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Abstract: Confronted with the climate emergency, reducing CO2 emissions has become
a priority for all nations of the world because the follow-up of humanity depends on it.
Most European Union (EU) member states have pledged to cut their net greenhouse gas
emissions by at least 55% by 2030 and reach full carbon neutrality by 2050, using 1990
as the baseline year. Despite this common effort, there is still a lack of effective decision-
making on carbon neutrality strategies applied throughout the life cycle of a building
in all EU countries. A common strategy is proposed in this study to fill this gap in the
literature. The building sector is a real lever for reducing the carbon footprint and saving
energy. Currently, the methodology for achieving large-scale carbon neutrality is well
established. However, there is only a limited number of experts worldwide who have
mastered this technology, making it challenging to develop a standardized approach for
all nations. The absence of extensive, regular, and consistent data on carbon emissions
has considerably hindered the understanding of the root causes of climate change at both
the building and neighborhood levels. Is it not it time to break this barrier? With this in
mind, this study was carried out with the intention of proposing a common method to
achieve carbon neutrality at the neighborhood scale in European Union countries. The
most significant parameters having a direct impact on carbon emissions have facilitated
the adaptation of the three types of neighborhood in the different capitals of the EU
countries, in particular, local building materials, microclimate, the energy mix of each
country, and the mode of daily transport. The life cycle assessment of the three districts
was conducted using the Plaides LCAv6.25.3 tool in combination with Meteonorm software
version 8.2.0, considering a 100-year lifespan for the buildings. In addition, the cost
of the various environmental impacts is assessed based on the monetary indicators for
European Committee for Standardization indicators method. The main results showed
that the distribution of carbon dioxide is 73.3% higher in urban areas than in sustainable
neighborhoods and 39.0% higher in urban districts than in rural districts. Nearly zero
emissions in the next decade are again possible by applying the scenario involves global
warming combined with the complete (100%) renovation of all buildings and the transition
to 100% electric vehicles along with the use of solar panels. This strategy makes it possible
to reduce between 90.1% and 99.9% of the emission rate in residential districts regarding
EU countries.
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1. Introduction
Since 2008, European Union nations have made a substantial commitment to gradually

phase out fossil fuels, which significantly contribute to atmospheric pollution, in favor of
renewable energy sources that are more environmentally friendly. In line with this, the
2015 Paris Agreement and numerous other intergovernmental accords were signed with
the goal of achieving carbon neutrality by 2050. However, the climate emergency demands
urgent and decisive action in the short term, as recent climate projections suggest that global
temperatures could exceed the 2 ◦C limit set by the Paris Agreement [1,2]. Addressing
carbon neutrality at the neighborhood level is therefore critical, as local urban environments
are responsible for a substantial share of energy consumption and greenhouse gas emissions
and offer a practical scale for implementing decarbonization strategies tailored to specific
social and spatial contexts. In recent years, most European Union countries have made
considerable strides toward a less carbon-intensive and more climate-friendly model. From
1990 to 2018, all EU nations collectively reduced their greenhouse gas emissions by nearly
25% [1]. Despite this significant achievement, emissions must be further cut by 55% by 2030
compared to 1990 levels and reach net-zero by 2050 to avoid the catastrophic impacts of
climate change [1,2]. The current trajectory, especially after the Ukraine war, may jeopardize
these goals. According to the latest assessments, the emissions peak must be reached this
year, followed by annual reductions of over 7.6%—a level only briefly achieved during
the 2020 COVID-19 lockdowns [3]. To accelerate progress, the EU has adopted ambitious
frameworks such as the European Green Deal, the Fit for 55 package, and the National
Energy and Climate Plans (NECPs) [2–4]. However, these policies must be translated into
actionable and scalable interventions at the urban scale, particularly in the building and
mobility sectors. The World Green Building Council highlights that all new buildings must
be net-zero by 2030, with all buildings—including existing ones—reaching net-zero by
2050 [5]. Engineers and experts have proposed energy codes and design strategies, but
large knowledge gaps remain—particularly on how to scale up these efforts from buildings
to neighborhoods while adapting them to local urban, social, and climatic conditions [6].
Despite growing interest in urban decarbonization, there is currently no unified approach
for evaluating and achieving carbon neutrality at the neighborhood scale across the EU.
Existing methods often focus on individual buildings or cities without considering the full
life cycle of carbon emissions or the influence of local energy mixes and infrastructure. This
research fills this gap by proposing a common modeling strategy—tested on three Belgian
case studies and extended across EU countries—to assess the feasibility and impact of
achieving net-zero emissions at the neighborhood level. Accordingly, this paper addresses
the following key research questions: (1) How can a unified, life cycle-based strategy be
developed for neighborhood-level carbon neutrality in EU countries? (2) What is the influ-
ence of national energy mixes and local contexts on emissions reduction potential? (3) How
can renewable energy integration and building retrofits support the EU’s carbon goals?
This study is organized into seven main sections: (a) an experimental study was conducted
in various neighborhoods, initially located in Belgium, to gather the necessary data for
modeling; (b) these three districts were replicated in different EU countries, taking into
account their energy mix, climatic conditions, construction materials, and transportation
systems; (c) the CO2 emission rates and associated costs were assessed for each country;
(d) using the IPCC RCP 4.5 scenario, emissions for 2050 were projected; (e) photovoltaic
systems (PVs) were installed in each neighborhood, and emissions were recalculated; (f) all
buildings were retrofitted, PV systems and electric vehicles were added, and heat pumps
were installed to further reduce emissions and costs; (g) a comparative analysis was carried
out to evaluate the effectiveness of the proposed strategy across EU regions.



Atmosphere 2025, 16, 508 3 of 30

2. A Review
It is widely acknowledged that net-zero emission buildings rely on renewable energy to

replace electricity from the grid, which is predominantly generated by fossil fuels, in order
to offset the annual carbon emissions associated with their operations [7,8]. Conversely,
zero-carbon buildings are designed to be highly energy-efficient and rely entirely on
renewable energy sources generated on-site. Research focused on carbon neutrality in the
building sector is gaining momentum [9], yet the existing literature remains limited and
lacks more practical tools and objective decision-making frameworks that can regularly
identify decarbonization opportunities throughout the entire life cycle of a construction
project [10]. A study by Ray [11] on German apartments constructed between the 1950s
and 1970s found that (a) reaching low carbon would necessitate an important PV system,
estimated to be 60% bigger than the conventional optimal system, and (b) under current
conditions, it is more economically viable to invest in wind energy rather than solar
power in certain EU countries [12,13]. In another study, Kennedy and Sgouridis [14]
identified various emission categories to explain the transition to neutral and low-carbon
urban centers. In 2021, research by Nematchoua et al. [15] examined the impact of the
electricity mix on CO2 emissions and found that replacing coal with photovoltaic panels
could reduce up to 48% of the total operational carbon emissions from the World Trade
Center. The literature highlights two main strategies for attaining carbon neutrality: the first
concentrates on policies and strategies that minimize carbon dioxide emissions, whereas the
second focuses on technologies dedicated to extracting carbon from the atmosphere. In 2021,
Chen [16] explained that between 1850 and 2022, the global average CO2 concentration
increased from 285 to 419 ppm. As a result, the global average air temperature was expected
to rise by 0.9 to 1.3 ◦C. Without effective strategies to mitigate CO2 emissions, the level of
CO2 in the atmosphere will keep increasing. In 2019, Maximillian et al. [17] and later in
2022, Yang et al. [18] indicated that the increase in global temperature is causing significant
damage to human living environments, including ocean acidification, floods, droughts,
forest fires, and loss of biodiversity. In 2015, several countries agreed to implement a
strategy aimed at limiting the global temperature increase to remain below 1.5 ◦C, as
specified in the Paris Agreement (see Modeste et al. [19,20]). In 2021, Chen [16] mentioned
that 124 nations had pledged to reach net-zero carbon emissions between 2050 and 2060. To
achieve the objectives outlined in the Paris Agreement and foster sustainable development,
it is advised to not only decrease carbon dioxide emissions but also to capture it from the
atmosphere, aiming for negative carbon emissions or net-zero carbon through various
technological, environmental, and economic measures.

Achieving net-zero carbon requires not only reducing CO2 emissions but also remov-
ing CO2 from the atmosphere through various economic and social measures. Carbon
neutrality, which refers to achieving net-zero carbon emissions, can be reached by bal-
ancing the total CO2 emitted by a region, nation, organization, material, or individual
over a defined period through carbon removal strategies or offsets. To reach this goal, the
Intergovernmental Panel on Climate Change (IPCC) emphasizes the necessity of reducing
fossil fuel use, increasing reliance on renewable energy, and improving energy efficiency.

The use of fossil fuels has significantly increased global CO2 concentrations, especially
in 2020, and is a major contributor to climate change [21]. This is why, in 2021, Li et al. [22]
highlighted that, without effective policies and initiatives implemented by various coun-
tries, the deteriorating environmental conditions will continue to have a severe impact
on future generations. While the Paris Climate Agreement encouraged global efforts to
achieve carbon neutrality, it is evident that each region, city, and country adopts different
approaches, initiatives, and measures to reduce carbon emissions [23,24]. For instance,
Zhao et al. [23] indicated that the Chinese government aims to hit peak carbon emissions
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by 2030 and attain carbon neutrality by 2060, working towards net-zero CO2 emissions.
Despite the growing body of literature on carbon neutrality and net-zero buildings, current
approaches often lack comprehensive life cycle integration, objective decision-making
frameworks, and adaptability to different regional energy contexts. Many studies focus on
individual components—such as energy efficiency or renewable supply—without offering
a holistic assessment that incorporates both technological and environmental constraints.
Furthermore, existing methods rarely offer practical tools that stakeholders can apply
throughout a project’s life cycle to assess decarbonization pathways. This work aims to
bridge these gaps by proposing an integrated, life cycle-based framework that combines
environmental analysis with adaptable decision-making tools, providing a more practical
and scalable approach to achieving carbon neutrality in the building sector.

3. Methodology
In this section, we outline and justify our choices regarding the initial neighborhoods

studied, the assumptions made concerning life cycle assessment (LCA), the analysis tools
adopted, and other instruments used in this study.

LCA is a highly effective technique for determining the environmental impact of
a product system throughout its entire life cycle [25]. The LCA process begins with
defining the goals and scope, followed by creating a life cycle inventory, conducting a life
cycle impact assessment, and concluding with the interpretation and presentation of the
results [26]. LCA is extensively applied in different carbon-neutral systems to objectively
measure greenhouse gases and their related impacts on climate change [27].

To conduct this study, we followed these steps: (i) Initial model selection: We chose
an initial neighborhood, whose environmental impacts (greenhouse gases) were analyzed
using the LCA method. This neighborhood served as a benchmark for comparison. (ii) Anal-
ysis software: We utilized a specialized software suite for dynamic thermal analysis and
LCA, specifically tailored to building- and neighborhood-scale evaluations (Pleiades LCA,
IZUBA company, Paris, France). (iii) Scenario development: We defined several scenarios
by varying specific parameters to assess different outcomes. (iv) Scenario analysis and
comparison: Finally, we analyzed the different scenarios and compared them to the initial
model to draw meaningful conclusions.

3.1. District Selection

To ground our study in real-world scenarios, we decided to base our analysis on
concrete cases. This approach allowed for us to model three existing districts according to
their precise layouts and subsequently apply a range of virtual parameters.

The first district selected is Sart-Tilman, an eco-district in Liège, Belgium, located in
the Wallonia region. This district was chosen due to its temperate climate, characterized by
a long cold season each year, and its proximity to the University of Liège. Additionally, its
recent construction makes it an ideal candidate for analysis.

The second district is an urban block in Saint Léonard, Liège, specifically at Maghin
Street, which will be referred to as the Maghin neighborhood. The third district is a rural
block located in Neupre, also in Wallonia, and will be called the Neupre neighborhood.
These three neighborhoods, all situated within the province of Liège, were selected for their
distinct characteristics, providing a variety of contexts for our study.

3.1.1. Sustainable Neighborhood, a Case of Sart-Tilman City

The sustainable community is positioned south of Liège city. Well-connected to the city
center by public transport, the neighborhood benefits from its proximity to the University
of Liège. It offers a variety of building types, including apartment complexes and semi-
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detached single-family homes. The neighborhood also serves multiple functions: while
the majority of the built surface is dedicated to housing, there are spaces allocated for
commercial activities, professional offices, and small businesses.

Altogether, the area comprises 40 compact apartments, 45 more spacious units,
11 two-family homes, and 6 other functional spaces (such as shops and businesses). Pri-
vate parking is available close to the buildings, and the ground-floor units include pri-
vate gardens.

The district closely follows the standards established by the sustainable district guide-
lines published by the University of Liège. Over 40% of the housing units are attached, and
the site has a density of 40 dwellings per hectare. The outdoor spaces have been thought-
fully designed, with more than 30% dedicated to “green” or “blue” surfaces. Additionally,
the site incorporates separate management for rainwater and wastewater (see Figure 1).
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Figure 1. Sustainable district.

The selection of functional unit was vital for this research. We chose to focus specif-
ically on the residential portion of the neighborhood. To systematically evaluate the
environmental effects, we computed the impacts based on three separate functional units.

This district was modeled within the context of a suburban area near the downtown
of every country being studied.

Key technologies identified in sustainable neighborhood design include the following:
(a) Compact buildings with optimal orientation, taking into account the sun’s path to
maximize natural light and heat. (b) Thick, thermally insulated walls with air sealing to
minimize heat loss. (c) Double-glazing with high thermal performance, or triple-glazing,
designed to significantly reduce energy loss. (d) Solar shading solutions, high-inertia
materials for interior walls, and intensive night ventilation systems to naturally cool the
buildings. (e) Efficient ventilation systems that ensure optimal air quality while reducing
energy consumption. (f) A high-performance heating system integrated with a smart
thermostat to optimize energy use. (g) The installation of PV panels to generate electricity,
harnessing renewable energy from the sun.

3.1.2. Urban Neighborhood: Maghin

The urban neighborhood studied is located in the city center of Liège, a region that
underwent rapid urbanization during the 20th century. This district comprises a mix of
residential buildings surrounding shopping centers and office spaces, covering a total
area of 8726 m2. The buildings in this area share similar shapes and structures, offering
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a consistent architectural style across the district. Details about the characteristics of this
neighborhood are summarized in Table 1.

Table 1. Some elements identified in the three districts evaluated.

Type of Community Eco-Friendly Metropolitan Countryside

Land area (m2) 35,480 8726 19,457

Inhabitants 220 100 30

Structures 20 30 40

Single-family homes 10% 7% 75%

Twin houses 60% 17% 19%

Row houses 25% 75% 4%

Flats 5% 1% 2%

Compactness 6 units/ha 35 units/ha 20 units/ha

% of land occupied
by structures 18% 44% 10%

For this study, we replicated this neighborhood layout in the downtown areas of the
capital cities of each country studied. Most buildings in this district have at least two floors,
with a variety of geometric shapes. The buildings range in design, with some having two,
three, or four facades, and varying living areas, as illustrated in Figure 2.
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3.1.3. Rural Neighborhood in Neupre

The rural neighborhood covers a total area of 19,457 m2. It is primarily composed of
residential buildings, with the total number of accommodations being three times fewer
than in the urban district. This neighborhood lacks highways, and public transportation is
limited to bus services. The buildings along both sides of the street are mostly aged, with
many having been constructed between the 17th and 19th centuries.
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For the purposes of this study, the author modelled this district to represent areas
located in the northern part of the cities of all the different place studied, as shown in
Figure 3.

Atmosphere 2025, 16, x FOR PEER REVIEW  7  of  31 
 

 

For the purposes of this study, the author modelled this district to represent areas 

located  in  the northern part of  the cities of all  the different place studied, as shown  in 

Figure 3. 

 

Figure 3. Rural district. 

In this study, the author adapted the built space occupied by each district to reflect 

conditions  in different European Union countries. As part of a sensitivity analysis, and 

based on a recent World Bank report,  the  living area per  inhabitant was considered  to 

vary between 30 and 50 m2 across these countries. 

As shown, the rural district has a lower population density compared to the urban 

and eco-neighborhoods. Notably, although 40 buildings are available in the rural district, 

only 30 people reside there, indicating a significant number of unoccupied buildings. The 

different environmental costs are calculated as detailed in the Table 2. 

Table 2. Global method monetize [28]. 

Environmental Metric  Unit  Value EUR/Unit 

Greenhouse gases  kg CO2eq  0.050 

Energy consumption  kWh  0.200 

3.2. Design Modelling and Assumptions 

The modeling of the different neighborhoods used in this study is illustrated in Fig-

ure 4. To ensure an equitable comparison of environmental impacts (i.e., energy demand 

and greenhouse gas emissions), we carefully selected the best locations for adapting these 

three neighborhoods in each country, using an appropriate functional unit. 

The selection of capital cities was deliberate; past studies have demonstrated that, in 

the majority of countries, the capital is the most densely populated city and plays a major 

role in energy consumption and carbon emissions. 

For each country, we analyzed the key factors influencing energy consumption and 

carbon emissions, including the composition of energy sources, regional climate, common 

construction materials,  the nation’s stage of development,  the average  living space per 

inhabitant, and cultural habits affecting occupant behavior in their homes. The modeling 

of these different districts is presented in Figure 4. 

Figure 3. Rural district.

In this study, the author adapted the built space occupied by each district to reflect
conditions in different European Union countries. As part of a sensitivity analysis, and
based on a recent World Bank report, the living area per inhabitant was considered to vary
between 30 and 50 m2 across these countries.

As shown, the rural district has a lower population density compared to the urban
and eco-neighborhoods. Notably, although 40 buildings are available in the rural district,
only 30 people reside there, indicating a significant number of unoccupied buildings. The
different environmental costs are calculated as detailed in the Table 2.

Table 2. Global method monetize [28].

Environmental Metric Unit Value EUR/Unit

Greenhouse gases kg CO2eq 0.050

Energy consumption kWh 0.200

3.2. Design Modelling and Assumptions

The modeling of the different neighborhoods used in this study is illustrated in
Figure 4. To ensure an equitable comparison of environmental impacts (i.e., energy demand
and greenhouse gas emissions), we carefully selected the best locations for adapting these
three neighborhoods in each country, using an appropriate functional unit.
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The selection of capital cities was deliberate; past studies have demonstrated that, in
the majority of countries, the capital is the most densely populated city and plays a major
role in energy consumption and carbon emissions.

For each country, we analyzed the key factors influencing energy consumption and
carbon emissions, including the composition of energy sources, regional climate, common
construction materials, the nation’s stage of development, the average living space per
inhabitant, and cultural habits affecting occupant behavior in their homes. The modeling
of these different districts is presented in Figure 4.

To ensure consistency in the analysis, several assumptions were made regarding the
socio-political context, energy mix, climate data, building materials, and occupant behavior
across all studied countries.

(a) War and Peace Assumption: We acknowledge that a country’s carbon emissions
can vary significantly between wartime and peacetime. To maintain consistency, we
assumed that all studied countries were in a state of peace, with no ongoing wars or
conflicts affecting energy consumption or emissions.

(b) Energy Mix Consideration: The energy mix varies between countries, influencing
overall carbon emissions and energy demand. To account for this variability, we used
data from the International Energy Agency (IEA).

(c) Climate Data Collection: To evaluate the climatic conditions of each country, we used
the latest version of the Meteonorm software suite. This tool provides reliable climate
data by accessing an American satellite database, using the geographical coordinates
of each city. The Meteonorm database covers 6200+ cities and 8325+ weather sta-
tions worldwide. This software has been validated by researchers globally and has
contributed to several scientific publications.

(d) Transportation and Mobility Assumptions: The daily transportation patterns of oc-
cupants were simulated based on each country’s geolocation. The software applied
standardized data, assuming 80% of daily mobility concentration for all countries;
a home-to-shop distance of 1000 m; a home-to-public transport network distance of
500 m; a home-to-work distance between 5000 m and 20,000 m; a 5-day workweek,
with travel occurring 47 weeks per year; and the main modes of public transport being
trams, buses, and metro systems. Occupants were assumed to be in good health, with
standardized activity patterns across different neighborhood categories.

(e) Water and Waste Assumptions: For water consumption, we assumed a water sys-
tem efficiency of 80%. Regarding waste generation, we estimated that each person
produces 0.8 to 1.2 kg of waste per day.

(f) Embodied Energy Calculation

3.3. Database

For this study, the environmental data used to assess the two selected environmental
impacts were sourced from the Swiss-based Ecoinvent database, a globally recognized
leader in environmental impact data. Ecoinvent is known for its methodological trans-
parency and comprehensive life cycle inventory (LCI) data (Ecoinvent LCI Database, 2021).
Each material dataset in Ecoinvent provides a detailed life cycle inventory.

This research focuses on evaluating two key environmental impacts across the three
studied neighborhood types: life cycle energy demand and life cycle greenhouse gas
(GHG) emissions.

However, the methodology developed in this study could be extended to analyze
additional environmental indicators in future research.
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3.4. Simulation Software
3.4.1. Process

All the communities analyzed were simulated for several weeks. The timeframe of
the modeling process for the applied neighborhoods in various European Union research
projects was three weeks.

3.4.2. Components

In this study, we employed the Pleiades LCA software suite as our primary simulation
tool. The interface of version 4.19 of the Pleiades program comprised six components,
namely: Database, Designer, Architectural Modeling, Publisher, Outcomes, and Life Cycle
Assessment. Each component served a distinct purpose. This simulation software is
widely acknowledged for its capability to evaluate the environmental effects over the
entire life cycle at the district scale; it has also been the core analytical tool in numerous
other scientific investigations [29]. The Designer module functioned as the graphical input
system. Specifically, its purpose was to outline the complete structure of a building, depict
various solar obstructions, and determine as well as specify all the elements of walls,
glazing, rooftops, etc. The Editor component enabled us to perform multiple thermal and
dynamic evaluations of the structure [30]. The function of the LCA program was to examine
diverse ecological consequences at both the architectural and district levels based on the
findings generated by the Designer.

Meteonorm was characterized as a climatic database containing meteorological records
for solar energy applications at any location worldwide [31,32]. Over the past decade, Me-
teonorm tool has been extensively utilized in various studies related to evaluating outdoor
environmental conditions [33]. The latest edition, “Meteonorm 8.2”, was implemented in
this research. It incorporates updated weather and atmospheric turbidity data along with
enhanced functionalities. Concerning the reliability of datasets, certain parameters such as
temperature and solar radiation underwent multiple verification procedures. Consequently,
the root mean square error (RMSE) for interpolating monthly radiation and temperature
measurements was determined to be 7% and 1.2 ◦C, respectively [15].

3.5. Scenarios

To align with the target of achieving carbon neutrality and net-zero energy by 2050,
we developed and analyzed multiple scenarios.

(1) Initial Scenario

In this scenario, we assumed the following occupancy patterns: Daytime (7:00 a.m.–
6:00 p.m.): building occupancy concentration at 25%. Nighttime (7:00 p.m.–6:00 a.m.):
occupancy concentration at 100%. Occupancy Density: Maghin Islet (Urban): 4 occupants
per 100 m2. Neupre District (Rural): 2 occupants per 100 m2.

Occupant Activity: All inhabitants were considered sedentary (1 MET). To facilitate
dynamic thermal simulation, we defined three thermal zones instead of detailing individual
rooms for each apartment: day zone, night zone, and hallways.

Thermal Comfort and Heating Set Points: Statistical analysis of meteorological data
guided the heating set point temperatures for different zones:

• Day Zone:

# 22:00–07:00: 16 ◦C
# 07:00–22:00: 19 ◦C

• Night Zone:

# 22:00–07:00: 18 ◦C
# 07:00–22:00: 16 ◦C
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The day zone was assumed To be in use during the daytime and vacant at night, while
the night zone followed the opposite pattern. A temperature of 18 ◦C was considered
sufficient for sleep.

Internal Heat Gains from Electrical Equipment: The heat dissipation inside the build-
ings was primarily attributed to electrical equipment usage, which varied throughout the
day. Peak demand periods: 07:00–10:00 in the morning; 18:00–21:00 in the evening; heat
dissipation: 5.7 W/m2.

Lighting, Ventilation, and Heating Parameters: For lighting levels, we adhered to
standard guidelines: Nighttime (10:00 p.m.–5:00 a.m.): maintained below 100 lux to support
sleep. Daytime (6:00 a.m.–10:00 p.m.): set above 250 lux to accommodate peak work hours.

The daytime area was in use during the day and unoccupied at night, while the night-
time area was occupied at night and unoccupied during the day. An indoor temperature of
18 ◦C was deemed suitable for sleeping.

Internal heat gains primarily resulted from electrical equipment, with higher values
during periods of increased occupant activity and equipment use.

Occupancy density was set at 0.033 inhabitants/m2, equating to one occupant per
30 m2.

(2) Ventilation and Air-Tightness Parameters

Each thermal zone was assigned specific ventilation parameters: Air-tightness: Infiltra-
tion rate: 0.25 vol/h through walls. Although new building standards limit air infiltration
to 0.6 vol/h, we applied stricter air-tightness criteria typical of passive buildings, ensuring
it was a focal point during study and implementation.

Ventilation system: Standard flow rate: 0.3 volume/h, dual-flow mechanical venti-
lation system with regulation, integrated with a heat exchanger offering 85% efficiency,
active from mid-June to early September.

Heating and Hot Water Systems: Domestic hot water (DHW) and space heat-
ing were supplied By a typical condensing gas heater with 92% performance (using
lower heating value). Heat distribution systems: Ground floor: Radiant heated floors;
First floor: Radiators.

Where applicable, default settings from the simulation software were utilized.

(3) Scenario Analysis

(1) Initial Scenario: The baseline scenario maintained the original lighting, ventilation,
and heating settings, as well as occupancy rates described above.

(2) Second Scenario—Introduction of Photovoltaic (PV) Panels: The three neighbor-
hoods retained their initial configurations. Installed mono-crystalline PV panels covering
one-third of each building’s roof. Panel orientation was adjusted based on each country’s
geographical location: In the Northern Hemisphere, panels were oriented southward at an
optimal angle of 35–37◦.

(3) Third Scenario—Comprehensive Renovation and Green Transportation.
Conducted extensive renovations in urban and rural neighborhoods, constructing a

sustainable district with eco-friendly materials.

• Renovation measures included insulating attics, walls, and floors; installing high-
efficiency heating systems in countries with temperate climates.

• Solar PV panels were installed on all building roofs.
• All public and private transportation was assumed to be fully sustainable.
• A new simulation was carried out, producing new insight.
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3.6. Building/Neighborhood Data

Throughout the simulations, the modeling tool provided some standard information.
It was possible to access all the data associated with the building’s structure and the com-
ponents involved in thermal assessments and/or energy usage. These data were then
complemented with more detailed LCA information, including data on waste, transporta-
tion, energy, and water.

The energy information was analyzed using the Belgian energy composition in the
software, which includes 52.0% nuclear, 27.0% natural gas, 17.0% renewable sources, and
4.0% coal (International Panel on Climate Change, IPCC 2021). The energy production
system employed was a natural gas condensing boiler with 92.0% efficiency based on
lower heating value (PCI). The heat energy source was the natural gas boiler, and the
energy used for domestic hot water was also provided by the natural gas boiler. Regard-
ing waste management, the selective sorting approach was taken into account (Less of
waste.wallonie.be). This sorting is regarded as 90.0% effective for glass waste and 75.0%
for paper and cardboard, with these quantities being considered recycled instead of sent
to landfills. According to Belgian data, 40% of the 1500 g of daily household waste per
person is incinerated with an 85% efficiency rate. The distances to the disposal sites are
10 km to the landfill, 100 km to the incineration facility, and 50 km to the recycling center.
The expected service life of window frames is considered to be 30 years, coatings last for
15 years, and the overall service life of the equipment is projected at 20 years.

3.7. Cost

Both environmental effects were transformed into financial costs, enabling their com-
parison. The cost estimation is based on the Global method monetize approach, updated in
2017 [28], and derived from earlier models by De Nocker et al. [30]. This methodology [28]
assigns monetary values to each environmental indicator for three regions: western Europe,
Belgium, and the rest of the world. It is important to note that the margin of error for
these values is minimal. Table 3 below shows a comparison between GHG found in this
study and those in another research. Overall, the environmental cost is predominantly
concentrated in the operational phase (71.1%). The maintenance cost is estimated to account
for approximately 3.7% of the total environmental cost. These findings confirm the results
found by Trigaux et al. [31].

Table 3. Comparison of the outcomes of this study with the existing literature.

Environmental Metrics Lotteau et al. [27] This Research

GHG
(kgeqCO2/m2 Floor area/year) 11.0–123.0 7.5–35.1

In this study, a life cycle assessment (LCA) is conducted following a cradle-to-grave
approach, considering all key phases associated with the environmental performance
of carbon-neutral neighborhoods. The system boundaries include the production phase
(raw material extraction, manufacturing, and transportation of building materials), the
construction phase (on-site energy use and equipment), the operational phase (energy
consumption for heating, cooling, ventilation, lighting, and water use over a 50-year
lifespan), maintenance and replacement of components (such as windows and HVAC
systems), and the end-of-life phase (demolition, transportation, and waste treatment). The
operational data were simulated using Pleiades software v6.25.3 and meteorological data
from Meteonorm. Elements excluded from the boundaries include occupant behavioral
variations, land use change impacts, and external infrastructure. The functional unit used
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for analysis is one square meter of conditioned floor area over a 50-year lifetime, enabling
consistent comparisons across scenarios and locations.

Justification of Assumptions: In this study, several key assumptions were made to
ensure the feasibility and coherence of the life cycle assessment (LCA). First, the energy mix
was assumed to transition progressively towards renewable sources by 2050, in alignment
with EU-wide goals outlined in the European Green Deal and the Fit for 55 package. This
assumption was based on current policy trajectories and expected shifts in energy infras-
tructure investments. Additionally, the average building orientation was assumed to be a
standard north–south alignment, given the general tendency of urban development in the
study areas. This simplification was made to avoid complex site-specific geometries, while
still capturing the typical climatic conditions for residential buildings in Europe. Further-
more, usage patterns were standardized based on available national data on residential
heating and cooling behaviors, assuming an average occupancy rate of 2.5 persons per
dwelling, which is in line with EU averages [20]. Finally, socio-demographic variations,
which might influence energy consumption patterns, were generalized across the sample,
given that detailed local data were unavailable. While these assumptions help stream-
line the modeling process, they are aligned with the existing literature and are deemed
reasonable given the scope of this study.

4. Results
This section presents the most important results obtained in this study, as shown in

the different subsections below.

4.1. Validation of Results

Here, we verify the scale of our findings. To do so, we compare these findings with
those available in the academic literature. Lotteau et al. [27] conducted a comprehensive
review of the current state of knowledge regarding LCA at the neighborhood level, as
illustrated in Table 3.

They observed a fluctuation in carbon levels ranging from 11 to 123 kgeqCO2/m2

of floor area per year, and primary energy use varying from 20.5 to 461.2 kWh/m2 of
floor area per year. In contrast, this study yielded a range of carbon levels from 7.50 to
35.10 kgeqCO2/m2 of floor area per year. We find that our values (refer to Table 4) align
closely with the intervals suggested by Lotteau et al. [27]. Therefore, our results are within
a reasonable order of magnitude. However, it is important to note that this comparison
does not confirm the absolute accuracy of our findings.

Table 4. Concentration of carbon and energy demand per area in some countries.

Countries

Sustainable Neighborhood:
Greenhouse Gas

(kgCO2eq/Year/m2)

Rural Neighborhood:
Greenhouse Gas

(kgCO2eq/Year/m2)

Urban Neighborhood:
Greenhouse Gas

(kgCO2eq/Year/m2)

Living Area Floor Area Living Area Floor Area Living Area Floor Area

Austria 50.0 12.3 140.0 - 190.0 18.7

Belgium 30.0 9.6 120.0 180.0 17.6

Bulgaria 90.0 19.6 170.0 260.0 25.5

Croatia 40.0 9.2 130.0 - 230.0 22.1

Cyprus 50.0 11.5 110 - 160.0 15.4

Denmark 30.0 7.5 150.0 - 260.0 25.6
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Table 4. Cont.

Countries

Sustainable Neighborhood:
Greenhouse Gas

(kgCO2eq/Year/m2)

Rural Neighborhood:
Greenhouse Gas

(kgCO2eq/Year/m2)

Urban Neighborhood:
Greenhouse Gas

(kgCO2eq/Year/m2)

Living Area Floor Area Living Area Floor Area Living Area Floor Area

Finland 40.0 8.7 170.0 - 320.0 31.0

France 30.0 7.5 100.0 - 170.0 17.0

Germany 60.0 11.7 140.0 - 190.0 18.9

Greece 50.0 11.0 120.0 - 180.0 17.6

Hungary 50.0 11.4 140.0 - 190.0 18.8

Ireland 40.0 10.1 130.0 - 240.0 24.0

Italy 60.0 12.9 110.0 - 190 18.5

Luxembourg 80.0 17.4 160.0 - 260.0 25.4

Netherlands 90.0 19.4 120.0 - 210.0 20.4

Poland 140 32.3 170.0 - 300.0 29.6

Portugal 60.0 14.3 90.0 - 150.0 14.8

Romania 70.0 16.3 130.0 - 240.0 23.8

Slovenia 60.0 12.6 140.0 - 250.0 24.5

Spain 40.0 9.0 120.0 - 160.0 15.5

Sweden 70.0 14.8 150.0 - 280.0 27.4

4.2. Simulation of Initial Neighborhoods
4.2.1. Environmental Impact Analysis

Once, the LCA of each single building in every neighborhood has been completed, the
results must be aggregated and all the impacts emanating from the neighborhood added.
Here, we go to a higher scale. In the same way, as we did for the buildings, we fill in some
key data about the site.

To start, we are required to specify the energy mix used for electricity consumed
by public lighting. Naturally, we apply the same energy mix as the one used for the
buildings. The transportation distances from the factory to the site, and from the site to
the waste management centers, are also consistent with those previously indicated for the
buildings [34].

For the base case, we assume the absence of rainwater harvesting systems to evaluate
their impact later. Thus, no rainwater is initially directed through a separate drainage
system. Our analysis includes underground systems for potable water and wastewater.
We account for the environmental effects of their construction and losses. After a brief
survey, we estimate that there are 1200 m of pipes for drinking water and the same amount
for wastewater. Drinking water pipes are made from 50% polyethylene and 50% ductile
iron, with estimated losses of 15%. Polyethylene pipes have a lifespan of 75 years, with
maintenance needed every 40 years. Cast iron pipes have a service life of 100 years,
requiring maintenance every 50 years. For the wastewater system, the losses are estimated
at 3%, with a lifespan of 75 years and maintenance after 40 years.

By making the LCA of every single district located in the different EU, the results
grouped in Figures 5–7 were obtained. In fact, the data collected in the experiments on
Belgian neighborhoods as detailed in the previous paragraphs allowed for us to carry out
LCA of the initial neighborhood, and then the standard parameters were used in the case
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of each country as found in the literature. For example, in the Ecoinvent database, most of
the EU materials of construction are given. The climate of each of the regions of the EU
countries was downloaded using the Meteonorm software suite as described above; the
energy mix of each of the EU countries and the electricity mix of each of the cities studied
can be found on the site of the IEA, the transport mode of each country is standard, etc.
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It was found that the carbon emission varied from 217,770.0 to 934,670.0 kgCO2·year,
with an average of 384,106.190 kgCO2·year in the sustainable neighborhood; between
389,220.0 kgCO2·year and 773,390.0 kgCO2·year, with an average of 591,015.4 kgCO2·year,
in the urban district; and from 261,410.0 to 598,700.0 kgCO2·year, with an average of
402,205.7 kgCO2·year in the rural neighborhood (see Figures 5–7). These results showed
that carbon emission is the highest in an urban neighborhood, and the lowest in a sustain-
able neighborhood. In fact, the concentration of carbon dioxide produced in the sustainable
neighborhoods per year is 35% lower than this generated in the urban neighborhoods. In
addition, this one is 31.9% lower in the rural neighborhoods than in the urban neighbor-
hoods [35].

It is very interesting to notice that Poland produced 4.4 times more carbon dioxide
than France, 3.4 times more carbon dioxide than Belgium, and 2.7 times more than Ger-
many. Table 4. Shows the quantity of carbon and energy per living and floor area in the
three districts.

4.2.2. Environmental Cost Analysis

As explained in the previous paragraph, the unit of the environmental cost for each
European Union region was given in Reference [36] (Global method monetize).

For calculating environmental cost in 2050, we evaluated the environmental impacts in
2050 according to the IPCC scenario; then, we converted the different environmental quan-
tity by cost by using the formula mentioned in the Table 2 (example 1 kgCO2eq = EUR 0.05).

The carbon emission cost varied between EUR 10,888.5 and 26,733.5 in sustainable
neighborhoods; from EUR 16,461.0 to 38,669.5 in urban neighborhoods; and between
EUR 13,070.5 and 29,935 in a rural neighborhood. Globally, as shown in Figures 8 and 9,
the carbon dioxide cost is 35% higher in urban than sustainable neighborhoods, and
32% higher in urban than rural neighborhoods. Regarding these results, we concluded that
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the carbon emission cost was the highest in an urban neighborhood, and the lowest in the
sustainable neighborhood.
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4.3. Prediction in 2050
4.3.1. Environmental Impact Analysis

Figure 10 shows the prediction in 2050 of carbon emissions of the two studied neigh-
borhoods. The carbon output levels of the districts are projected to range between 43,780.0
and 502,670.0 kgCO2 in sustainable areas, and between 346,380.0 and 713,070.0 kgCO2 in
urban areas. These findings suggest that the carbon emission density will increase by 25%
to 40% by 2050 in both neighborhood types, compared to the current reported average
values. By 2050, the carbon emission density from urban neighborhoods is expected to be
77.0% higher than that of sustainable neighborhoods.
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Figure 10. Carbon emissions in sustainable and urban neighborhoods in 2050.

It was determined that the carbon emissions of the neighborhoods situated in Poland,
Lithuania, Latvia, and Luxembourg were the highest in Europe. The quantity was roughly
45% greater than the average CO2 emissions in the neighborhoods of other EU nations.

4.3.2. Environmental Cost Analysis

Figure 11 shows the carbon emission cost in 2050; it is interesting to notice that this cost
varied between EUR 2189.0 and 25,133.5 in the sustainable district, and from EUR 17,319.0
to 35,653.5 in an urban district. The average cost of carbon in the different countries is
13,419.9 and 27,538.7 in sustainable and urban neighborhoods, respectively. This means
that if no measures were taken to limit the evolution of the climate, in 2050, the carbon cost
would be expected to be 105.2% higher in the urban than in the sustainable districts. The
carbon cost would increase to 30.2% in sustainable district and 6.8% in the urban district in
the next decade (2050), compared to the concentration obtained currently.
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4.4. Mitigation Strategies: Impacts of Photovoltaic Panel
4.4.1. Environmental Impact Analysis

In the order to reduce the quantity of CO2 emissions and energy demand coming from
fossil fuel, we decided to apply PV panels in an urban and rural neighborhoods, as detailed
in Section 3.5.

In Figure 12, we see the variation in CO2 concentration before and after installing PV
panels in the different countries. Globally after installing PV panels, the CO2 emission
decreases on average to 29.3% in both districts, or only 14.8% in the urban district and up
to 43.9% in the rural.

 

 

 

 
Atmosphere 2025, 16, x  https://doi.org/10.3390/xxxxx 

 

Figure 10. 

 

Figure 12. 
Figure 12. Variation in carbon emissions after installing PV panels in urban and rural districts in
EU countries.

4.4.2. Environmental Cost Analysis

It was noticed that the cost of carbon emission and energy demand varied after
applying PV panels in the rural and urban districts, as shown in Figure 13. Globally, this
cost decreases on average to 15.9% in an urban neighborhood, or to 14.2% in Austria, 13.5%
in Belgium, 13.9% in Croatia, 6.7% in Finland, 91.0% in Germany, 25.3% in Greece, 4.3%
in Ireland, 13.2% in France, and 12.9% in Italy. In addition, the carbon cost decreases to
44.6% in the rural district, or, for example, 53.4% in Belgium, 61.2% in Bulgaria, 58.8% in
Croatia, 96.8% in Finland, 48.05% in France, 56.6% in Ireland, 67.3% in Sweden, and 14.3%
in Poland.

4.5. Mitigation Strategies: Mixed Scenario

In this subsection, we implemented a mixed mitigation scenario that combines three
main actions: (i) extensive renovation of all buildings (100%), (ii) full electrification of
vehicles, and (iii) integration of photovoltaic (PV) systems for renewable energy supply.
As illustrated in Figure 14, the application of this integrated scenario would allow for a
90.1% reduction in total carbon emissions across all neighborhoods by 2050 compared to the
reference year (2020). When disaggregated by neighborhood type, the average reduction
in CO2 emissions is 96.7% in urban areas and 83.3% in rural areas. This highlights a clear
disparity in decarbonization potential, largely attributed to differences in building density,
public transport availability, and energy infrastructure. The mitigation impact is more
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significant in urban settings, where compact urban form, higher building efficiency, and
greater PV yield per square meter contribute to deeper emission cuts. To better visualize
these differences, a comparative summary of CO2 reductions and environmental impact be-
tween scenarios and neighborhood types has been included in the updated Results Section
(see Figure 14). From a policy and planning perspective, this scenario demonstrates that a
holistic decarbonization strategy—combining energy efficiency, transport electrification,
and renewable energy generation—is crucial to achieving net-zero targets at the local level.
The findings support the need for tailored policy incentives and infrastructure investments
that account for the specific characteristics of both urban and rural neighborhoods. This
integrated approach could significantly contribute to achieving the goals of the EU Green
Deal and complying with the Paris Agreement by helping stabilize global temperature
increases around 1.5 ◦C. Our results suggest that implementing such strategies at the
neighborhood scale could serve as a replicable model for low-carbon urban development
throughout the European Union.
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In addition, more than 90% of the environmental cost is expected to be reduced in
2050 by applying this scenario in urban and rural neighborhoods.

5. Discussion
The first part of this section is constituted of an analysis and comparison of results; the

second section shows some adaptions, then policies, and finally limitations.

5.1. Analysis and Comparison
5.1.1. Confrontation Between Environmental Impacts from Initial Districts

Let us take a look at the “greenhouse effect” impact on the sustainable neighborhoods.
Overall, we note the dominant presence of the occupancy phase, which accounts for approx-
imately 93% of greenhouse gas (GHG) emissions. Within this phase, transportation is the
leading contributor, responsible for 46% of emissions. Following this, heating and domestic
hot water (DHW) together contribute to 24% of emissions, while waste management during
the use phase represents 15% of emissions. Emissions due to household waste management
are comparable to those due to DHW production (15% of use phase emissions) [36,37]:

• Emissions due to heating represent only two-thirds of emissions due to the production
of DHW.

• Emissions resulting from the movement of inhabitants make up nearly half of the
emissions during the use phase. These features are primarily due to the fact that the
excellent thermal efficiency of our structures significantly lowers their heating needs.
Now, when we examine the “primary energy requirement” impact, the use phase
remains dominant (96% of the overall energy demand), mainly because it includes
mobility and waste disposal.

We can thus observe the substantial contribution of the mobility aspect and the do-
mestic waste management aspect in life cycle assessment (LCA) at the neighborhood scale.

On the other hand, the results showed an average concentration of carbon estimated
to 58.6 kgCO2/m2·year in the sustainable district; 133.8 kgCO2/m2·year in the rural dis-
trict; and 219.5 kgCO2/m2·year in the urban neighborhood. This mean dioxide carbon
distribution is 73.3% higher in urban than a sustainable neighborhood, and 39.0% higher in
the urban than rural neighborhoods. We deduce that the concentration of carbon dioxide is
the highest in the urban and lowest in sustainable neighborhoods. This may be because of
the strong population concentration in urban region and the dense flux of transportation.
Because of the increasing urban population and also the amount of time people spend in
buildings, nowadays, buildings are responsible for majority of CO2 emissions that impact
climate change. At the neighborhood scale, one strategy for adapting to new climate change
is to develop resilient designs able to resist to the natural disasters and simultaneously
minimizing the effect on the natural environment. Additionally, mitigation could be reach
by integrating decentralized energy systems for districts; however, this option required a
significant initial cost.

5.1.2. Confrontation Between Environmental Impacts from Future Districts

The construction industry is acknowledged as one of the most resource-demanding
sectors, particularly in terms of natural resources, especially fossil fuels. It generates
significant environmental consequences simultaneously. In many European Union nations,
the building sector is accountable for 35% of greenhouse gas emissions [38] and 50% of
total material extractions [39]. Building materials, such as heating and cooling systems,
insulation type, building shape, orientation, and density have a significant impact on
greenhouse gas emissions [37]. With reasonably built densities and occupancy rates, the
sustainable districts represented an interesting alternative to more rapidly reach the net-
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zero energy and neutral carbon target because of the adaption of this type of neighborhood
to the new climate.

If no action is taken to limit the increase in air temperature, in 2050, dioxide carbon is
expected to increase between 25 and 40% in sustainable and urban neighborhoods. The
carbon emission concentration is expected to be 77.0% higher in urban neighborhoods than
in sustainable neighborhoods, and around 35% lower in sustainable than more conventional
neighborhoods met in the European Union. This is a big problem because this situation
will affect human health. The concentration of carbon dioxide is the highest in urban and
lowest in sustainable neighborhoods for many reasons: the urban districts are denser in
population, it is difficult to control urban mobility, building materials are not adapted to the
new climate, the waste treatment process is not fully controlled, and electricity production
source is a fossil in the majority. This is not the case in sustainable districts. This work
presents the influence of the energy mix on the quantity of carbon dioxide produced at the
neighborhood level; this is very significant because it can help us know the climate variation
in the future. This conclusion confirms the advice of Nick et al. [40], who suggested that in
each country, the energy mix has a huge impact on CO2 generated.

Our study reveals that the carbon emission levels are notably high in Poland, Bulgaria,
and Romania. These findings were not unexpected, as it is well known that over 70% of
the energy consumed in these countries is derived from fossil fuels, such as oil, coal, and
others. Conversely, in countries like Denmark, Sweden, and Finland, the emission rates
are lower, likely due to the extensive use of renewable energy sources. Additionally, in
Germany, France, Italy, and Belgium, the levels of greenhouse gas emissions are relatively
moderate, which could be attributed to the fact that heating and electricity are predomi-
nantly produced using gas, nuclear, and renewable energy sources. Table 5 illustrates the
projected rise in carbon and energy costs by 2050. Neighborhoods can implement various
cost-effective strategies to help mitigate carbon emissions, such as shading building facades,
utilizing energy-efficient lighting, walking or cycling to work, carpooling, and promoting
the use of public transportation.

Table 5. The cost increase in 2050 in some European Union countries.

Countries Sustainable Neighborhood Urban Neighborhood

Rate of Increase of Total CO2
Emission Cost by 2050 (%)

Rate of Increase of Total CO2
Emission Cost by 2050 (%)

Austria 38.8 6.7

Belgium 54.3 9.6

Bulgaria 58.1 16.1

Croatia 12.9 3.7

Cyprus 29.7 4.6

Denmark 34.9 9.1

Finland 45.4 6.9

France 29.8 17.2

Germany 35.4 4.3

Greece 55.0 0.1

Hungary 30.0 2.4

Ireland 48.9 4.3

Italy 39.2 9.2
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Table 5. Cont.

Countries Sustainable Neighborhood Urban Neighborhood

Rate of Increase of Total CO2
Emission Cost by 2050 (%)

Rate of Increase of Total CO2
Emission Cost by 2050 (%)

Luxembourg 16.9 1.2

Netherland 77.4 3.8

Poland 46.2 1.4

Portugal 26.2 4.6

Romania 19.3 42.0

Slovenia 1.5 5.3

Spain 12.4 13.1

5.1.3. Confrontation of Environmental Impacts After Applying PV Panels

As explained in the last section, after applying PV panels on the building roofs in
urban and rural neighborhoods, the CO2 emission decreased to 29.3% in both districts.
This result is very important: this means that we could reduce more than a quarter of CO2

emissions in some cities located in EU countries just by using PV panels. The implications
are direct on environmental cost; so, we noticed that dioxide carbon cost decreases up to
15.9% and 44.6% in urban and rural neighborhoods, respectively. This conclusion confirms
the results of research carried out by Ciobanu et al. [41], who found that fossil energy has a
huge, positive impact on environmental damage, whereas renewable energy such as PV
showed a negative impact on environmental damage and could be one of the solution to
mitigate environmental hazards.

In EU countries, the part of renewable energy in energy consumption increased from
9.6% by 2004 to 22.1% by 2020, thus exceeding the EU target, which was to reach up to
20% of the renewable in the energy mix in most of the EU countries in 2020 [42]. This
result is appreciated, although a lot needs to be done to significantly reduce the rate of
carbon emitted. The increase in renewable in energy mix in 2020 was partly prompted by
the decrease in the consumption of fossil fuels because of the COVID-19 pandemic. So,
the new EU target for 2030 is set to reach up to 32% of renewable energy. To properly
understand the different variations in the dioxide carbon rate produced in each country,
the share of renewable energy (solar energy + wind energy + hydraulic, etc.) in the energy
mix must first by analyzed for each EU country. We noticed that in 2020, renewable energy
represented up to 60.1% of the energy mix in Sweden, 43.8% in Finland, and 42.1% in
Latvia. In contrast, it was only 10.7% in Malta, 11.07% in Luxembourg, and 13.0% in
Belgium [42]. The big difference comes from the endowment of natural resources such as
the sun, wind, sea, etc. It was very interesting to notice that from 2004 to 2020, seventeen
countries in the EU have at least doubled their share of renewable energy in the energy mix.
In Poland, renewable energy only contributes to 10% of the energy mix, which is why the
percentage of CO2 emissions remains high compared to other EU countries. The results of
the greenhouse gas life cycle assessment varied from one region to another and enormously
depended on the scope of study and assumptions fixed; for example, in 2019, Trigaux
et al. [31] assessed the greenhouse gas emissions from households in various European
cities and implemented mitigation strategies. A typical household’s carbon footprint was
estimated to be around 6930 kgCO2-eq/year, which is comparable to the annual carbon
sequestration of 0.51 hectares of forest [43–48]. In another study by Reusswig et al. [49]
in 2021, the carbon footprints of households in a German city were analyzed. The study
compared voluntary carbon emission reductions in 2018 with the involuntary reductions
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during the coronavirus disease 2019 (COVID-19) pandemic. The researchers installed
carbon trackers in households to monitor their carbon footprints related to mobility, food
consumption, and electricity use. The findings revealed that households reduced their
CO2 emissions by an average of 11%, with some individuals achieving reductions of up
to 40%. The presence of the COVID-19 pandemic resulted in a reduction of up to 10% in
carbon emissions in Germany; however, scientists anticipated that emissions would rise
again as economies rebounded post-pandemic. Most of the initiatives adopted to reach
carbon neutrality at the neighborhood level will have a necessarily large economic impact.
Indeed, the economic impact of carbon neutrality is in most cases due to a shift related to
economic development models, as well as energy consumption and production. It was
noticed that carbon neutrality will impact the economic growth toward sustainable, green,
and low-carbon development, and it could also impact emerging technology trends, such
as energy efficiency technology, energy storage technology, and recycling technology.

5.1.4. Summarize of Scenario

Applying a mixed strategy, as explained in the last section, on average, 90.1% of total
carbon emissions are expected to be reduced in 2050. This result is very interesting because
it shows us the way to reach our target objective in 2050. This scenario has a bigger effect in
urban than rural districts. This could be due to the presence of a strong population rate in an
urban city, with the added implication of huge traffic jams. A substantial reduction in CO2

emissions could be achieved by choosing building materials better suited to the changing
climate. Our findings indicate that the shading effect is significantly more pronounced in
urban areas compared to rural ones. However, the variation in solar energy generation
between different types of neighborhoods does not appear to alter the energy priorities
and strategies at the neighborhood level. Focusing on greener mobility solutions and
incorporating local renewable energy sources are among the most effective strategies and
will remain crucial for achieving carbon neutrality by 2050 [45–49]. Table 6 shows the
reduction percentage for each scenario in detail.

Table 6. Reductions (in percentage) in CO2 emissions based on mixed scenarios.

Countries

Scenario (0)
(Initial District):

Greenhouse Gas Emission
(GHG)

(kgCO2·year)

Scenario (1)
Percentage of Reduction

in GHG After PV

Scenario (2)
Percentage of Reduction in

GHG After (Combining
Global Warming Measures,
Full Building Renovation

(100%), 100% Electric
Vehicles, and Solar Panels)

Austria 470,540.0 10.1% 90.4%

Belgium 404,005.0 9.4% 89.5%

Bulgaria 595,680.0 14.1% 91.4%

Croatia 479,685.0 13.9% 90.0%

Cyprus 360,600.0 23.5% 88.5%

Denmark 539,455.0 18.0% 90.7%

Finland 641,210.0 8.6% 91.5%

France 361,810.0 9.0% 88.1%

Germany 463,840.0 8.2% 90.2%

Greece 400,645.0 29.8% 89.1%
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As seen in [50], light and heavy renovations, coupled with the current renovation rate,
can lead to a reduction of up to 20% in carbon emissions. A study carried out by Osman
et al. [24] provides insight into the impacts of climate change on renewable energy sources
(solar, wind, geothermal, hydropower, and biomass), and their future prospects under
climate change scenarios. The findings of this study offer meaningful insights for urban
planning and policy-making, particularly in the context of achieving climate neutrality
targets set by the European Union and the Paris Agreement. The significant reductions in
CO2 emissions observed—especially under the mixed scenario—underscore the critical
role of integrated strategies that combine building renovation, transport electrification, and
renewable energy deployment. From a policy standpoint, this suggests that comprehensive
renovation programs (targeting 100% of existing buildings) should be prioritized, especially
in urban neighborhoods where the potential for emissions reduction is highest. At the same
time, rural areas require context-specific policies to overcome structural limitations such
as lower building density and limited infrastructure for renewable energy systems. The
transition to renewable energy, notably through the integration of PV systems, is shown to
be a highly effective lever for decarbonization. Therefore, decision-makers should consider
strengthening subsidies, tax incentives, and regulatory frameworks that promote on-site
solar generation, particularly in combination with electrified mobility systems. This study
also highlights the importance of planning at the neighborhood scale, which allows for
localized strategies tailored to specific socio-technical contexts. Such spatially targeted
approaches enable more accurate forecasting, efficient resource allocation, and stronger
public engagement.

By adopting the net-zero carbon emission decarbonization roadmap, the outlook for
renewable energy becomes highly encouraging, with the potential to substitute fossil fuel-
based energy and help restrict the global temperature increase to 1.5 ◦C by 2050 [38,50].
The principle of carbon neutrality can deliver substantial benefits related to the survival of
mankind. A zero carbon goal is possible with the adoption of the Carbon-Neutral Protocol
framework. Our results should thus help politicians to increase their decision without
harming the environment. According to Fawzy et al. [51], residential and commercial build-
ings could achieve zero emissions in the future by using sustainable building envelopes,
renewable materials, and 3D printing. Moreover, this objective can be attained by upgrad-
ing heating and cooling systems powered by renewable energy sources and promoting
the adoption of high-efficiency technologies. The implementation of sensors to oversee
and control smart building components—such as lighting—as well as advancements in
both electric and thermal energy storage systems present promising strategies. In addition,
electromechanical devices in residential buildings should carry eco-certification labels, and
baseline performance standards must be enforced for heating, ventilation, and air condition-
ing (HVAC) systems. Incorporating wood into structural design is also vital, as one cubic
meter of wood can retain approximately 0.5 tons of carbon; therefore, timber buildings and
urban developments can function as carbon sinks. Furthermore, enhancing construction
materials through the integration or coating of nanoparticles can improve their physical
properties, contributing to increased sustainability. Ultimately, significant efforts should be
directed toward both new developments and the retrofitting of existing buildings to meet
carbon neutrality targets. Strategic and well-informed planning is critical to prevent poorly
designed and overly ambitious initiatives, which may result in unachievable outcomes, as
evidenced by the failure of several smart city projects worldwide. The strategy outlined
in this study supports the broader climate objectives of the European Union by targeting
carbon neutrality at the neighborhood level—a scale that enables tangible action and citizen
engagement. Specifically, it echoes the vision of the European Green Deal, which promotes
the transition to climate neutrality by 2050 through energy-efficient infrastructure and
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sustainable communities. Our multi-scenario approach also complements the goals of the
Fit for 55 package, which sets a 55% emission reduction target by 2030. This package em-
phasizes decentralized renewable energy, improved building performance, and inclusive
climate action—all elements incorporated into our modelling framework. Furthermore,
the method is adaptable to the priorities of various National Energy and Climate Plans
(NECPs). These plans define how each member state contributes to EU-wide climate objec-
tives, and our proposed strategy offers a flexible, replicable tool for supporting local-level
implementation of those plans across different geographic and socio-economic contexts.
Parameters related to local urban morphology—such as building density, height-to-width
ratios of streets, orientation, and surface coverage—significantly influence energy demand,
solar potential, and microclimate conditions in neighborhoods. Similarly, climatic zones
affect heating and cooling needs, renewable energy production potential, and material
performance over time. These factors must be integrated into carbon neutrality assessments,
as they shape the environmental impact and feasibility of mitigation strategies. In this
study, while the baseline models are based on Belgian neighborhoods, we acknowledge
that urban form and climate conditions vary across EU regions and should be adapted
accordingly in future work.

In this study, the results obtained for urban and rural neighborhoods in terms of CO2

emission reduction align with trends observed in zero-emission neighborhood projects in
other European cities. For instance, the Schoonschip project in Amsterdam demonstrated a
significant reduction in CO2 emissions, with a focus on integrating net-zero energy floating
homes, resulting in a 50% reduction in emissions compared to traditional buildings [44].
Similarly, the Hammarby Sjöstad project in Stockholm achieved a 30–40% reduction in
carbon emissions compared to a standard urban area through a combination of renew-
able energy and heating systems, along with the use of sustainable materials [37]. In
comparison, our study shows that integrating major building renovations and adopting
100% electric vehicles could reduce CO2 emissions by 90.1% by 2050 in urban areas, a
similar but potentially more ambitious impact. These results confirm that initiatives such
as improving building energy efficiency, transitioning to electric vehicles, and adopting
renewable energy solutions can be effective strategies for achieving carbon neutrality goals
in urban neighborhoods across Europe. However, it is important to note that projects in
Germany, such as Kronsberg, have focused on integrating green infrastructure and reducing
energy consumption from transportation, showing that a combined approach is necessary
to maximize decarbonization outcomes at the urban scale [52]. Therefore, while our results
are promising, the adaptation of specific strategies depending on the local context remains
crucial [53].

5.2. Adaptation and Mitigation Strategies

Mitigation and adaptation strategies are very important to reduce carbon concentration.
Utilizing solar energy in buildings as a substitute for fossil fuels results in significantly

lower carbon emissions, in fact, according to Barbara et al. [54], solar energy contributes
to a more robust and dependable power infrastructure compared to traditional above-
ground electrical grids, which are often susceptible to flooding and severe weather events
intensified by climate change. As declared by Grafakos et al. [55] in 2019, construction with
green walls and rooftops is necessary to reduce carbon emissions; indeed, green walls and
rooftops can mitigate global warming both by sequestering carbon and by reducing heat
islands. It is interesting to notice the increasing adoption of green roof facilities for floods
and storm water management.

In the cities, promoting public transportation, electrifying transportation, and raising
vehicle efficiency are some approaches to mitigate CO2 emissions in the transportation sec-
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tor. In urban planning, a compact city model—characterized by optimal population density,
diverse land use, and improved accessibility—supports both climate change mitigation and
adaptation [56]. Such urban forms help lower per capita energy consumption for heating
and cooling, reduce transportation needs, and enable the implementation of more efficient
energy systems. Carbon capture and storage is recognized as an affordable technology,
shown in the literature as one of the best strategies to reduce emissions in the old cities.
One approach is to separate and capture CO2 gases generated by processes that use fossil
fuels. This amount of captured CO2 is conveyed and sequestered for long-term periods
in underground geological formations. Zhao et al. [23] suggested that carbon neutrality
can be accomplished through both reductions in carbon emissions and the application of
negative emission technologies. These methods are enhanced by strategies like terrestrial
weathering, afforestation, reforestation, and ocean alkalinity enhancement, among others.

5.3. Policies

CO2 is lowered when low-carbon policies are implemented. Finnveden et al. [57]
examined various methods to assess China’s CO2 trading schemes between 2008 and 2018.
Their findings revealed a significant reduction in CO2 emissions across several regions
after the carbon trading policy was enforced. In 2022, the same researchers showed that the
ongoing implementation of a carbon trading initiative could lead to carbon neutrality. In
conclusion, the impact of policies aimed at reducing greenhouse gas outputs, including
mechanisms like emissions trading, climate-related levies, and targeted programs, are
essential elements that require careful evaluation by decision-makers.

As areas containing residential buildings, universities also can help to reduce carbon
emissions. For example, in 2022, Horne et al. [58] carried out a study by using a carbon
calculator at the University of engineering in Karachi, Pakistan. The results revealed
that in 2017, the campus was responsible for generating approximately 21,500 metric
tons of CO2-equivalent emissions, which corresponds to an average of 1.79 metric tons
of CO2-equivalent per student. The most impactful mitigation strategies recommended
including the adoption of energy-efficient equipment, the utilization of renewable energy
technologies, the transition to electric mobility, and afforestation initiatives. Given that
the residential sector plays a pivotal role in attaining carbon neutrality, it is essential to
incorporate climate change awareness programs aimed at informing individuals about
effective ways to reduce carbon footprints in domestic, educational, and professional
environments. As major notice, society can play a key role in carbon emission reduction.
The suggested strategies include energy-efficient appliances, walking or cycling to work,
efficient lighting use, shading facades, planting of trees, and converting to electric vehicles.

5.4. Sensitivity Analysis

To strengthen the robustness of our findings, we included a sensitivity analysis that ex-
plores the influence of key input assumptions on the overall carbon footprint results. Specif-
ically, we examined variations in building orientation (e.g., north-facing vs. south-facing
façades), national and regional energy mixes (ranging from fossil-intensive to renewable-
rich scenarios), and occupancy behavior or usage patterns (such as heating/cooling set-
points and daily energy use). The analysis reveals that changes in energy mix and user
behavior exert the greatest influence on life cycle emissions, while orientation has a moder-
ate but non-negligible impact, especially for passive solar gains and daylight availability.
These findings highlight the importance of contextualizing carbon neutrality strategies
within local climatic, technical, and social parameters.

5.5. Limitations

As with all studies in the literature, this scientific research has some limitations:
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(a) It is difficult to predict the future with exact accuracy;
(b) The urban morphology varies from one country to another;
(c) The energy mix of each country can vary at any period;
(d) Occupant behavior is difficult to quantify;
(e) Economic and population growth are different in each of these countries;
(f) Strategies of waste treatment are not the same in all European countries;
(g) Moving mode and population daily mobility vary from one country to another;
(h) It is certain that by combining wind turbines and solar panels, it was easier to achieve

carbon neutrality in the neighborhoods. This work will be the subject of the next study.

Carrying out a life cycle assessment city scale may be more interesting although harder
to achieve. Some of the parameters considered in this study are standards such as water
system, hot and cool water, occupant activity, etc. Despite these limits, it is important to
notice that the approach of study applied in this research is interesting because it enables
a holistic view of the concentration of carbon emissions at the neighborhood scale in
European Union countries. Nevertheless, this research already could be a publication topic
serving as a guide for future researchers in this field.

6. Conclusions
Summarizing, this research assessed the carbon dioxide emissions coming from resi-

dential districts initially built in Belgium that were adapted to the different countries of
the European Union. A strong predominance of greenhouse gas (GHG) emissions was
observed during the operational phase, accounting for approximately 93% of the total
emissions. Within this phase, daily transportation emerged as the primary contributor,
responsible for up to 46% of emissions. This was followed by heating and domestic hot
water (DHW), which collectively contributed 24%, while waste management represented
around 15% of the operational emissions. During the operational stage, mobility and
heating are among the main sources of carbon emissions; green mobility, as well as the
implementation of heat pumps, could allow for great reductions in CO2 emissions.

Average carbon was expected to be 58.6 kgCO2/m2·year in the sustainable district;
133.8 kgCO2/m2·year in the rural district; and 219.5 kgCO2/m2·year in the urban neigh-
borhood. These findings reveal that urban neighborhoods exhibit the highest levels of
carbon dioxide concentration, whereas sustainable neighborhoods demonstrate the lowest,
highlighting the effectiveness of sustainable planning in mitigating emissions. Most of the
new districts should be more fitted to the new climate or made durable for limiting the
concentration of CO2.

Encouragingly, it remains possible to limit the increase in global air temperature to
approximately 1.5 ◦C over the next decade, particularly through the implementation of
integrated mitigation scenarios. All European Union countries should start by reducing the
percentage of fossil fuel in the energy mix to less than 40% in 2030 in favor of renewable
energies. The results showed that heavy renovation is more beneficial in old buildings.
The analysis revealed that in urban districts, building-related components—particularly
electricity consumption—were the primary contributors to emissions at the neighborhood
scale. As a result, the adoption of sustainable construction materials and enhanced thermal
insulation is strongly recommended. Additionally, factors such as building orientation,
the presence or absence of permeable surfaces, integration into public transportation
networks, reduction in daily commuting distances, and increases in uninhabited green
or open spaces can all significantly influence emission levels. The use of low-carbon
technologies in residential neighborhoods is seen as key to decarbonization and combating
temperature change. Therefore, in the transition to a low-carbon, green, and flexible
energy system, the role of sustainable neighborhoods and their acceptance of new, low-
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carbon smart technologies is also very important. In addition, this research explained
several other strategies mentioned in the literature to achieve carbon neutrality in the
building, neighborhood, and city sectors. It is essential to lessen the heavy reliance on fossil-
based energy and to accelerate the deployment of alternative renewable energy sources
while simultaneously advancing low-emission technologies. The principal approaches
for achieving an energy shift should focus on boosting energy performance, transitioning
energy services to electricity, and expanding the use of various forms of clean energy. New
urban developments should be designed to be resistant to natural disasters by limiting
disturbances to the ecological environment. Considerable efforts are also needed to retrofit
existing communities to align with carbon neutrality goals. Life cycle assessment (LCA) is
advised as a standard practice for evaluating all decarbonization strategies and multiple
elements of carbon-neutral infrastructure. In a future study, we should assess the different
impacts of gardens and wind turbines on CO2 emissions on a district scale.
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