system also serves as the primary heating system. For DHW production, electric
boilers dominate the system selection, with an efficiency of 0.9, although some archetypes
(8, 9, 11, and 13) utilize natural gas boilers.

In conclusion, the HVAC system deployment at Valco San Paolo reveals a conserva-
tive technological profile, with limited integration of high-efficiency or renewable energy
solutions. Although air-to-air heat pumps are installed for cooling in all buildings, heating
systems remain obsolete and dependent on fossil fuels, representing a clear opportunity
to reduce energy and emissions through integrated retrofit strategies. A detailed analysis
of the districts’ status has allowed us to identify a series of parameters common to all
archetypes and representative of the districts. These parameters will allow us to develop
models that accurately simulate the actual behavior of the building stock. Specifically, the
following parameters were evaluated:

• Fraction of gross floor area with electrical demand: 75%;
• Fraction of conditioned gross floor area above ground: 75%;
• Window-to-wall ratio: 0.15;
• Reference temperature for the heating system: 20 ◦C;
• Reference temperature for the cooling system: 26 ◦C;
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• Heating season: 1 November to 15 April (based on the climate of D zone);
• Cooling season: 15 May to 15 September.

Furthermore, the following assumptions were considered:

• The fraction of air-conditioned buildings and electrical loads were statistically estimated.
• The window-to-wall ratio was calculated analytically based on knowledge of the

building elevations.
• The reference temperatures were assumed based on statistical sources.
• The heating season is activated according to the periods specified in Italian legisla-

tion [28] and the cooling season was estimated statistically.

4. Energy Simulation Model
The models for the Testaccio and Valco San Paolo districts were constructed with

detailed input data reflecting building characteristics, occupancy patterns, and local climatic
conditions. However, to ensure that these models provide meaningful and accurate insights,
a rigorous validation and calibration process is essential. This process involves comparing
simulated outputs with real-world data to identify and correct any discrepancies, thereby
improving the fidelity of the models.

The validation and calibration were conducted using a combination of thermophysical
parameters and actual consumption data retrieved from utility bills. This dual approach
allowed for a comprehensive verification of the models, covering both the physical prop-
erties of the building stock and the real energy usage patterns within the neighborhoods.
By calibrating the models to reflect observed electricity consumption and production, the
simulations can reliably reproduce the temporal dynamics of energy flows, enhancing their
predictive power for scenario analysis. Moreover, the calibration process took into account
the existing energy generation technologies and their deployment within the districts,
ensuring that both the ante opera (pre-intervention) and the final (post-intervention) states
are realistically represented. More in detail, the electricity consumption data were collected
over a two-year period and aggregated by end-use category. Building geometry and stratig-
raphy were derived from previous studies and from the TABULA project database [18],
which provides typological information on the Italian residential stock. System data were
completed using standardized assumptions where specific technical details were missing.
The integration of heterogeneous data sources allowed the creation of a reliable and repre-
sentative digital model for both districts. Thanks to the use of the CEA platform [27], the
study conducted detailed simulations of the Testaccio and Valco San Paolo neighborhoods.
The following section presents in detail the model validation and calibration procedure
specifically applied to the Testaccio district, highlighting the methodologies used and the
main findings.

4.1. Model Validation and Calibration—Testaccio District

Model validation was performed by comparing the electricity demand obtained from
the simulation with the actual data derived from the utility bills of the neighborhood with
data obtained from the buildings’ energy performance certificates. This comparison allowed
a precise calibration of the model, ensuring a realistic representation of the energy behavior
of the neighborhood. The validity of the data was ensured by comparing the producibility
data with those of PV systems located in Rome, but outside the Testaccio district. This
condition allows us to extend the results obtained to similar contexts, guaranteeing the
validity of the methodological proposal.

Figure 4 illustrates the monthly trend of electricity demand, comparing the values
obtained from the dynamic simulation with the actual data derived from the district’s
utility bills. The analysis shows that for each month, the percentage difference between the
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two values is less than the limit value of ±10% [44]. The highest percentage differences are
observed in the months of December and February, during which the actual consumption
is lower than the simulated values. In the residential buildings, calibration was carried
out by comparing the simulated Energy Performance values (EP) with reference values
derived from scientific publications related to the TABULA project [33]. For each building
typology within the district, the TABULA archetype with the most similar envelope and
system characteristics was selected as the reference model. Since TABULA data refer to
buildings located in Turin, the values were normalized to account for the HDD of Rome.
Additional adjustments were made based on the system efficiency (where different from
the TABULA reference) and the surface-to-volume (S/V) ratio. Table 5 presents all data
used to normalize the Heating Energy needs in Rome for two residential Archetypes.

Figure 4. Simulated and Building energy data on electricity demand—Testaccio.

Table 5. TABULA normalized data for archetype 1 and 5 in Testaccio.

Description Archetype 1 Archetype 5

EHTAB Heating Energy needs in TABULA 157 kWh/m2 157 kWh/m2

HDDTO Heating Degree Days Torino 2617 ◦C/day 2617 ◦C/day
HDDROMA Heating Degree Days Roma 1415 ◦C/day 1415 ◦C/day
ηH,TAB Heating efficiency TABULA 0.61 0.61
ηH,CEA Heating efficiency CEA 0.80 0.80
S/VTAB Shape factor TABULA 0.46 m−1 0.46 m−1

S/VCEA Shape factor CEA 0.31 m−1 0.34 m−1

EH TAB Normalized 43.96 kWh/m2 47.39 kWh/m2

Figure 5 shows the thermal energy needs trends of Archetypes 1 and 5, respectively,
distinct for monthly requirements for heating and DHW services.

Archetype 1 is characterized by 39.71 kWh/m2year of energy needs for heat-
ing and 8.68 kWh/m2year for DHW production, for a total energy consumption of
48.39 kWh/m2year. Archetype 1 is characterized by 39.71 kWh/m2year of energy needs
for heating and 8.68 kWh/m2year for DHW production, for a total energy consumption
of 48.39 kWh/m2year, while Archetype 5 has energy needs of 44.16 kWh/m2year for
heating and 8.67 kWh/m2year for DHW production, for a total energy consumption of
52.81 kWh/m2year. This calibration process ensured that the percentage deviation between
the simulated and reference EP values remained below 10%. Indeed, for the residen-
tial buildings in the Testaccio district, the thermal energy calibration shows percentage
differences of −9.68% for Archetype 1 and −6.87% for Archetype
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Figure 5. Monthly thermal energy needs of Archetypes 1 (a) and 5 (b) in Testaccio.

Based on the same approach it was possible to validate the simulation models of
the residential archetype of Valco San Paolo. In the following Table 6 all are collected
normalized (considering the TABULA data in Tourin and normalized for Rome) and
simulated data related to the total energy needs in the heating period.

Table 6. Normalized and simulated electric data for each archetype in Valco San Paolo.

Archetype 1 2 3 4 5 6 7

EHTAB kWh/m2 157.00 134.00 134.00 67.60 67.60 67.60 62.90
ηH,TAB 0.61 0.61 0.61 0.76 0.76 0.76 0.84
ηH,CEA 0.80 0.80 0.80 0.80 0.80 0.80 0.80
S/VTAB m−1 0.46 0.46 0.46 0.37 0.37 0.37 0.43
S/VCEA m−1 0.41 0.47 0.45 0.43 0.36 0.51 0.43

EH
TAB Normalized

kWh/m2 58.20 56.46 54.52 40.26 33.42 48.08 35.46

EH CEA kWh/m3 65.78 61.44 54.84 40.25 32.91 50.81 32.39

∆ % 13.04% 8.82% 0.58% −0.04% −1.54% 5.68% −8.65%

In this case the thermal energy calibration for the residential archetypes exhibits
percentage differences ranging from 13% to 0.04%; most archetypes show deviations
within ±5%. Furthermore, for university buildings, based on electricity and natural gas
consumption data collected from utility bills, calibration was performed for all buildings
monthly. In this case, the percentage deviation between simulated and actual values, for
both thermal and electrical energy, remained less than 10%. As an example, the calibration
results of the MAR446 building in Figures 6 and 7 are shown.

The monthly percentage variations between simulated and actual electricity consump-
tion for building MAR446 range from −9.90% (July and October) to 8.94% (April). Negative
variations indicate months where the simulation overestimates consumption, while positive
values correspond to underestimations. The smallest deviations occur in February (−0.09%)
and December (−1.04%), showing excellent model accuracy during these periods. The
largest discrepancies are observed in July (−9.90%) and October (−9.90%), both nearing
the ±10% tolerance limit. The total annual variation of −2.23% reflects a slight overesti-
mation by the model but confirms the overall reliability of the calibration. The percentage
variations between simulated and actual natural gas consumption for building MAR446
range from a maximum of 7.08% (February) to a minimum of −6.40% (March). Overall,
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the total annual variation is 1.49%, demonstrating good agreement between simulated and
measured data and confirming the reliability of the thermal calibration.
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Figure 6. Simulated and real monthly data on electricity demand of MAR446 building.
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Figure 7. Simulated and real monthly data on Natural gas consumption of MAR446 building.

4.2. Existing District Performance Assessment

The results of the existing district performance assessment for both Testaccio and Valco
San Paolo are presented in Figure 8 showing the electricity demand of each district, broken
down by load type.

In Testaccio, electricity demand exhibits a clear seasonal pattern, with a pronounced
winter peak. This is primarily driven by electric heating requirements, which are particu-
larly high in January, February, and December. While residential buildings in the district do
not use electricity for space heating, non-residential buildings do. Out of the 150 buildings
analyzed, 59 are non-residential and rely on electric heating systems. This relatively large
share significantly contributes to the elevated winter consumption. Cooling demand, by
contrast, becomes relevant during the summer, especially in July and August, but remains
lower than heating throughout the year. Other end uses, including hot water production,
lighting, and appliances, show relatively stable consumption across all months. The total
annual electricity demand in Testaccio amounts to 23,187.32 MWh. In Valco San Paolo
(Figure 6), a markedly different consumption pattern is observed. Although the district
comprises a larger number of buildings (273 in total), only 31 are non-residential and
equipped with electric heating. As a result, the winter peak is considerably less pronounced
than in Testaccio. Instead, cooling loads dominate the profile, with a distinct peak occur-
ring in July and August. This summer demand surge drives the total annual electricity
consumption to 29,672.38 MWh. Like Testaccio, base loads such as hot water, lighting, and
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appliances remain relatively constant over the year, though their relative share decreases
during summer months due to the prominence of cooling.
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Figure 8. Electricity consumption of the existing district: (a) Testaccio; (b) Valco San Paolo.

This comparison underscores the influence of building typology and heating system
configuration on district-level energy demand profiles. In Testaccio, the higher proportion
of non-residential buildings using electric heating results in a winter-dominated load
profile. Conversely, in Valco San Paolo, the reduced presence of such buildings and the
larger building stock overall shift the dominant demand toward the summer, mainly due to
cooling needs. Both districts currently rely on natural gas for heating residential buildings.
The simulations estimate a thermal energy demand of approximately 2,837,500 Sm3 of
natural gas per year for Testaccio and 3,885,301 Sm3 per year for Valco San Paolo. In
both districts, significant contributors to electricity demand include hot water production,
cooling, and lighting. Although electricity demand for heating appears modest, it remains
notable and refers exclusively to non-residential buildings within the districts. These
elevated energy demands are mainly due to the poor thermal performance of the buildings’
opaque envelope, with Testaccio buildings having an average U-value of 1.89 W/(m2K),
and to the low efficiency of existing heating and hot water systems.

5. PED Renovation and Renewable Energy Integration
Considering the critical issues identified in Section 4.2, a set of renovation scenarios

has been developed and simulated to improve the energy performance of the districts and
support their transformation into PEDs. This scenario-based approach enables a stepwise
evaluation of the effects of both individual and combined interventions on district-level
energy performance.

The renovation measures comply with the thresholds established by the Minimum
Requirements Decree [45] and include
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• Insulation of vertical opaque structures and roofs by installing a layer of thermal
insulation, achieving an average thermal transmittance value of 0.26 W/(m2K);

• Replacement of existing windows with those featuring PVC frames and low-emissivity
double glazing, achieving a thermal transmittance of 1.147 W/(m2K);

• Replacement of traditional boilers with appropriately sized hydronic heat pumps with
a coefficient of performance of 3.8;

• Replacement of electric boilers with appropriately sized hydronic heat pumps with a
coefficient of performance of 3.5;

• Replacement of existing air-to-air heat pumps with more efficient ones, with a coeffi-
cient performance of 3 (higher than the limit for climate zone D);

• Re-lamping of the lighting systems by replacing traditional light sources with high-
efficiency LED systems to reduce electricity consumption.

Additionally, as PEDs focus on urban energy systems powered primarily by renewable
energy sources (RES) to provide stability and flexibility in energy supply [46,47], in the
final stage of the renovation strategy, on-site renewable energy generation is introduced
through the installation of PV systems:

• In the Testaccio District, monocrystalline PV panels with an efficiency of 21.9% are
installed on rooftops, covering 111,665.20 m2, about 55% of total available roof area.
With a tilt angle of 36◦, the estimated peak capacity is 14.2 MW.

• In the Valco San Paolo District, PV coverage reaches 124,873.03 m2 (approx. 61.11% of
rooftop area), installed at a 30◦ tilt, with a peak power of 14.8 MW.

The renovation pathway is structured into five scenarios for each neighborhood, with
each scenario progressively integrating additional efficiency measures:

• Scenario 0—Baseline: Existing conditions, with no retrofit actions.
• Scenario 1—Opaque Envelope Renovation: Application of thermal insulation to ver-

tical opaque structures and roofs, reducing the average thermal transmittance to
0.26 W/(m2·K).

• Scenario 2—Transparent Envelope Renovation: Replacement of windows with double-
glazed low-emissivity units with PVC frames, achieving a thermal transmittance of
1.147 W/(m2·K).

• Scenario 3—System Renovation: Replacement of

• Traditional gas boilers with appropriately sized hydronic heat pumps (COP 3.8);
• Electric boilers with hydronic heat pumps (COP 3.5);
• Existing air-to-air heat pumps with more efficient units (COP 3.0), exceeding the

requirements for climate zone D.

• Scenario 4—Integrated Renovation and re-lamping: Combination of the three interven-
tions above, plus re-lamping of lighting systems, with the replacement of conventional
light sources with high-efficiency LED systems, resulting in an estimated 30% reduc-
tion in lighting electricity demand.

Through this structured approach, the impact of each intervention on the energy
demand and performance of the districts can be clearly assessed. The final integrated
renovation scenario (Scenario 4) also lays the foundation for evaluating the potential
of the districts to achieve positive energy balance through the integration of renewable
energy sources.

5.1. Renovation Scenario Performance Assessment—Testaccio District

Figures 9 and 10 present the simulated electricity consumption and natural gas con-
sumption demand for the Testaccio district across the defined scenarios (Scenario 0 to
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Scenario 4). These results illustrate the progressive impact of the renovation interventions
on the district’s energy performance.
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Figure 9. Monthly electricity consumption [MWh] of Testaccio.
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Figure 10. Monthly natural gas consumption [MWh] of Testaccio.

In Scenario 1, which includes insulation of vertical opaque surfaces and roofs, electric-
ity consumption decreases significantly during the winter months and increases modestly
during the summer, likely due to reduced passive thermal inertia and the increased need
for cooling. Overall, electricity consumption decreases by only 0.99% annually. Natural gas
consumption shows a significant reduction, exceeding 50% in most months, with the largest
decline recorded in November (−63.41%). Scenario 2, which includes improvements to
the transparent envelope, follows a similar trend to Scenario 1, but with less pronounced
effects. Electricity consumption shows a slight overall increase (+2.75%), likely due to
reduced natural ventilation resulting from more airtight windows, which leads to a greater
reliance on active cooling systems during the summer months. Nonetheless, annual natural
gas demand continues to decline, albeit more modestly (6.24%).

Scenario 3, which envisages system replacement, leads to the complete electrification
of heating and DHW production. Consequently, electricity consumption increases signifi-
cantly in winter, peaking at +40.06% in January. On an annual basis, consumption increases
by 7.45%. However, this figure must be interpreted considering the complete elimination
of natural gas consumption (−100%).

Scenario 4, which envisages efficiency improvements across the entire building-system,
shows that total annual electricity consumption is reduced by almost 25% compared to
the baseline scenario. At the same time, natural gas consumption is eliminated (100%).
Electricity savings are observed consistently throughout the year, with monthly reductions
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ranging from 17% in January to more than 30% in October. In absolute terms, there are
savings of 5733.68 MWh, clearly highlighting the effectiveness of the Scenario 4 strategy
in achieving substantial reductions in electricity and natural gas consumption and in
promoting the achievement of the district’s decarbonization and energy efficiency objectives.
Table 7 presents the monthly primary energy demand for the Testaccio district across all
scenarios, including the percentage variations relative to the baseline Scenario 0. The
analysis of primary energy demand allows us to capture the combined effect of reductions
in electricity and natural gas consumption, as well as the shift in energy carriers resulting
from electrification and efficiency improvements.

Table 7. Monthly primary energy demand [MWh] of the Testaccio district across scenarios, with
percentage variations relative to Scenario 0.

Period
Scenario [MWh] Variation

0 1 2 3 4 0–1 [%] 0–2 [%] 0–3 [%] 0–4 [%]

January 12,560.23 8324.91 12,028.04 7597.80 4516.09 −33.72 −4.24 −39.51 −64.04
February 10,762.93 7283.96 10,312.07 6573.42 4007.26 −32.32 −4.19 −38.93 −62.77

March 9759.76 6973.51 9398.00 6162.04 3909.46 −28.55 −3.71 −36.86 −59.94
April 5530.07 4846.20 5515.83 3919.73 3005.42 −12.37 −0.26 −29.12 −45.65
May 2304.06 2326.88 2352.66 1847.58 1664.43 0.99 2.11 −19.81 −27.76
June 2750.79 2681.15 2988.99 2235.44 2024.99 −2.53 8.66 −18.73 −26.39
July 2962.08 2673.52 3164.04 2420.93 1990.87 −9.74 6.82 −18.27 −32.79

August 2956.94 2589.68 2945.70 2306.95 1900.71 −12.42 −0.38 −21.98 −35.72
September 2416.87 2431.02 2525.75 1959.12 1798.78 0.59 4.5 −18.94 −25.57
October 2191.07 2190.23 2190.01 1745.94 1526.43 −0.04 −0.05 −20.32 −30.33

November 8132.55 5712.61 7904.94 5281.57 3324.36 −29.76 −2.8 −35.06 −59.12
December 12,273.90 8101.46 11,779.28 7466.74 4417.55 −33.99 −4.03 −39.17 −64.01

Total 74,601.26 56,135.12 73,105.29 49,517.26 34,086.35 −24.75 −2.01 −33.62 −54.31

In line with what was previously observed, it can be seen that

• In Scenario 1, a significant reduction in primary energy demand is observed between
December and February, with decreases exceeding 30% and a total annual reduction
of approximately 25% compared to the baseline scenario.

• Scenario 2 involves marginal variations compared to Scenario 1, with annual primary
energy savings falling to approximately 2%.

• Scenario 3 predicts an overall reduction in consumption from 20% to almost 40% and
a reduction in total annual primary energy demand of 33.62%.

• Scenario 4, combining all interventions, allows for a reduction in primary energy
demand of over 60% during the coldest months and approximately 25–35% in the
summer months, with total annual primary energy demand more than half that of
Scenario 0, corresponding to an impressive reduction of 54.31%.

This clearly demonstrates the synergistic effect of comprehensive renovation strategies
in significantly reducing the district’s overall energy consumption.

Considering the application of the technical solutions included in the previous, the
results reported in Figure 11 provide a detailed breakdown of the electricity energy demand
components for Scenario 4. This allows for an in-depth assessment of the renovation
impacts on different end-uses such as heating, cooling, DHW, electricity for appliances,
lighting, industrial process and auxiliary loads.
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Figure 11. Electricity demand of final scenario—Testaccio.

While the overall electricity demand decreases as a result of the retrofit interventions,
the distribution of consumption across end uses changes significantly, most notably in
relation to heating. In the existing scenario (Figure 5), electricity demand is characterized
by a marked winter peak, primarily driven by electric heating in non-residential buildings.
Out of the 150 buildings analyzed, 59 are non-residential and rely on electric heating
systems, while the residential stock is predominantly heated using natural gas. This
limited use of electricity for heating keeps winter loads relatively moderate, despite their
seasonal concentration in January, February, and December. Throughout the year, hot water
production, lighting, and appliances represent consistent electricity end uses, while cooling
demand is most evident in the summer months, particularly in July and August.

In scenario 4 (Figure 8), the electrification of heating across the entire district, including
the residential sector, results in a significant increase in electric heating demand during
winter. This shift leads to a higher winter peak in electricity consumption, even though
energy efficiency measures, such as improved thermal insulation and the adoption of
high-performance heating systems, have been implemented. The replacement of fossil
fuel-based systems with electric ones in residential buildings contributes substantially
to this change. Consequently, despite reductions in several other end uses, the overall
winter electricity load remains high, or even slightly increases. One of the most notable
reductions observed in the final scenario concerns DHW demand. This is largely due to the
replacement of electric boilers with heat pump water heaters, which significantly improve
energy efficiency. Similarly, lighting demand decreases by approximately 30%, mainly
as a result of the widespread adoption of high-efficiency lighting technologies. Cooling
demand also declines slightly during the summer months, indicating improved passive
performance and better-performing cooling systems. Nevertheless, this reduction is less
significant than the winter increase in heating demand. Meanwhile, energy consumption
for appliances, auxiliary systems, and industrial processes remains essentially unchanged,
since no specific measures were targeted at these categories.

Overall, the retrofit strategy implemented in the Testaccio district proves effective
in reducing total electricity demand and improving efficiency in key areas such as space
conditioning, hot water, and lighting. At the same time, baseline consumption levels are
maintained in end uses not directly addressed by the interventions. The electrification
of residential heating, while crucial for decarbonization, leads to a pronounced shift in
seasonal demand patterns, underscoring the importance of considering fuel-switching
effects in future energy planning. Figure 12 highlights the comparison between electricity
demand in the existing and final scenarios, alongside the contribution of renewable energy
production. The PV system is estimated to generate approximately 18,793.09 MWh per
year, which exceeds the district’s total electricity demand in the final scenario.
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Figure 12. Comparing Testaccio’s electricity demand in different scenarios.

The graph clearly shows that from April to August, the monthly renewable energy
production surpasses the district’s electricity consumption, allowing for a surplus of locally
generated energy. In September, production is slightly lower than demand, while from
October to March, renewable generation drops significantly and remains well below the
district’s consumption levels. Despite the seasonal imbalance between generation and
consumption, the annual energy balance remains positive. This outcome is particularly
significant when assessing the district’s transition toward sustainability. The fact that the
total yearly electricity production from the PV system exceeds the annual demand confirms
that the Testaccio district can be classified as a PED.

This classification is not merely a numerical threshold, but a strategic milestone in
the context of urban energy transition. It implies that the district, as a whole, has the
potential to not only cover its own energy needs through on-site renewable sources but
also contribute surplus energy to the grid during certain periods of the year. Such a
configuration supports the decentralization of energy systems, enhances local energy
autonomy, and reduces dependence on fossil fuels. Moreover, achieving PED status entails
substantial environmental and systemic benefits, including lower greenhouse gas emissions,
increased resilience to energy price volatility, and a more balanced load on centralized
infrastructure. These characteristics position the Testaccio district as a replicable model for
other urban areas aiming to meet EU climate and energy goals, while promoting energy
democracy and community engagement in the energy transition.

5.2. Renovate Scenario Performance Assessment—Valco San Paolo District

After assessing the effects of the proposed renovation strategies on the Testaccio
district, the same methodological approach is now applied to the Valco San Paolo district.
This allows for a comparative understanding of how different urban and morphological
features influence the effectiveness of energy retrofit interventions. Figures 13 and 14 report
the simulated monthly electricity and natural gas consumption under Scenarios 0 through
4, along with their percentage variations relative to the baseline. This enables a comparative
evaluation of the renovation strategies in a different urban context.
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Figure 13. Monthly electricity consumption [MWh] of Valco San Paolo.
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Figure 14. Monthly natural gas consumption [MWh] of Valco San Paolo.

In Scenario 1, the impact on thermal energy demand was particularly noticeable
during the heating season, with a reduction of approximately 41%. Electricity consumption
also decreased, albeit less dramatically, with an overall reduction of 3.78% over the course
of the year. The largest savings occurred in the summer months of July and August,
reaching reductions of up to 12.4%. This is likely due to lower cooling demand resulting
from improved insulation. In Scenario 2, annual natural gas consumption decreased by
approximately 30%. The most significant savings occurred during the heating season, while
electricity consumption remained almost unchanged throughout the year.

In Scenario 3, natural gas consumption for heating was eliminated, with a simulta-
neous increase in electricity consumption of approximately 12%. The complete transition
to electric heating represents an important step towards decarbonization. Indeed, despite
the increase in electricity consumption, eliminating fossil fuel consumption brings clear
environmental benefits. The overall effect on primary energy demand will depend on
the electricity generation mix, but electrification is essential to achieving significant green-
house gas reductions in the building sector. For this reason, in the following sections, the
additional electricity demand generated by these electrical systems will be addressed by
increasing renewable energy production through PV systems. In Scenario 4, total electricity
demand decreased by approximately 23% and natural gas demand by 100%. On a monthly
basis, a minimum variation of approximately 6% was recorded in January and a maximum
of 36% in August. Similarly to what was seen in the Testaccio district, in Valco San Paolo, the
maximum decrease of approximately 31% was also recorded in October. It is therefore clear
that each renovation intervention contributes differently: insulating the building envelope
produces the greatest reductions in heating and cooling loads; modernizing windows offers
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moderate savings on heating costs but may slightly increase cooling demand; replacing the
HVAC system completely decarbonizes heating but increases electricity consumption. In
Valco San Paolo, as in Testaccio, to jointly evaluate changes in electricity and natural gas
demand, the neighborhood’s primary energy consumption was analyzed under different
scenarios, and the results are presented in Table 8.

Table 8. Monthly primary energy demand [MWh] of the Valco San Paolo district across scenarios,
with percentage variations relative to Scenario 0.

Period
Scenario [MWh] Variation

0 1 2 3 4 0–1 [%] 0–2 [%] 0–3 [%] 0–4 [%]

January 16,573.74 12,085.71 13,664.25 10,402,46 5609.20 −27.08 −17.55 −37.24 −66.16
February 14,284.62 10,549.80 11,760.93 9043.36 4997.01 −26.15 −17.67 −36.69 −65.02

Marh 12,718.24 9864.93 10,333.19 8329.70 4926.57 −22.43 −18.75 −34.51 −61.26
April 7326.81 6485.39 6513.12 5295.17 3897.02 −11.48 −11.11 −27.73 −46.81
May 2304.06 2326.88 2352.66 1847.58 1664.43 0.99 2.11 −19.81 −27.76
June 2750.79 2681.15 2988.99 2235.44 2024.99 −2.53 8.66 −18.73 −26.39
July 2962.08 2673.52 3164.04 2420.93 1990.87 −9.74 6.82 −18.27 −32.79

August 2956.94 2589.68 2945.70 2306.95 1900.71 −12.42 −0.38 −21.98 −35.72
September 2416.87 2431.02 2525.75 1959.12 1798.78 0.59 4.5 −18.94 −25.57

October 2191.07 2190.23 2190.01 1745.94 1526.43 −0.04 −0.05 −20.32 −30.33
November 10,429.77 8105.33 8746.34 7025.89 4274.40 −22.29 −16.14 −32.64 −59.02
December 16,009.40 11,701.04 13,239.07 10,120.52 5498.33 −26.91 −17.3 −36.78 −65.66

Total 92,924.38 73,684.67 80,424.04 62,733.07 40,108.75 −20.7 −13.45 −32.49 −56.84

The analysis of primary energy consumption across the scenarios highlights signif-
icant improvements compared to the baseline (Scenario 0). Overall, Scenario 4 achieves
the greatest reduction, with total annual primary energy demand decreasing by 56.84%,
dropping from approximately 92,924 MWh to 40,109 MWh. This substantial reduction is
consistent across all months, with the largest monthly savings observed in winter, partic-
ularly in January and December, where reductions exceed 65%. These results reflect the
full electrification and optimization measures implemented in this scenario. Scenario 3
also shows a marked decrease of about 32.5% in annual primary energy demand, with
notable savings during the heating season. The reductions in the colder months range
from roughly 27% to 37%, confirming the effectiveness of replacing gas boilers with electric
heating systems, despite the associated increase in electricity use.

Scenario 1, focusing on insulation, reduces annual primary energy consumption by
about 20.7%. The greatest monthly improvements occur in the cold months (January to
March and December), with reductions between 22% and 27%. Summer months show
smaller or negligible changes, which aligns with the insulation primarily reducing heating
demand. Scenario 2, which involves window replacement, yields a more moderate overall
reduction of approximately 13.5%. Monthly savings during the heating season range
between 11% and 18%, but some months in summer show slight increases or very limited
reductions, likely because of cooling loads and ventilation.

In summary, the progressive implementation of renovation measures results in in-
creasingly significant reductions in primary energy consumption. Scenario 4 stands out
as the most effective, demonstrating the benefits of combining insulation, window up-
grades, HVAC electrification, and likely renewable energy integration. This comprehensive
approach is essential for achieving deep energy savings and supporting the district’s decar-
bonization goals. Therefore, while each intervention offers specific benefits, their combined
implementation, as examined in previous, represents the most balanced and effective
approach to lowering energy consumption and carbon emissions across the district.
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The application of all the technical solutions for energy improvement to district Valco
San Paolo is represented in Figure 15.
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Figure 15. Electricity demand of scenario 4—Valco San Paolo.

In the Valco San Paolo district, the current scenario shows an almost negligible elec-
tricity demand for space heating. Out of the 273 buildings analyzed, only 31 use electric
heating systems, while the vast majority, both residential and non-residential, are equipped
with natural gas-based systems. As a result, winter electricity loads remain very low,
especially when compared to the Testaccio district, where a larger share of non-residential
buildings already rely on electric heating. In scenario 4, following the complete electri-
fication of heating, a substantial increase in winter electricity demand is observed. This
rise is primarily due to the replacement of all gas-based heating systems with heat pumps
across the entire building stock. Despite the implementation of energy efficiency measures,
such as improved building envelopes and the adoption of high-performance systems, the
full transition from gas to electricity results in a significant rise in electric heating loads
compared to the baseline.

Similarly to what was observed in Testaccio, Valco San Paolo also shows notable
reductions in electricity demand for DHW and lighting. The replacement of electric boilers
with heat pump water heaters leads to considerable savings in hot water energy use. In
addition, lighting demand decreases by approximately 30 percent due to the widespread
adoption of energy-efficient lighting technologies. Cooling demand shows a slight decline
during the summer months, reflecting improved passive performance and the use of more
efficient cooling systems. However, as in Testaccio, this reduction in the summer is less
pronounced than the winter increase in heating demand.

Electricity consumption associated with appliances, auxiliary systems, and industrial
processes remains essentially unchanged, as these end uses were not specifically targeted
by the retrofit strategy. Overall, the Valco San Paolo case confirms that full electrification
of space conditioning, even when combined with efficiency improvements, can lead to a
marked increase in seasonal electricity demand, particularly in areas that were previously
heavily reliant on fossil fuels. This highlights the importance of accounting for fuel-
switching effects and ensuring that grid infrastructure is adequately prepared to support
the energy transition. Figure 16 shows the electricity demand comparison between existing
and final scenarios and renewable energy production. Energy production exceeds electricity
demand. As a result, in this scenario, the Valco San Paolo district can be considered a PED.

The installation of the PV system estimates an energy production of 23,193.87
MWh/year. As shown in Figure 11, from October to March, renewable energy production
is lower than electricity consumption, while from April to September, production exceeds
consumption. This trend is also observed in the Testaccio district, except for September,
when production was slightly lower than consumption.
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Figure 16. Comparing Valco San Paolo’s electricity demand in different scenario.

6. Performance Indicators
To evaluate the effectiveness of the implemented measures and quantify the resulting

improvements, Key Performance Indicators (KPIs) are employed. In general, assessments
focus on key performance indicators (KPIs) of renewable energy systems, as well as on
measuring energy consumption and carbon emissions of major energy systems [48,49].
KPIs quantify performance parameters such as self-sufficiency, peak shaving and renewable
energy share [50].

These quantitative metrics assess the energy retrofit strategy applied to the district by
providing a clear and standardized means of measuring gains in energy efficiency, renew-
able energy integration, and environmental impact. KPIs enable a thorough comparison
between the existing and final scenarios, supporting informed, data-driven decisions for
future district-scale energy planning.

The study emphasizes two main KPIs:
The load cover factor (LCF) is used in the final evaluation as a quantitative measure of

the ability of local renewable energy sources to meet the district’s energy needs. As shown
in Equation (1) it is defined as a function of on-site generation g(t), load l(t), energy losses
ζ(t), and storage balance S(t):

LCF =

∫ τ2
τ1

min[g(t)− S(t)− ζ(t), l(t)]dt∫ τ2
τ1

l(t)dt
(1)

The interaction index provides an indication of what happens instant by instant
regarding the interaction with the grid. As shown in Equation (2), it is defined as

fgrid,i =
ne(ti)

max[|ne(ti)|]
(2)

where
ne(ti) is the net exported energy, calculated as the difference between the energy

exported from the building to the grid e(t) and the delivered energy d(t).
max[|ne(ti)|] is the maximum value that ne(ti) can assume.
These metrics, in conjunction with energy balance assessment, are crucial in determin-

ing the feasibility of achieving PED status for each district.

6.1. Load Cover Factor (LCF)

Considering simultaneity of production and consumption, the LCF was calculated on
an hourly time step, and the daily average of the hourly values is shown in Figure 17.
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Figure 17. Daily Load CF in a year in Testaccio (a) and Valco San Paolo (b).

By analyzing the daily LCF trends, similar patterns emerge in both cases. Both show
the lowest values during the winter period and reach peak values in the summer. However,
even during summer, the maximum average daily value only reaches around 55%, due to
nighttime hours when the LCF is zero, which lowers the overall daily average. For this
reason, Figure 18 depicts the hourly LCF over 24 h for a representative day of each month.

  
(a) (b) 

Figure 18. Hourly LCF on representative days in Testaccio (a) and Valco San Paolo (b).

These charts show that during the summer months, the LCF consistently reaches 100%,
with only occasional exceptions. Although the district generates an annual amount of
electricity that exceeds its total consumption, the LCF reaches an average annual value of
37.76% in Testaccio and 36.5% in Valco San Paolo. This indicates that, despite the overall
renewable energy production being higher than the electricity demand, only a limited
portion of the consumption is directly met by local production. This is primarily due
to temporal mismatches between energy generation and demand throughout the day
and year.

6.2. Grid Interaction Index

The main physical parameter in the interaction with the distribution grid is the mag-
nitude of the power injected or consumed by a building or group of customers. This
parameter will determine the power flow through the grid components and, consequently,
currents and voltage levels [51]. This indicator is defined as the ratio between the net
exported energy (the difference between exported energy and imported energy) and the
maximum net exported energy in absolute value. Figure 19 illustrates how the grid is much
more stressed in summer than in winter due to the energy production from PV systems,
which puts the grid under strain.
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(a) (b) 

Figure 19. Hourly Interaction Index on Representative Days in Testaccio (a) and Valco San Paolo (b).

The graphs show that the Interaction Index reaches its peak values in June for Testaccio
and in May for Valco San Paolo. In both cases, this corresponds to a period when solar
energy production becomes substantial while electricity demand, particularly for cooling,
is still relatively low.

6.3. Scenario with Energy Storage Integration

Given the significant amount of locally produced renewable electricity, in order to
further increase the amount of self-consumed electricity and reduce dependence on the
grid, a second scenario has been implemented, which envisions the integration of an energy
storage system. The objective is to evaluate the impact of storage on the district’s energy
balance and identify the optimal size of the battery system, maximizing self-consumption
while considering the environmental impact associated with the production and disposal
of the batteries in the sizing process.

The analyzed storage system consists of lithium-ion batteries, characterized by
Charge/discharge efficiency of 90%;
Depth of Discharge (DoD) of 80%;
Initial state of charge (SOC) of 100%;
Maximum SOC of 100%;
Minimum SOC of 20%.
The battery capacity was progressively varied until reaching a saturation point, beyond

which further increases in capacity did not result in significant benefits in terms of self-
consuming energy.

The results of the analysis conducted for the two districts reveal a similar overall
behavior in terms of LCF improvement with increasing storage capacity. However, a more
detailed analysis highlights subtle but significant differences that influence the optimal
sizing decision. For zero storage capacity, the LCF starts at approximately 37.75% for
Testaccio and 36.51% for Valco San Paolo, representing the baseline scenario without
storage. Increasing storage capacity to 50 kWh results in a significant increase in LCF
for both districts, reaching 68.23% for Testaccio and 67.01% for Valco San Paolo, almost
doubling the load coverage compared to the no-storage scenario. The increase in LCF
tends to stabilize for capacities above 30,000 kWh, with only marginal gains at very high
capacities (100,000 kWh and 200,000 kWh), where Testaccio reaches LCF values of 69.10%
and 70.09%, respectively, while Valco San Paolo reaches 68.35% and 69.34%. This suggests
a saturation effect, in which adding storage capacity beyond a certain threshold produces
diminishing returns. The Testaccio district consistently shows slightly higher LCF values
than Valco San Paolo across all storage sizes considered. While this difference is minimal, it
can be attributed to the different types of electricity loads and the temporal variation in load
demand between the two districts. For example, in Testaccio, a 5000 kWh battery results in
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a 4.51% increase in LCF compared to the no-storage scenario, while Valco San Paolo records
a slightly smaller improvement of 3.58%. In Testaccio, the LCF reaches 66.87% at 25,000
kWh, an overall improvement of 29.11% compared to the no-storage scenario. Beyond
this point, the marginal gains decrease dramatically, with variations between consecutive
scenarios of less than 0.5%, suggesting a saturation effect. For example, doubling the
storage capacity from 50,000 to 100,000 kWh results in an additional gain of only 0.87%.
Conversely, in Valco San Paolo, the maximum marginal benefit occurs first, at 20,000
kWh, where the LCF reaches 63.73% (27.22% higher than the baseline). Increasing capacity
beyond this value yields incremental improvements of less than 0.5%, and in some cases less
than 0.15%, confirming faster saturation compared to Testaccio. Even doubling capacity
from 50,000 to 100,000 kWh yields a modest gain of 1.35%. This comparison suggests
that optimal storage system sizing should be context-specific, based on energy demand
profiles, local generation variability, and the saturation behavior of each district. Based on
the trade-off between improved performance and cost-effectiveness, a storage capacity of
approximately 25,000 kWh appears optimal for Testaccio, while 20,000 kWh is more suitable
for Valco San Paolo. In conclusion, the analysis highlights that integrating storage systems
is an effective strategy for improving electricity load coverage, with a significant impact
already observed at moderate storage capacities. However, when planning investments,
the marginal effectiveness of increasing storage capacity beyond high thresholds should be
carefully assessed.

6.4. Loss of Load Probability

Loss of Probability refers to the estimated likelihood that a specific threat will success-
fully exploit a vulnerability, resulting in a tangible loss or damage. It is a key component
in risk assessment methodologies, particularly within the fields of cybersecurity, safety
engineering, and disaster management. This factor helps quantify the potential impact of
adverse events by combining the probability of occurrence with the severity of the outcome,
thereby supporting informed decision-making in risk mitigation strategies. Figure 20
illustrates the variation in the loss of load probability as a function of the selected battery
storage size, highlighting the relationship between storage capacity and associated risk
levels in the Testaccio and Valco San Paolo districts, respectively.
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At the beginning of the series, the Loss of Probability Index is quite high in both
areas, with Testaccio starting at around 69.14% and Valco San Paolo slightly higher at
approximately 71.76%. This indicates that, without a significant storage capacity, the
probabilities of loss or inefficiency are fairly elevated. As the battery size increases, there is
a steady and significant decrease in these values. For instance, in the first half of the data,
Testaccio drops rapidly to about 40.41%, while Valco San Paolo follows a similar trend,
reaching around 42.76%. Moving to the intermediate values, the two series stabilize around
37–38% for Testaccio and around 39–40% for Valco San Paolo, reflecting a substantial
improvement but with losses still noticeable. In the final part of the series, there is a further
decline, with Testaccio reaching approximately 34.65% and Valco San Paolo 35.53%. The
difference between the two sites narrows significantly at this stage, suggesting that as
storage capacity increases, the performances tend to converge. Overall, Valco San Paolo
consistently shows slightly higher Loss of Probability Index values compared to Testaccio,
with a difference of about 2–3 percentage points, likely due to specific local characteristics
or conditions. Finally, towards the higher end of the storage sizes, the reduction in values
slows down, indicating that increasing storage capacity yields diminishing improvements
beyond a certain point. This suggests a saturation effect, where further capacity increases
continue to bring benefits but to a lesser extent.

6.5. Coverage of the Electricity Energy Needs of the Districts

Figure 21 illustrates how the electricity demand of the Testaccio and Valco San Paolo
districts is met through PV generation and battery storage, under varying battery capacities:

  
(a) (b) 

Figure 21. Electric load coverage in the final scenario in the two PEDs in Testaccio (a) and Valco San
Paolo (b).

The energy directly consumed by the PV system (in red) remains constant, representing
the surplus energy.

The surplus electrical energy is stored in the battery storage system (in blue) according
to the battery’s capacity and clearly increases as the battery size increases.

The green section represents the surplus electrical energy that cannot be stored in the
battery system because it is saturated, and consequently, must be fed into the grid. This,
being complementary to the surplus stored in the battery, decreases as the battery size
increases.

Figure 22 depicts the distribution and management of energy generated by the PV
system under different battery storage capacity scenarios:
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Figure 22. Management of the energy generated in the final scenario in Testaccio (a) and Valco San
Paolo (b).

The orange bar represents the energy directly consumed by the user and remains
constant across the different scenarios.

The yellow bar represents the energy fed into the grid and decreases as the storage
capacity increases.

The green bar represents the energy stored in the battery system and increases as the
storage capacity increases.

6.6. Discussions

A comparative analysis of the two PEDs, Testaccio and Valco San Paolo, highlights
distinct urban configurations that influence energy profiles, energy retrofit strategies, and
the effectiveness of technological interventions. Testaccio, with its compact urban layout
and high presence of non-residential buildings, experiences pronounced peaks in winter
electricity demand, largely due to electric heating in public services and facilities. Following
renovation projects involving the entire building-system, its annual electricity demand has
decreased by approximately 25%, and the installation of a 14.2 MW PV system guarantees
annual production of 18,793 MW. Valco San Paolo, on the other hand, comprises a more
fragmented building stock, of which only 11% is non-residential, highlighting a signifi-
cant demand for cooling loads. Its initial energy demand was reduced by 23% through
comprehensive efficiency measures, while its slightly larger 14.8 MW PV system generates
23,193 MWh/year. While meeting the PED criterion, the district exhibits greater seasonality
due to a higher window-to-wall ratio (0.35 compared to 0.15) and a dispersed building
morphology, making the energy balance more complex. In both districts, the integration of
lithium-ion battery storage leads to a substantial increase in LCF, underscoring the essential
role of storage in improving self-consumption and minimizing grid dependence. Testaccio
achieves its optimal balance at 25,000 kWh, achieving an LCF of 66.87%, representing a
29.11% improvement compared to the scenario without storage. Valco San Paolo reaches
its saturation point at 20,000 kWh, achieving an LCF of 63.73% and a gain of 27.22%. This
divergence reflects the influence of local load patterns and generation profiles on the scala-
bility of storage systems. The results highlight the importance of adapting battery sizes
to the specific characteristics of each district, as a uniform sizing strategy would likely
lead to suboptimal performance and unnecessary environmental costs. From a resilience
perspective, Testaccio’s density facilitates centralized energy sharing schemes and collec-
tive self-consumption models, potentially supporting the development of microgrids. In
contrast, Valco San Paolo’s more distributed configuration requires modular and decen-
tralized approaches but may offer greater potential for flexible load management during
summer peak demand. These morphological differences also influence the replicability of
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solutions: Testaccio supports the simplified implementation of large-scale interventions,
while Valco San Paolo requires customized and context-sensitive strategies. Ultimately,
while both districts achieve annual energy self-sufficiency and benefit from integrated
storage systems, their contrasting urban and functional structures require differentiated
planning approaches. Testaccio demonstrates greater efficiency in terms of responsiveness
of interventions and energy balance. Valco San Paolo, despite its complexity, reveals sig-
nificant transformational potential when retrofit, generation, and storage measures are
coherently designed and spatially integrated.

Finally, a SWOT analysis is a planning tool that aims to identify the Strengths, Weak-
nesses, Opportunities, and Threats of a project or organization. It is a framework for
adapting an organization’s goals, programs, and capabilities to the context in which it
operates. The SWOT analysis shown in Figure 23 reveals that while modular and replicable
scenario-based assessments improve methodological robustness, persistent issues such as
limited data availability, reliance on commercial software, and time-consuming analysis
processes pose significant barriers. A holistic assessment must balance technical accuracy
with stakeholders’ engagement and social acceptability.

Figure 23. SWOT analysis of the work.

7. Conclusions
The study demonstrates that the PED approach can be successfully applied to existing

urban contexts, even those characterized by significant morphological and functional
heterogeneity. The case studies of the Testaccio and Valco San Paolo districts provided the
foundation for a rigorous technical-scientific evaluation, focused on the dynamic simulation
of district energy behavior, the assessment of retrofit scenarios, and the verification of the
technical and economic sustainability of proposed solutions. In both districts, the integrated
implementation of a comprehensive set of interventions, including building envelope
insulation, replacement of windows, upgrade of HVAC systems, lighting retrofitting,
and large-scale deployment of PV systems, resulted in significant energy performance
improvements. Specifically, electricity demand was reduced by 24.73% in Testaccio and
23% in Valco San Paolo, alongside the complete elimination of natural gas use for space
heating. In both cases, annual PV electricity production exceeded the post-retrofit electricity
demand, enabling the classification of both districts as PEDs.
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District-level dynamic modeling played a critical role in designing and validating
retrofit strategies, allowing for a detailed analysis of the interactions between energy de-
mand and renewable energy supply. The calibration of simulation models using real
consumption data and building thermo-physical characteristics ensured the robustness
and reliability of the results, thereby making the proposed methodology highly replicable
in other urban contexts with similar baseline conditions and sustainability goals. The inte-
gration of lithium-ion battery energy storage systems further enhanced PED performance
by increasing the LCF and reducing reliance on the electrical grid. However, the analysis
revealed the presence of an optimal storage capacity threshold beyond which marginal
benefits decline sharply. For Testaccio, this threshold was identified at approximately
25,000 kWh, while in Valco San Paolo it was around 20,000 kWh. Proper sizing of storage
systems is thus essential to maximize self-consumption without incurring excessive costs
or environmental burdens.

Energy performance indicators such as the LCF and Grid Interaction Index provided
valuable insights into the districts’ operational behavior over time, emphasizing critical
issues related to the temporal mismatch between renewable energy production and con-
sumption. Particular attention was paid to the management of surplus generation during
summer months and the mitigation of peak energy exchanges with the grid, especially
when solar generation significantly exceeds local demand. Despite structural differences
between the two districts, such as building density, functional mix, rooftop PV potential,
and seasonal load distribution, both demonstrated strong potential for PED conversion,
provided that a context-specific and adaptive strategy was applied. This underscores
the importance of tailored interventions that account for the distinct energy profiles and
architectural typologies of each district. The successful transition toward PED status does
not rely solely on the deployment of advanced technologies but also requires a robust regu-
latory and institutional framework, effective financial incentives, and inclusive governance
models. Major challenges include high upfront investment costs, administrative complexity,
and the need for coordinated action among multiple stakeholders [52]. Nevertheless, the
benefits offered by PEDs are substantial, including reduced greenhouse gas emissions, en-
hanced energy autonomy and security, and the development of new economic paradigms
based on self-consumption, energy sharing, and community participation. This work pro-
vides a solid and transferable methodology that can serve as a reference for local authorities,
urban planners, energy consultants, and policymakers engaged in the ecological transition
of cities. The successful application of the PED model in the two Roman districts serves
as concrete evidence of its scalability, offering a replicable framework to accelerate the
urban energy transition at a metropolitan level and contributing meaningfully to climate
neutrality targets, urban resilience, and energy justice.

However, the following work represents only an initial analysis of the potential of an
existing and complex urban center like Rome and highlights the need for access to a range of
data that is not always readily available. Future research should focus on optimizing energy
storage management strategies, potentially incorporating second-life battery applications,
assessing environmental impacts across the battery lifecycle, and integrating PEDs into
broader urban energy ecosystems. Furthermore, photovoltaic system integration should
be explored further, considering solar intermittency, the mismatch between generation
and load curves, and real-time grid responsiveness. This should also include modeling or
control strategies for load dispatchability.

Economic and environmental aspects, which are essential considerations for assessing
long-term feasibility and sustainability, should also be explored, and a comparative inter-
pretation of the results could guide a planner in planning the actions to be implemented.
These considerations should include electric mobility, smart infrastructure, and shared
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energy services, with the aim of maximizing systemic impact and supporting the emergence
of decentralized, sustainable, and participatory energy models.
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Abbreviations
The following abbreviations are used in this manuscript:

CEA City Energy Analyst
COP Coefficient of Performance
DHW Domestic Hot water
DoD Depth of Discharge
EER Energy Efficiency Ratio
EHTAB Heating Energy needs in TABULA
g(t) generation
GII Grid Interaction Index
HDD Heating Degree Day
ηH,CEA Heating efficiency CEA
ηH,TAB Heating efficiency TABULA
HVAC Heating, Ventilation & Air Conditioning
KPI Key Performance Indicators
l(t) load
LCF Load Coverage Factor
MADM Multi-Attribute Decision-Making
net(t) net exported energy
nZEB Nearly Zero Energy Buildings
NZEB Net Zero Energy Buildings
nZED Nearly Zero Energy Buildings
PEB Positive Energy Block
PED Positive Energy District
PV Photovoltaic
S(t) Storage balance
S/V surface-to-volume ratio [m−1]
S/VTAB Shape factor TABULA
SOC State Of Charge
SWOT Strengths, Weaknesses, Opportunities, and Threats
TABULA Typology Approach for BUiLding stock energy Assessment
TOPSIS Technique for Order of Preference by Similarity to Ideal Solution
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UBEM Urban Building Energy Modeling
U-value Transmittance [W/m2K]
WSM Weighted Sum Method
ζ(t) Energy losses

References
1. Horak, D.; Hainoun, A.; Neugebauer, G.; Stoeglehner, G. A review of spatio-temporal urban energy system modeling for urban

decarbonization strategy formulation. Renew. Sustain. Energy Rev. 2022, 162, 112426. [CrossRef]
2. Urrutia-Azcona, K.; Molina-Costa, P.; Muñoz, I.; Maya-Drysdale, D.; Garcia-Madruga, C.; Flores-Abascal, I. Towards an integrated

approach to urban decarbonisation in practice: The case of vitoria-gasteiz. Sustainability 2021, 13, 8836. [CrossRef]
3. Yang, K.; Zou, R.; Zhang, W.; Zeng, X.; Li, Z.; Guo, J. Comprehensive Review of Positive Energy Districts: Multidimensional

Analysis of Energy, Economic, Social, and Environmental Aspects. Renew. Sustain. Energy Rev. 2025, 217, 115740. [CrossRef]
4. Volpe, R.; Bisello, A.; Tuerk, A.; Guarino, F.; Giancola, E.; Sanchez, M.N.; Tumminia, G.; Marrasso, E.; Pallotta, G.; Cutore, E.;

et al. Linking Environmental Impact Assessment and Positive Energy Districts: A Literature Review. Clean. Environ. Syst. 2025,
16, 100264. [CrossRef]

5. Dean, B.; Dulac, J.; Petrichenko, K.; Graham, P. Towards a Zero-Emission, Efficient, and Resilient Buildings and Construction Sector
Global Status Report; Global Alliance for Buildings and Construction: Paris, France, 2017; pp. 1–48.

6. 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. Build. Environ. 2024, 255, 111429. [CrossRef]

7. Yüksek, I.; Karadayi, T.T. Energy-efficient building design in the context of building life cycle. Energy Effic. Build. 2017, 10, 93–123.
[CrossRef]

8. Van Summeren, L.F.; Wieczorek, A.J.; Bombaerts, J.; Verbong, G.P. Community energy meets smart grids: Reviewing goals,
structure, and roles in virtual power plants in Ireland, Belgium and The Netherlands. Energy Res. Soc. Sci. 2020, 63, 101415.
[CrossRef]

9. Hanke, F.; Guyet, R.; Feenstra, M. Do renewable energy communities deliver energy justice? Exploring insights from 71 European
cases. Energy Res. Soc. Sci. 2021, 80, 102244. [CrossRef]

10. Rehman, H.u.; Hasan, A. Advanced Energy Systems in Energy-Resilient and Zero/Positive Energy Buildings, Communities, and
Districts. Energies 2025, 18, 1218. [CrossRef]

11. Kayayan, V.A.; 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 Build. 2025, 334, 115471. [CrossRef]

12. Johari, F.; Shadram, F.; Widén, J. Urban building energy modeling from geo-referenced energy performance certificate data:
Development, calibration, and validation. Sustain. Cities Soc. 2023, 96, 104664. [CrossRef]

13. Johari, F. Urban Building Energy Modeling: A Systematic Evaluation of Modeling and Simulation Approaches. Doctoral
Dissertation, Uppsala University, Uppsala, Sweden, 2021.

14. Andresen, I.; Trulsrud, T.H.; Finocchiaro, L.; Nocente, A.; Tamm, M.; Ortiz, J.; Salom, J.; Magyari, A.; Hoes-van Oeffelen, L.;
Borsboom, W.; et al. Design and performance predictions of plus energy neighbourhoods–Case studies of demonstration projects
in four different European climates. Energy Build. 2022, 274, 112447. [CrossRef]

15. Kozlowska, A.; Guarino, F.; Volpe, R.; Bisello, A.; Gabaldòn, A.; Rezaei, A.; Albert-Seifried, V.; Alpagut, B.; Vandevyvere, H.;
Reda, F.; et al. Positive Energy Districts: Fundamentals, Assessment Methodologies, Modeling and Research Gaps. Energies 2024,
17, 4425. [CrossRef]

16. Schneider, S.; Zelger, T.; Sengl, D.; Baptista, J. A Quantitative Positive Energy District Definition with Contextual Targets. Buildings
2023, 13, 1210. [CrossRef]

17. Wang, C.; Wang, X.; Causone, F.; Yang, Y.; Gao, N.; Ye, Y.; Li, P.; Shi, X. Addressing uncertainty to achieve stability in urban
building energy modeling: A comparative study of four possible approaches. Build. Environ. 2025, 267, 112197. [CrossRef]

18. Morales, R.D.; Audenaert, A.; Verbeke, S. Thermal comfort and indoor overheating risks of urban building stock—A review of
modelling methods and future climate challenges. Build. Environ. 2025, 269, 112363. [CrossRef]

19. Li, Z.; Ma, J.; Tan, Y.; Guo, C.; Li, X. Combining physical approaches with deep learning techniques for urban building energy
modeling: A comprehensive review and future research prospects. Build. Environ. 2023, 246, 110960. [CrossRef]

20. Atiba, E.; Chwieduk, D. Design of a positive energy district: A Nigerian case study. Renew. Energy 2024, 237, 121635. [CrossRef]
21. JPI Urban Europe. SET Plan Action 3.2. White Paper on PED Reference Framework for Positive Energy Districts and Neighbour-

hoods. 2020. Available online: https://jpi-urbaneurope.eu/ped/ (accessed on 1 November 2025).
22. Vandevyvere, H.; Ahlers, D.; Wyckmans, A. The Sense and Non-Sense of PEDs—Feeding Back Practical Experiences of Positive

Energy District Demonstrators into the European PED Framework Definition Development Process. Energies 2022, 15, 4491.
[CrossRef]

https://doi.org/10.1016/j.rser.2022.112426
https://doi.org/10.3390/su13168836
https://doi.org/10.1016/j.rser.2025.115740
https://doi.org/10.1016/j.cesys.2025.100264
https://doi.org/10.1016/j.buildenv.2024.111429
https://doi.org/10.5772/66670
https://doi.org/10.1016/j.erss.2019.101415
https://doi.org/10.1016/j.erss.2021.102244
https://doi.org/10.3390/en18051218
https://doi.org/10.1016/j.enbuild.2025.115471
https://doi.org/10.1016/j.scs.2023.104664
https://doi.org/10.1016/j.enbuild.2022.112447
https://doi.org/10.3390/en17174425
https://doi.org/10.3390/buildings13051210
https://doi.org/10.1016/j.buildenv.2024.112197
https://doi.org/10.1016/j.buildenv.2024.112363
https://doi.org/10.1016/j.buildenv.2023.110960
https://doi.org/10.1016/j.renene.2024.121635
https://jpi-urbaneurope.eu/ped/
https://doi.org/10.3390/en15124491


Energies 2025, 18, 6431 34 of 35

23. Derkenbaeva, E.; Yoo, H.K.; Hofstede, G.J.; Galanakis, K.; Ackrill, R. Positive Energy Districts in Europe: One size does not fit all.
In Proceedings of the 2022 IEEE International Smart Cities Conference (ISC2), Pafos, Cyprus, 26–29 September 2022; pp. 1–6.
[CrossRef]

24. Guarino, F.; Rincione, R.; Mateu, C.; Teixidó, M.; Cabeza, L.F.; Cellura, M. Renovation assessment of building districts: Case
studies and implications to the positive energy districts definition. Energy Build. 2023, 296, 113414. [CrossRef]

25. Lindholm, O.; Rehman, H.U.; Reda, F. Positioning Positive Energy Districts in European Cities. Buildings 2021, 11, 19. [CrossRef]
26. Chwieduk, D.A. Towards modern options of energy conservation in buildings. Renew. Energy 2017, 101, 1194–1202. [CrossRef]
27. Beinat, E. Multiattribute Value Function Theory. In Value Functions for Environmental Management; Springer: Dordrecht, The

Netherlands, 1997; pp. 21–45. [CrossRef]
28. Laguna Salvadó, L.; Villeneuve, E.; Masson, D.; Abi Akle, A.; Bur, N. Decision Support System for technology selection based on

multi-criteria ranking: Application to NZEB refurbishment. Build. Environ. 2022, 212, 108786. [CrossRef]
29. Chacón, L.; Chen Austin, M.; Castaño, C. A multiobjective optimization approach for retrofitting decision-making towards

achieving net-zero energy districts: A numerical case study in a tropical climate. Smart Cities 2022, 5, 405–432. [CrossRef]
30. Szulgowska-Zgrzywa, M.; Piechurski, K.; Stefanowicz, E.; Baborska-Narożny, M. Multi-criteria assessment of the scenarios
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