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Mah., Üniversite Cd., No: 37-39, Bornova, Izmir 35100, Türkiye; ebru.alakavuk@yasar.edu.tr (E.A.);
aleynakoyuncu23@gmail.com (A.K.); nilayderyabaro@gmail.com (N.D.B.)

2 Calor-e Oy, Lammaslammentie 6G 11, 01710 Vantaa, Finland
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Abstract

Neighborhood-scale decarbonization is essential to achieving urban climate neutrality, yet
existing methods often rely on complex, technology-intensive models that are difficult to
implement in aging urban areas. This study introduces a simplified smart analysis method
and decision-support framework to facilitate net-zero energy and emissions transitions
at the neighborhood level through impactful, low-disruption interventions. Applied to a
mixed-use neighborhood in Izmir, Türkiye, part of the European Union Mission for Climate-
Neutral and Smart Cities, the methodology evaluates four intervention strategies: rooftop
Photovoltaic systems, air-source heat pumps, solar-powered LED street lighting, and
repurposing idle public spaces. The analysis quantifies energy demand, CO2 emissions, and
economic performance based on standardized data and incremental renovation scenarios.
Results show that a gradual renovation approach, with a 10% annual replacement rate
for heating systems, full rooftop Photovoltaic deployment, and street lighting retrofitting,
can achieve a net-zero energy balance in 6–7 years. Redirecting fossil fuel and electricity
subsidies to support renewable technologies makes these interventions economically viable
within the same period. This framework demonstrates that neighborhood-scale climate
neutrality can be attained without extensive structural changes, providing a replicable tool
for cities with similar conditions aiming to meet European Union climate targets.

Keywords: net-zero energy neighborhood; urban renovation; smart analysis; decision-support
framework; EU Targets

1. Introduction
In 2022, the European Union (EU) broadly described its city mission for 2030 as a new

avenue to find ground-level solutions to some of humanity’s biggest challenges [1]. Cities
will play a crucial role in achieving climate neutrality by 2050, the goal of the European
Green Deal [2]. Although cities cover only 4% of the EU’s land area, 75% of the EU citizens
live in them. In addition, cities consume over 65% of the world’s energy and produce more
than 70% of global CO2 emissions [3,4]. In the city mission created to alleviate the climate
crisis, it has become important to accelerate the zero-emission and smartening of cities.
The EU aimed to reduce emissions to 55% by 2030 in 2022, and it added a new target of
66.25% to 72.5% by 2035 in 2025 [5]. The EU’s Mission for climate-neutral and smart cities
by 2030 aims to improve the quality of urban life for its citizens [1,3]. For the program,
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100 cities from the EU member states and 12 from associated countries were selected from a
pool of 337 cities. Seventy-one of the municipalities selected for the Mission are Eurocities
members. This case will further increase the cooperation network [6].

The EU stated that to reach this target, a renovation rate of at least 3% per year is
required. A 75% reduction in energy demand was needed to achieve climate neutrality
in 2050 [7]. Furthermore, the union decided to go to 2035 with an even more ambitious
target, since, based on the data, these targets will be achieved by 2030 [5]. “Cities” is
one of the mission’s common points, which was targeted for 2030 four years ago and for
2035 in November 2025. This target requires a neighborhood-scale renovation approach
that relies on the local framework, conditions, and societal partnership. Thus, stated
methodologies need to be simple to be understood and accepted by the local community
and decision-makers.

In parallel, the European Union has intensified its climate action agenda through
initiatives such as the European Green Deal and the Mission for Climate-Neutral and
Smart Cities, which aims to support 100 cities in achieving climate neutrality by 2030 and
2035. This mission underscores the need for neighborhood-scale renovation strategies
that are not only effective in reducing emissions but also socially acceptable, economically
feasible, and easily implementable within existing urban fabrics. To meet these ambitions,
methodologies must be sufficiently simple, transparent, and adaptable so they can be
understood and adopted by local stakeholders.

Urban areas play a central role in the global climate crisis. The modern world is
fast-paced, polluted, warm, technologically advanced, and densely urbanized. While
these cities are home to more than 50% of the world’s population, approximately 75% of
Europe’s population lives in cities. Estimates show that by 2050, 66% of society [8–10],
approximately 7 out of 10 people in the world, will be urban residents. It is also important
to remember that community life and the resilience of the built environment depend on
the urban environment and climate change [11,12]. Although they cover less than 2% of
the Earth’s surface, urban areas are among the most significant sources of pollution and
global warming. They consume more than 65% of the world’s energy and produce 75%
of greenhouse gas (GHG) emissions. These problems arise globally; thus, their effects are
global [3,13,14]. As solutions to existing global problems, the Smart Growth and Sustainable
Development paradigms were developed in the 1970s and were well shaped by the end
of the 20th century [15,16]. These two concepts are reflected in the definition of Net-zero
Energy Neighborhood (NZEN). All net-zero methods share 3 main elements: low energy,
low emissions, and a balanced economy [17].

Many net-zero systems studied in the literature involve high-tech, costly structural
changes to city infrastructure or the redesign of entire neighborhoods. This approach is
unsuitable for old city centers without damaging the neighborhoods’ social structures.
For net-zero changes in cities and the built environment, studies in the literature include
building materials [18], renewable systems, technological and strategic plans for zero-
energy regions [19–21], mobility in urban areas, and changes in the design, use, and identity
planning of urban spaces [22]. There are also studies on rainwater and urban streams [23,24].
There are also studies on the design and implementation of green assessment tools for
cities [25–27]. In addition, it is common to work with Geographic Information Systems
(GIS) and Building Information Modeling (BIM) models in research on cities [28,29]. BIM
is generally carried out in renovation scenario modeling by digitally simulating various
intervention options to improve the performance of an existing structure. Although this
study is a scenario-based application, it aims to offer the simplest and most practical
solution for a neighborhood area without using BIM. As a result, this study was conducted
to provide a solution not only for experts but also for diverse audiences [30].
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Some studies rely on neighborhood-scale energy modeling, such as Urban Building
Energy Modeling (UBEM), Urban-Scale Energy Modeling (USEM), or Community Scale
Energy Modeling (CSEM). This model simulates energy demand, supply, and flow for a
group of buildings, ranging from a single street block to an entire city area. Unlike BIM, it
considers urban-scale variables such as shading from neighbors, local wind speeds, and
mutual thermal effects (e.g., the urban heat island effect). GIS can also be used, with
geographic data integrated into this model [31,32]. Although the process followed in this
paper operates in parallel with UBEM, UBEM is a model that includes more data and
data-flow processes. This paper aims to develop a system that suggests neighborhood
revisions from a more practical perspective.

The concept of net-zero energy neighborhoods (NZEN) has emerged as a key frame-
work for addressing urban energy and emission challenges. The case studies on NZEN in
the literature have focused on renewable energy, heating systems [17], urban morphology,
urban heat islands, or green roof solutions for cooling [33–35]. While these approaches
provide analytical rigor, they often rely on high-resolution datasets, specialized technical
expertise, or large-scale physical transformations, thereby limiting their applicability in
real-world urban governance contexts. Some studies used the European Model for Power
System Investments with Renewable Energy (EMPIRE) method [36], which is complex and
requires programming knowledge.

However, much of the existing literature on net-zero neighborhoods and districts
emphasizes technology-intensive, large-scale, or high-cost solutions, including advanced
building retrofits, comprehensive infrastructure overhauls, or complex optimization-based
energy models. While these approaches offer analytical rigor, they often face significant
limitations in practice, particularly in aging urban neighborhoods, historic city centers, or
socially sensitive areas where extensive physical transformation may disrupt local identity
and social structures. Moreover, many advanced modeling frameworks require high-
resolution datasets, specialized technical expertise, and programming capabilities, which
are not always accessible to local governments or decision-makers.

Moreover, many neighborhood-scale studies focus on individual components—such
as PVs, heating systems, or green infrastructure—without offering integrated, decision-
oriented methodologies that local authorities can readily apply under financial, institutional,
and data constraints. As a result, a gap persists between ambitious climate-neutrality
targets and the practical tools available to municipalities to implement neighborhood-
scale transitions.

This study addresses this gap by proposing a simplified, smart, analysis-based
decision-support methodology for neighborhood-scale net-zero transitions that leverages
district-level decarbonization strategies and integrated urban energy systems. Instead of
focusing on individual buildings, a system that integrates multiple energy vectors [37] is
considered, along with a plan to reduce greenhouse gas emissions across a specific urban
area. This increases overall urban resilience. Rather than relying on complex optimization
models or comprehensive urban redesign, the proposed approach identifies a limited set
of high-impact infrastructural interventions that can be implemented incrementally with
minimal disruption to existing urban and social structures. The framework integrates
scenario-based energy and emission analysis with an economic feasibility assessment
aligned with current policy instruments.

The methodology is applied to a representative mixed-use neighborhood in IIzmir,
Türkiye—one of the cities participating in the EU’s Climate-Neutral and Smart Cities
Mission. By evaluating rooftop PV (PV) systems, air-source heat pumps (HP), solar-
powered LED (SPL) street lighting, and the strategic repurpose of idle public spaces, the
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study assesses both environmental performance and economic viability under realistic
renovation pathways.

The primary contribution of this research lies in reframing smart analysis as an opera-
tional, neighborhood-scale transition framework rather than a managerial checklist or a
data-intensive optimization tool. The study demonstrates that climate neutrality can be
achieved through incremental, high-impact interventions sequenced over time, offering
a pragmatic and replicable pathway for cities seeking to meet EU climate targets without
extensive structural transformation.

2. Materials and Methods
This study adopts a case-based, scenario-driven analytical research design grounded

in a simplified smart analysis framework adapted from the Specific-Measurable-Achievable
Relevant Time bound (SMART) concept originally defined by Doran [34,38]. This concept
can be confused with smart decision tools, which are sophisticated technological platforms
that facilitate data-driven, efficient urban management strategies. By integrating the
Internet of Things (IoT) and GIS, these tools enable advanced simulations across critical
sectors such as transportation, energy, and waste management. Furthermore, the evolution
of Artificial Intelligence (AI) significantly enhances the capabilities of these decision-support
systems. A prime example is Izmir’s current implementation of a fully adaptive traffic
management and information system [39,40]. However, this study adopted the definition
of “smart” based on its conceptual dimension rather than as a “smart tool”. In a sense,
the study also applies district-level decarbonization strategies, integrated urban energy
systems, and renovation scenario modeling, but these applications are discussed within a
more theoretical framework.

2.1. Research Design and Analytical Framework

In this research, smart analysis is operationalized as a decision-support framework for
evaluating neighborhood-scale net-zero energy transition pathways under realistic data,
institutional, and implementation constraints.

Unlike optimization-based, simulation-intensive, or programming-driven energy mod-
els, the proposed framework prioritizes procedural transparency, data accessibility, and
scalability. This design choice directly addresses a recurring implementation gap identified
in the literature. Although advanced models provide high analytical precision, their data
intensity and technical complexity often limit applicability for local governments and urban
planners, particularly in neighborhoods with aging building stock and fragmented datasets.

The analytical framework follows a stepwise structure consisting of four stages:

1. Identification of high-impact infrastructural intervention factors;
2. Scenario-based modeling of incremental renovation pathways;
3. Quantification of neighborhood-scale energy demand and CO2 emissions;
4. Economic feasibility assessment using return on investment (ROI) and break-even

point (BEP) indicators.

This structure enables the isolation of individual intervention effects while also captur-
ing their cumulative impact over time. Although the case study is geographically specific,
the analytical logic is not dependent on location. It can be transferred to other neighbor-
hoods with comparable climatic conditions, mixed-use patterns, and building typologies.

The neighborhood scale is deliberately selected as the primary unit of analysis, as it
represents the smallest effective scale at which urban energy planning, social dynamics, and
local governance intersect. The study is based on the neighborhood scale, considering the
smallest scale of urban planning and the smallest unit of urban government [41–43]. This
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scale enables meaningful emission reductions without requiring citywide restructuring or
deep building retrofits that may disrupt social and spatial continuity.

2.2. Data Sources and Assumptions

The analysis integrates primary field observations with secondary data sources, ensur-
ing both contextual accuracy and methodological replicability. Energy demand calculations
are based on standardized building-stock data aligned with Türkiye’s climate-zone classifi-
cation, ensuring consistency across building typologies and floor counts.

The primary data sources include:

• National statistical datasets—Turkish Statistical Institute (TSI-TUIK) [44];
• Standardized residential building energy demand coefficients-TS 825 [45];
• Climate and solar radiation data for Izmir;
• Literature-based performance parameters for PV systems and air-source HPs [46–48];
• Nationally reported emission factors for electricity and natural gas consumption.

To maintain transparency and reproducibility, average performance coefficients are
used rather than building-specific simulations. While this approach may not capture
micro-scale behavioral variations, it ensures that the methodology remains applicable in
data-limited urban contexts and supports comparative analysis across neighborhoods.

2.3. Identification of High-Impact Intervention Factors

The identification of high-impact intervention factors was conducted through a multi-
dimensional approach that integrated a literature review, field assessment, and site-specific
feasibility studies, resulting in the selection of four primary technological and infrastruc-
tural measures. These include the deployment of rooftop photovoltaic (PV) systems, the
integration of air-source heat pump (HP) systems for space heating, the conversion of
public lighting to high-efficiency SPL systems, and the functional repurpose of idle public
spaces for community-centered infrastructure. These interventions were prioritized because
they address the dominant contributors to neighborhood-scale energy demand—electricity
and thermal loads—without necessitating structural alterations to the existing urban mor-
phology. It would not be wrong to categorize the analyses conducted as belonging to
district-level decarbonization strategies and integrated urban energy systems.

Furthermore, these measures are consistent with current Turkish regulatory frame-
works and established technological standards for 2026 [49], such as the practical availability
of 19% PV conversion efficiency and the electrification of heating systems, aligned with the
national energy transition.

The selection of rooftop PV integration is supported by the Izmir region’s high solar
energy potential, with an average annual global irradiance of 1620–1700 kWh/m2, pro-
viding a robust resource for local energy harvesting. Similarly, the shift toward air-source
heat pumps leverages the region’s temperate climate, where moderate heating and cooling
loads enhance the seasonal performance factor of electrified thermal systems relative to
conventional fossil-fuel-based boilers. By focusing on these four factors, the methodology
prioritizes interventions with the highest emission-reduction potential per unit of disrup-
tion, enabling an incremental implementation strategy that remains economically evaluable
within existing subsidy structures. Rather than pursuing high-risk, data-intensive deep
retrofits or large-scale district heating networks, this approach identifies scalable pathways
that bridge the gap between theoretical climate neutrality and the practical institutional
and budgetary constraints of local municipalities.
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2.4. Scenario-Based Modeling Approach

To evaluate the individual and combined effects of the identified interventions, a
scenario-based modeling approach was employed. This model is It can be described as a
more mathematical and theoretical version of the urban renovation scenario. One Base Case
and four incremental intervention scenarios were defined. The Base Case represents the
neighborhoods’ current condition with no technological or infrastructural modifications.

The intervention scenarios progressively introduce the selected measures while pre-
serving existing land-use patterns and social structures. In addition, a gradual renovation
pathway was incorporated to reflect realistic implementation constraints, particularly for
heating system replacement.

Alongside making street lighting more energy efficient and installing rooftop PV
solutions, a 10% annual replacement rate for conventional heating systems with air-source
HPs was assumed, aligned with observed adoption rates in comparable urban contexts.
This gradual approach enables assessment of both short-term impacts and medium-term
transition dynamics, rather than relying on hypothetical full-scale implementation.

2.5. Energy Demand and Emission Calculations

The methodology for determining the energy performance of buildings in Türkiye is
governed by the National Calculation Method [45], which establishes the annual energy
consumption per square meter and the resultant CO2 emissions. To achieve this, the
primary objective is to calculate the net energy required for heating and cooling, while
accounting for system losses, efficiency, and ventilation needs. The calculation framework
integrates several critical inputs, including building geometry, thermal properties, internal
gains, and solar gains, all of which are processed through a “simple hourly dynamic”
calculation method. This semi-dynamic approach utilizes a resistance–capacitance (RC)
model to simulate the building’s thermal behavior with high precision, particularly during
transition seasons, by utilizing hourly climate data and operational temperature setpoints.
The energy balance is maintained by assessing heat transfer between the conditioned space
and the exterior, ventilation-related heat exchange, and the thermal storage capacity of the
building’s mass.

Central to this methodology is adherence to international standards, primarily ISO
52016-1:2017 [50], which provides the basis for calculating space-heating and cooling energy
use. The heat transmission loss coefficient further quantifies the thermal performance,
often expressed as U-values for various building components. For a specific zone, the total
transmission heat transfer coefficient Htr can be generally represented as the sum of the
heat transfer through all building elements:

Htr = ∑(UiAi) + ∑
(
Ψjlj

)
(1)

where U represents the thermal transmittance, A is the area, Ψ is the linear thermal transmit-
tance of thermal bridges, and l is the length of those bridges. Additionally, the methodology
accounts for air infiltration and mechanical ventilation, calculating the heat transport effect
based on the temperature difference between the indoor air and the supply air.

The methodology for determining building energy performance establishes clear
physical and operational boundaries to standardize the calculation of annual energy con-
sumption and CO2 emissions. The primary physical boundary is the building envelope,
which includes all opaque and transparent components separating the conditioned interior
from the external environment, with particular attention to thermal bridges and adjacent
unconditioned zones. Operationally, the system boundary is defined by the energy balance
of five core services: heating, cooling, ventilation, domestic hot water, and lighting. While
internal gains from occupants and electrical appliances are included as thermal inputs, the
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energy consumed by these devices is typically excluded from the final performance rating
unless they directly serve the building’s mechanical systems. Furthermore, the method-
ology incorporates a regulatory boundary using a Reference Building, which establishes
a baseline performance level (Class D) based on minimum standards, such as TS 825 for
insulation [45], and legal minimum efficiency values for mechanical equipment. These
boundaries ensure that the resulting energy identity is based on the building’s intrinsic
design and systemic efficiency rather than variable user behavior.

The thermal performance and energy demand of the neighborhood-scale model are
fundamentally governed by the standardized input parameters prescribed by the BEP-TR 2
methodology, which ensures a consistent baseline for internal heat gains, infiltration rates,
and occupancy schedules across all scenarios. Internal heat gains are operationalized by
building typology: residential zones are typically assigned a total load of approximately
11.5 W/m2, whereas commercial and administrative zones exhibit significantly higher
densities, ranging from 42.0 to 92.0 W/m2, reflecting increased sensible and latent loads
from equipment, lighting, and higher occupant density. Infiltration rates, which govern
uncontrolled ventilation heat loss, are modeled as fixed hourly air-change rates, with the
methodology assuming a baseline of 0.5 h−1 for standard construction. These thermal
loads are activated according to deterministic operational schedules: residential occupancy
is modelled at 100% capacity during the 07:00–23:00 active period, while commercial
schedules concentrate peak loads between 08:00 and 18:00. While these standardized
values provide the necessary scientific rigor for the sensitivity analysis and comparative
scenario assessment, they establish a deterministic boundary that simplifies the stochastic
nature of occupant behavior and the localized meteorological factors influencing real-world
infiltration [51].

All buildings in the area were calculated using the national methodology for both
the original and renovation scenarios. The combined effect of the entire neighborhood on
energy and emissions was obtained by summing individual calculations. Emissions are
calculated by emission factors for the national electric grid, natural gas, and other related
statistics [52]. All calculations are made using Microsoft Excel macro tools 2025.

The framework also encompasses lighting and domestic hot water energy require-
ments. Lighting energy consumption is determined by using the Lighting Energy Nu-
merical Indicator, which accounts for the availability of natural daylight, the efficiency
of lamps and luminaires, and the presence of automated control systems. For residential
buildings, the transition from incandescent lamps to high-efficiency compact fluorescent
lamps is emphasized as a primary driver for reducing CO2 emissions. Meanwhile, domestic
hot water calculations account for the energy required for heat generation, distribution,
and storage, as well as potential contributions from solar thermal systems. Mechanical
systems, including heat pumps, boilers, and HVAC units, are evaluated based on their
nominal power, partial-load values, and seasonal efficiency metrics such as the Coefficient
of Performance (COP) or the Energy Efficiency Ratio.

Annual neighborhood energy demand is calculated by aggregating building-level
energy consumption for heating, cooling, lighting, and auxiliary systems. Building energy
demand is estimated using standardized per-area consumption values corresponding to
local climate conditions and building typologies.

Renewable energy generation potential is calculated based on:

• Average annual solar radiation levels [53];
• Total available rooftop area;
• PV conversion efficiency [54].
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Photovoltaic (PV) generation (Epv) is estimated based on peak power (Ppk) and local
solar irradiation (Gsol) [48]:

Epv = Ppk
Gsol
Gref

fperf (2)

A performance ratio (fperf) of 0.75 is used to account for inverter efficiencies, tempera-
ture degradation, and wiring losses.

Emission calculations are conducted using nationally reported emission factors for
electricity and natural gas (NG) consumption. The integration of PV systems and HPs
is reflected through adjusted energy demand and emission coefficients, allowing direct
comparison across scenarios.

The technical and economic parameters are summarized in Table 1, which establishes
the fundamental boundary conditions for the neighborhood’s transition toward climate
neutrality. The model leverages Izmir’s high solar potential (1608 kWh/m2) and a 19%
photovoltaic conversion efficiency to optimize local renewable energy harvesting. On
the demand side, the thermal transition is modeled by replacing natural gas with air-
source heat pumps with a high Coefficient of Performance (COP of 5), thereby significantly
reducing primary energy consumption.

The environmental sensitivity of the framework is driven by the specific emission
factors for electricity (0.375 kg/kWh) and natural gas (0.185 kg/kWh), which prioritize
the electrification of heating as the primary decarbonization pathway. Furthermore, the
economic feasibility of the projected 6–7-year net-zero timeline is anchored in the strategic
reallocation of existing government subsidies—currently 80% for natural gas and 50% for
electricity—thereby lowering the financial barrier for high-capital expenditure technologies
like HP (priced at €11,500 per unit) and ensuring a competitive return on investment.
Energy prices are modeled as static in Euro terms to account for the historical decoupling of
Turkish energy tariffs from global trends. In the last decade, the depreciation of the Turkish
Lira has effectively offset domestic price increases, maintaining stable or declining costs in
Euro-denominated terms [55]. Using static prices ensures methodological conservatism;
should Euro-denominated prices increase due to future subsidy withdrawals, the actual
payback periods would be shorter than those reported in this study, thereby reinforcing the
economic argument for the proposed interventions.

Table 1. Technical, Environmental, and Economic Input Parameters for the Renovation Framework
[46,47,52,56–58].

Category Parameter Unit Value

Environmental Solar Irradiance (Izmir) kWh/m2 1608

Natural Gas CO2 Emission Factor kg/kWh 0.185

Electricity CO2 Emission Factor kg/kWh 0.375

Technical PV Conversion Efficiency % 19

Roof PV Utilization Rate % 100

Air-Source Heat Pump (HP) COP - 5

Average Air-Source HP Heating Power kW 22.64

Natural Gas Energy Content kWh/m3 10.55

Economic Electricity Unit Price €/kWh 0.084

Natural Gas Unit Price €/m3 0.29

PV Installation Cost €/kWh 700

HP Unit Cost (per heating capacity) €/kWh 137.64
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Table 1. Cont.

Category Parameter Unit Value

Average Air-Source HP Unit Price € 11,500

HP Installation Cost (per useful energy) €/kWh 0.30

Policy/Market Electricity Government Subsidy % 50

Natural Gas Government Subsidy % 80

Total HP Heating Power GWh 18.79

Total HP Annual Useful Heating Energy GWh 31,790

2.6. Economic Feasibility Assessment

Economic performance is evaluated using Return on Investment (ROI) and Break-Even
Point (BEP) indicators. Two policy conditions are assessed: Without government subsidies
and with subsidy levels equivalent to existing fossil fuel and electricity subsidies.

This dual assessment enables evaluation of policy sensitivity and highlights the role
of subsidy reallocation in accelerating neighborhood-scale decarbonization. The economic
analysis focuses on operational cost savings rather than long-term market speculation,
ensuring conservative and policy-relevant results.

2.7. Methodological Limitations

The methodology of this study prioritizes simplicity and transferability to ensure the
framework remains accessible to local decision-makers. Consequently, several deliberate
assumptions and boundaries were established. First, the analysis focuses exclusively on
operational emissions and energy demand; embodied carbon from construction materials
and infrastructure is excluded to maintain a clear emphasis on end-use decarbonization.
Furthermore, energy demand calculations rely on average performance coefficients rather
than building-specific dynamic simulations, and both energy prices and subsidy frame-
works are assumed to remain stable over the study period. These economic assumptions
reflect the historical decoupling of Turkish energy tariffs from global trends in Euro terms,
as discussed in previous sections.

A significant boundary of this research is the exclusion of operational power analy-
sis, such as voltage stability, reactive power compensation, and grid-side load shedding.
These assessments are governed by specific legal mandates held by Turkish Electricity
Transmission Corporation (TETC-TEİAŞ) (Ankara, Türkiye, at the transmission level) and
all distribution system operators in Turkiye (at the distribution level) and require propri-
etary, non-public infrastructure datasuch as individual transformer load profiles—that
are inaccessible for public research. While these issues are critical to power engineering,
they fall outside the administrative jurisdiction of local urban planners. Therefore, it is
acknowledged that a full-scale implementation of the proposed strategies would require
a secondary, high-voltage engineering phase conducted by utility operators to ensure
the existing infrastructure can accommodate projected load shifts, particularly regarding
large-scale heat pump integration.

Similarly, the study omits high-fidelity dynamic variables, such as building-to-building
micro-shading and Urban Heat Island (UHI) effects. While these factors influence individ-
ual cooling and heating loads in the dense urban fabric of Izmir, their explicit modeling was
bypassed to prioritize the scalability and practical utility of a neighborhood-scale frame-
work. In place of building-specific simulations, the study utilizes standardized building
archetypes derived from verified national and regional datasets. In a Mediterranean coastal
climate like Izmir—where thermal performance is primarily driven by broad solar-gain
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trends and ventilation strategies—these archetypes provide a statistically robust baseline for
district-level estimates. By focusing on aggregate energy trajectories rather than building-
specific stochastic variations, this approach ensures the resulting decarbonization roadmap
remains technically sound and strategically relevant for local policy formulation. These
limitations are acknowledged as deliberate methodological choices intended to enhance
the tool’s replicability across diverse urban contexts. Future research may refine this frame-
work by integrating life-cycle assessments (LCA), dynamic pricing scenarios, and social
acceptance factors to capture the evolving socio-technical landscape of energy transitions.

2.8. Sensitivity Analysis

The sensitivity analysis methodology for the neighborhood-scale renovation model
utilizes the elementary effect (EEi) to quantify the impact of specific technical and financial
interventions on the overall energy and economic profile. Following the global screening
approach established by Menberg et al. [59], the sensitivity of the output Y to the input xi is
evaluated by computing the change in the model’s output resulting from a standardized
perturbation (∆) of xi. In this context, the elementary effect is defined as

EEi(x) =
[Y(x1, . . . , xi + ∆, . . . , xk)− Y(x)]

∆
(3)

3. Case Study
The selected case study is located in Gazi Neighborhood, Gaziemir District, Izmir,

Türkiye—one of the cities participating in the EU Mission for Climate-Neutral and Smart
Cities. The city of Izmir is one of the selected cities in the EU 100 Cities Mission and is
Türkiye’s 3rd largest city. Figure 1 shows that the neighborhood has an area of approxi-
mately 694,000 m2 [60], and the selected case area is 277,000 m2.

 

Figure 1. Location of the area [(A): Gazi Neighborhood, (B):   Case study area].

The neighborhood represents a Mediterranean urban morphology characterized by
mixed land use, moderate energy demand, and aging building stock.

Türkiye’s neighborhood concept and size are slightly larger than those of its counter-
parts in Europe and America. Neighborhoods are connected to the mukhtar, the smallest
unit on the political scale. Mukhtars are generally concerned with the neighborhood’s popu-
lation, demographic structure, and characteristics in their sub-units, which can be compared
to city blocks. Nevertheless, mukhtars do not have any power in the structural and spatial
planning of the neighborhoods, which is undertaken by the municipalities [61,62]. Due to
the relatively large administrative size of Turkish neighborhoods, a representative sub-area
comprising approximately 40% of the neighborhood was selected. This area includes
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residential, public, educational, and commercial buildings, enabling a comprehensive
evaluation of neighborhood-scale interventions.

Firstly, the neighborhood’s identity, sociological, cultural, and economic structure
in Gazi Neighborhood were documented. Furthermore, the uses of the neighborhood’s
buildings were cataloged. This study shows that the buildings in the neighborhood serve
more than just as shelter. The area is open to many uses, such as public health, education,
and shopping. This information is used to keep socio-economic life unaltered by excessive
repurposing in the neighborhood.

The neighborhood includes government buildings such as Gaziemir District Munici-
pality, Gaziemir District Governorship Old Building (the new building has been relocated to
another Gaziemir Neighborhood), District Directorate of Food, Agriculture, and Livestock,
Post Office, and Izmir Metropolitan Municipality Vocational Factory Gaziemir Course
Center. In addition, non-governmental public buildings are also located in the district.
These buildings include Gaziemir Entrepreneurial Women’s Cooperative, Rota College
Gaziemir Campus, Yahya Kemal Beyatlı Middle and Primary Schools, and many private
courses and educational institutions.

District central branches of many private and state banks, as well as various public
and private health centers and polyclinics, are also located in this neighborhood. For
these reasons, Gazi Neighborhood can be considered mixed-use. The neighborhood is
experienced not only by its residents but also by residents from different districts, including
low- and high-income groups and various socio-cultural groups. The area around the old
District Governor’s Office was selected as the case base for the study. It was demolished at
the beginning of 2021. The area where the old District Governor’s Office is located, along
with the earthquake meeting area and the park next to it, is now inactive and no longer
used by the public.

First, the distribution of house diversity in the area (Figure 2) and the percentage
of grey and green areas (Figure 3) were calculated. Buildings, areas, and their functions
were identified. The residents’ closest and farthest public transportation points, and their
proximity to public transport, specified education and health units, and financial services,
were listed.

 

Figure 2. Building diversity distributions in the case study area (source: authors’ data archive).
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Figure 3. Green–grey area and road distributions in the case study area (source: authors’ data archive).

The first part of the analysis determined the minimum change required for an urban
area to be net-zero in emissions. Based on this decision, changes proposed for the envi-
ronment were studied for their respective impact, and the neighborhood was modeled
three-dimensionally (3D) for further analysis.

For the neighborhood renovation, this paper focused on the open green spaces, which
were partially demolished in 2021 and remained idle. The neighborhood, in its old and
proposed new forms, was modeled to support a sustainable solution through smart analysis
using AutoCAD 2020, Rhino 7, ArchiCAD 24, V-Ray 5, and Lumion 10.5. The changes were
made, and a 3D model was created for the neighborhood area (Figure 4):

 

Figure 4. General view of the case study area before (A) and after (B) the renovation (source:
authors’ model).

• A two-story community center that the municipality can use was constructed for the
residents and visitors of the neighborhood, on the remaining land from the old district
governor’s office.

• Nine new two-story villas based on the housing variety principle found in the sustain-
able neighborhood certificates [63,64] with high energy efficiency were designed for
the third vacant area on the old governor’s office building land.

• New basketball, tennis, and volleyball courts were designed for the idle areas, defined
as green areas in the neighborhood plan taken from the municipality, and supportive
planting proposals were made, but no serious landscaping was done. Slow traffic
enforcement ramps were suggested to control the traffic around the playground during
the daytime.

• A five-story smart car park for 300 vehicles is in the land of the former District
Governorship. In addition, it is expected that charging stations will be installed in
this parking lot to encourage the use of electric vehicles and foster a habit [65]. The
parking lot was designed to generate its energy with solar panels.
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• A disaster assembly area in the middle of the neighborhood answers the needs of
possible disaster victims. To accommodate different uses in the event of a disaster,
two indoor dining and drinking areas and a closed ceiling system in the middle of the
area were designed. The area includes a landscaping section that could be used for
gatherings, entertainment, and picnics during non-disaster times.

• Rainwater in the region will be stored and used to meet the water needs of landscaping
and other necessary areas.

The energy consumption and emissions of the buildings and streetlights in the region
were calculated, and it is projected that these buildings and streetlights will gradually
become more energy-efficient, with the greatest economic opportunities for the local com-
munity and government. At first, a solar energy-benefiting zone was defined by redesigning
or rearranging the empty spaces after the demolition. In this context, it was proposed to
install rooftop solar panels on residential buildings and then convert existing streetlights to
SPL and other high-energy-saving alternatives. Secondly, air-source HP installations were
suggested for the new facilities to reduce building heating emissions. The HP proposal was
introduced first for base case buildings, then only for new ones. After that, it was proposed
to make gradual progress over ten years for all buildings in the region (for example, first
year: 10% of buildings, third year: 30% of buildings, fifth year: 50% of buildings, tenth year:
all buildings) to increase energy efficiency. In the final stage, the economic analyses of all
these cases were evaluated.

All these studies were analyzed in 5 cases, with the Base Case and 5 Cases of the
changes made:

• Base Case: The current case is where all equipment and features are used with-
out changing.

• Case 1: SPL street lighting and all buildings with solar power; other features are
the same.

• Case 2: SPL street lighting, all existing buildings with solar power, and old buildings
with a HP

• Case 3: SPL street lighting, all buildings with solar power, and new ones with HP
• Case 4: SPL street lighting, all buildings with solar power, and new ones with HPs.

Gradually, in ten years, in addition to new buildings, a 10% improvement was targeted
at HP for all existing buildings. Intervention measures were selected based on technolog-
ically mature and practically available solutions within the Turkish urban context. The
selection process prioritized high-impact strategies that offer the greatest economic oppor-
tunity for local communities, specifically rooftop solar PV integration and the electrification
of heating systems. These measures—transitioning from conventional streetlighting to
SPL and replacing fossil-fuel-based boilers with air-source heat pumps (HPs)—reflect es-
tablished national energy efficiency trends aimed at reducing building-based emissions.
By rearranging empty spaces created after urban demolition, the methodology creates
“solar-benefiting zones,” ensuring that the proposed interventions are physically and ar-
chitecturally viable for the region’s specific building typologies. These scenarios represent
realistic policy pathways by adopting a gradual, 10-year implementation schedule (e.g., 10%
in year one, reaching 100% by year ten) to mirror actual urban transformation constraints
and investment cycles. This phased progression allows evaluation of five distinct cases—
ranging from a non-intervention “Base Case” to a fully transformed neighborhood—to
determine the most cost-effective path to net-zero performance. While a formal mathe-
matical sensitivity analysis was not the primary focus, the comparison between these five
cases serves as a functional sensitivity assessment, identifying how the timing and scale of
heat pump and solar adoption influence the neighborhood’s overall energy profile. This
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structured approach ensures that the findings remain grounded in the legal and technical
requirements of the Turkish Building Energy Performance (BEP-TR) framework [51].

The representative building stock data were used for energy demand calculations, in
which average heating, cooling, and lighting requirements for buildings in climate zone
1 in Türkiye are provided for the residential building stock [44,66]. The presented data
contains annual consumption figures for residential buildings, broken down by number of
floors and geographic location.

Annual neighborhood energy demand (Qneighborhood) was calculated by aggregating
building-level energy consumption values for heating, cooling, lighting, and auxiliary
systems. Building energy demand (Qyear) was estimated to use standardized per-area
consumption coefficients for local climate zones and building typologies.

Renewable energy generation potential was calculated based on:

• Average annual solar radiation;
• Total available rooftop area;
• PV conversion efficiency.

Emission calculations were conducted using nationally reported emission factors for
natural gas and electricity consumption. All calculations follow Equations (1)–(5), ensuring
transparent, reproducible results.

Economic feasibility was assessed using Return on Investment (ROI) and Break-Even
Point (BEP) metrics under two conditions: without government subsidies and with subsidy
levels equivalent to those of existing fossil fuels and electricity.

Qyear (total annual energy requirement for the listed building) was calculated by
multiplying the building’s total area by the average primary energy for heating, cooling,
and lighting in the same geography and with the same number of floors.

Qyear = AT × Qprimary = AT ×
(

Qheating + Qcooling + Qenlightening

)
(4)

Qneighborhood (annual energy consumption of the neighborhood) calculated as the sum
of all buildings as

Qneighborhood = ∑n
i=1 Qyear,i + m × Qstreetlighting (5)

where m is the number of streetlight poles in the local area, and Qstreet lighting is the annual
energy consumption of an individual unit. Individual units require about 17.94 kWh/day
of energy [45]. Added suggested scenarios for replacing heating systems with air-source
HPs and using rooftop PVs to calculate different shares in the local mix. Thus, Qn,ren

(renovated neighborhood energy demand) was calculated as

Qn,ren = ∑n
i=1

(Qheating

COPHP
+ Qcooling + Qlighting

)
− APVηPVH + mQstreetlighting (6)

where H is the daily average solar radiation for Izmir Gaziemir, Apv is the total area
of rooftop PV panels, and ηpv is the PV conversion efficiency. The COP (Coefficient of
Performance) value for the air-source HP was taken as 5 [67].

CO2 emissions were calculated using natural gas-based emissions: 0.185 kg/kWh
for heating [68] and 0.4 kg/kWh for average electricity emissions in Türkiye [69], which
remains largely the same for the 2024–2026 period (Table 2).
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Table 2. Summary table for calculation results for baseline conditions.

Neighborhood Total
(kWh/an)

Primary
Enlightening

(kWh/an)

Heating Need
(kWh/an)

Cooling Need
(kWh/an)

Other Building
Systems

(kWh/an)

Buildings 26,666,058.93 4,304,408.35 10,576,427.59 6,742,660.71 5,042,562.29

Street lighting
(276 streetlights for

17.94 kWh/day)
1,807,275.60 1,807,275.60

Total emissions
(tons/year) 28,473,334.53 2489.61 1956.64 2746.64 2054.10

Car park solar
potential (kWh.an) 359,291.52

Added new
buildings 20,632.31 8165.71 8411.15 4055.45

Earthquake
centre 6694.04 2649.32 2728.95 1315.77

Community
centre 14,610.73 5782.53 5956.34 2871.86

Return on investment (ROI) and break-even point (BEP) for investments are studied
for economic analysis. In these calculations, ROI is calculated as

ROI = Annual Investment Gain/Total Investment Cost (7)

The BEP is calculated as the cumulative difference between annual economic benefits
(AEB) achieved and annual investments required (AIR) and is reached when this difference
becomes positive. It can be stated as

BEP if 0 ≤ ∑n
1 [(AEB)− (AIR)] (8)

The proposed smart analysis-based methodology was intentionally selected over com-
plex optimization or programming-intensive models to address practical implementation
barriers commonly encountered in neighborhood-scale decarbonization initiatives. While
advanced models provide high analytical precision, their complexity and data require-
ments often limit real-world applicability. In contrast, the methodology developed in this
study emphasizes procedural clarity, data accessibility, and scalability, allowing replication
in other urban neighborhoods with comparable climatic conditions, mixed-use patterns,
and aging building stocks. The stepwise scenario structure and gradual renovation logic
further enhance the method’s transferability, making it suitable for cities seeking pragmatic
pathways toward EU climate neutrality targets.

This study is subject to several limitations that also define avenues for future research.
The energy demand and emission calculations are based on standardized building stock
data and average performance coefficients, which enhance replicability but may not fully
capture variations in individual building characteristics or occupant behavior. Future
studies could integrate building-level simulations or monitored energy data to improve
accuracy. In addition, the analysis focuses on operational energy use, excluding embodied
carbon associated with construction materials and infrastructure; incorporating life-cycle
assessment approaches would provide a more comprehensive environmental evaluation.
The economic analysis assumes stable energy prices and subsidy frameworks over the
study period, suggesting that future research should explore sensitivity analyses under
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varying market and policy conditions. Finally, while a simplified, gradual renovation
pathway is employed, subsequent research may incorporate social acceptance, governance
structures, and institutional capacity to better capture real-world implementation dynamics.
Addressing these aspects would strengthen methodological robustness and expand the
applicability of the proposed framework.

Sensitivity analysis of Case 1 reveals that the neighborhood’s environmental perfor-
mance is most sensitive to the utilization of the defined solar-benefiting zones. By shifting
from the base case to 100% roof solar area use (∆ = 1.0), the net emissions drop from
11,319.50 tons/year to 2152.14 tons/year, yielding an elementary effect of approximately
−9167.36 tons per unit of adoption. This high sensitivity underscores the critical role of
local photovoltaic generation in achieving deep decarbonization within the Turkish Build-
ing Energy Performance (BEP-TR) framework [51]. Furthermore, the sensitivity of energy
demand is highlighted by the conversion of street lighting to SPL, which reduces the total
primary energy to 26,871,493 kWh. The economic robustness of the renovation model is
similarly assessed through the sensitivity of financial metrics to policy instruments. The
calculation demonstrates that the project’s turnaround time is highly sensitive to govern-
ment intervention: without subsidies, the payback period is 9.24 years, which is reduced
by 1.41 years to 7.83 years with subsidies. Correspondingly, the return on investment (ROI)
exhibits a sensitive upward shift from 0.11 to 0.13 under subsidized conditions. These
results indicate that while technical interventions are effective at reducing primary energy
demand, the financial feasibility of the neighborhood transition remains heavily dependent
on external economic support and tax relief mechanisms. This dual-layered sensitivity ap-
proach ensures that the proposed renovation pathways remain both technically optimized
and economically viable for the local community.

4. Results
Green spaces and road ratios are within the proportions determined by the United

Nations (UN). Therefore, there are no revisions regarding the proportions of green and
grey spaces. In addition, the neighborhood residents can access public transport within
500 m of any point in the area. According to the UN The-Sustainable-Development-
Goals-Report [70], these characteristics remain unchanged across all scenarios, ensuring
that the observed differences in energy demand and emissions are attributable solely to
infrastructural and technological interventions, rather than spatial restructuring.

The baseline analysis indicates that the existing neighborhood already meets several
spatial sustainability indicators defined by international frameworks, including access to
public transportation within a 500 m radius and adequate green–grey area proportions. The
mixed-use character of the neighborhood—hosting residential, educational, administrative,
and commercial functions—results in relatively stable daily activity patterns and moderate
energy demand. This context provides a suitable baseline for evaluating neighborhood-
scale decarbonization strategies without altering social or functional dynamics.

The mixed-use character of the neighborhood—comprising residential, educational,
administrative, and commercial functions—generates relatively stable daily activity pat-
terns and moderate energy demand. This context provides a robust baseline for evaluating
neighborhood-scale decarbonization strategies without altering social or functional dynam-
ics, and urban renewal of idle areas has both supported the proposed energy systems and
provided the necessary power to run them.

Considering the neighborhood’s hybrid structure and mixed use, a new car park was
proposed to address the severe parking problem for residents and visitors.
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A new community center was proposed based on the neighborhood’s needs. This
community center could serve a dual purpose: a training center for the neighborhood and
a guest house in the event of disasters such as earthquakes common to the region.

The earthquake meeting area is no longer an empty wasteland; it has been designated
for earthquake-focused activities during disasters and for the neighborhood community on
normal occasions.

The new residential units in two-story villa structures were suggested as an alternative
to common houses for neighborhood residents seeking housing options other than multi-
story structures.

Green open spaces, sports fields, and children’s playgrounds have been redesigned
for residents. All these redesigns and proposals were brought to the idle area of the old
District Governor’s Office building, the out-of-use parks, the earthquake meeting area, and
the children’s playground (Figure 5).

 

Figure 5. Base state of the idle spaces (A), new smart car park and community center (B), general
views of the selected case (C) (source: authors’ archive and model).

In the study, 5 cases were examined together with the Base Case. The other 4 cases were
related to the use of the other 4 suggested factors. The current state of the neighborhood
is the Base Case, in which all equipment and features remain unchanged. Case 1 has SPL
street lighting, and all old buildings have PV applications. In Case 2, there is SPL street
lighting. Also, all buildings have PV and HP applications. However, the land-use study
and idle-area design were not conducted. Case 3 was considered as the case where the
open green space and idle space design proposal, SPL street lighting, PV application to all
buildings, that means old buildings (OB) and new buildings (NB), and HP application to
NB. The last is Case 4: In addition to the features of Case 3, it is the case based on a 10% HP
application increase in old buildings every year (Y).

The scenario-based analysis demonstrates that even limited infrastructural interven-
tions can produce substantial reductions in neighborhood-scale energy demand and CO2

emissions. Table 3 summarizes the energy demand and CO2 emission outcomes for the
Base Case and four intervention scenarios. The results demonstrate that incremental in-
frastructure interventions can substantially reduce neighborhood-scale energy demand
and emissions.
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Table 3. Comparative Analysis of Energy Demand and CO2 Emissions across Intervention Scenarios.

Scenario Street Lighting
(kWh/an)

HP Utilization
(%)

Solar Potential
(kWh/an)

Primary Total
(kWh/an)

Net Energy
Demand
(kWh/an)

Net Emissions
(tCO2/yr)

Base Case: Current
status 1807.276 0 0 28,431.397 30,238.673 11,339.50

Case 1: SPL
lighting & PV 247.371 0 21,379.834 26,871.493 5739.029 2152.14

Case 2: SPL, PV &
100% HP 247.371 100 21,379.834 26,624.122 5491.658 2059.37

Case 3: SPL, PV &
HP in NB 247.371 0.1 21,379.834 26,652.382 5519.918 2069.97

Case 4: Incremental
HP (10%/yr)

Year 1 247.371 10.1 21,379.834 25,807.635 4675.172 1753.19

Year 2 247.371 20.1 21,379.834 24,962.889 3830.425 1436.41

Year 3 247.371 30.1 21,379.834 24,118.142 2985.679 1119.63

Year 4 247.371 40.1 21,379.834 23,273.396 2140.932 802.85

Year 5 247.371 50.1 21,379.834 22,428.649 1296.186 486.07

Year 6 247.371 60.1 21,379.834 21,583.903 451.439 169.29

Year 7 247.371 70.1 21,379.834 20,739.156 −393.307 0.00

Year 8 247.371 80.1 21,379.834 19,894.410 −1238.054 —

Year 9 247.371 90.1 21,379.834 19,049.663 −2082.800 —

Year 10 247.371 100.1 21,379.834 18,204.917 −2927.547 —

Among the evaluated measures, converting conventional street lighting to SPL systems
yields the most immediate impact, reducing lighting-related emissions by approximately
two-thirds relative to the Base Case. This result highlights the often-underestimated role of
public infrastructure in neighborhood energy profiles, particularly in temperate climates
where heating and cooling loads are moderate. One of the main reasons for this large
share of neighborhood energy-related emissions is Izmir’s temperate climate (Csa) [71].
Compared to other cities in other climatic zones, heating and cooling demand are not very
high in Izmir. Nonetheless, this is insufficient to achieve net emissions neutrality, even
when new community buildings incorporate measures to minimize energy consumption
and harvest energy through PVs. Thus, a gradual conversion of heating and cooling
systems to HPs was proposed.

Compared to other cities in other climatic zones, heating and cooling demand are not
very high in Izmir. Nonetheless, this is insufficient to achieve net emissions neutrality, even
when new community buildings incorporate measures to minimize energy consumption
and harvest energy through PVs. Thus, a gradual conversion of heating and cooling
systems to HPs was proposed.

Scenarios incorporating air-source HPs demonstrate a marked reduction in both energy
demand and emissions. Full and immediate conversion of all buildings yields the lowest
emissions; however, such a scenario represents an unrealistic implementation pathway at
the neighborhood scale.

The gradual renovation scenario, based on a 10% annual replacement rate of conven-
tional heating systems, provides a more plausible transition pathway. The results show
that once approximately 65–70% of existing heating systems are replaced with HPs, the
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neighborhood reaches a net-zero energy balance. Under this pathway, net-zero conditions
are achieved within 6–7 years.

Negative net energy values observed in later years indicate surplus renewable energy
generation. These values are conservatively treated as zero-emission outcomes to avoid
misinterpretation, although the surplus could potentially support additional neighborhood
services or electric mobility in practice.

In fact, after converting about 65% of its current heating and cooling systems, the
district is at net-zero energy. Any negative net energy demand in the table indicates excess
energy harvested by building-integrated systems that residents can use for other purposes.
Even though this will not result in actual CO2 capture by the building, net-positive-energy
cases are also shown as zero-emission to avoid confusion. A seven-year renovation scheme
is sufficient to achieve net-zero energy demand.

This conversion also decreases energy-related heating, cooling, and lighting costs by
290,257, 565,691, and 151,811 € (Euro), respectively, for a total annual cost reduction of
1,007,759 €. These costs are used to calculate ROI without government subsidies and with
subsidies available for PVs and HPs at the same level as fossil subsidies [49–53].

Rooftop PV deployment across all buildings further reduces net energy demand
by significantly offsetting electricity consumption. However, PV integration alone is
insufficient to achieve a net-zero energy balance. The results indicate that heating and
cooling systems remain the dominant contributors to residual emissions, emphasizing the
importance of transforming thermal energy systems alongside electricity generation.

ROI for cases 1, 2, and 3 are calculated as 11%, 8%, and 11%, respectively. If current
government subsidies for natural gas and electricity, 80% and 50%, respectively [54], are
applied to PVs and HPs, the ROI in these cases is nearly tripled, reaching 31%, 23%, and
31%, respectively.

This ensures that the necessary investments become economically feasible. However,
such rapid deployment of all buildings in the neighborhood is not feasible for HPs, even
if financially viable. Thus, a 10% annual change rate for heating equipment is proposed,
along with the installation of rooftop PV panels in the first year (Figure 6).
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Figure 6. BEP for PV installation and stepwise HP system replacement with ( ) and without
government subsidies ( ) are available for PVs and HPs with the same level as fossil subsidies.
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A BEP can only be reached after 14 years. Still, when the same subsidy levels are
applied to PVs and HPs as to fossil resources under government policy, BEP can be reached
between the 6th and 7th years. This enables the achievement of the 2035 European net-zero
targets in an economically feasible way within the given time frame.

5. Discussion
The results of this study demonstrate that neighborhood-scale climate neutrality can

be achieved without comprehensive urban redesign or deep building retrofits by prior-
itizing high-impact, low-disruption interventions. The baseline analysis indicates that
the existing neighborhood already meets critical spatial sustainability indicators, such
as green–grey area proportions as defined by the United Nations and public transport
access within a 500 m radius of any point. Its mixed-use character—hosting residential,
educational, administrative, and commercial functions—generates stable activity patterns
and moderate energy demand, providing a robust baseline for evaluating decarbonization
strategies without altering social or functional dynamics. New infrastructural proposals,
including a smart car park to address local parking issues and a community center de-
signed for disaster training and guest housing, are sited on idle areas such as the former
District Governor’s Office and underutilized parks. Additionally, two-story villa units
were suggested as an alternative housing option to multi-story structures, ensuring that
technological interventions are integrated into a redesigned spatial context that includes
new sports fields and playgrounds.

These measures deliver substantial energy and emissions reductions, with street
lighting retrofits as a critical early-stage intervention when strategically sequenced. In
Izmir’s temperate (Csa) climate, heating and cooling demands are not exceptionally high
compared to other zones, yet retrofitting conventional street lighting to SPL systems
yields the most immediate impact, reducing lighting-related emissions by approximately
two-thirds. Specifically, Case 1 reduces primary total energy to 26,871,493 kWh/and
net emissions to 2152 tons/year. While rooftop photovoltaics offset electricity demand,
findings confirm that thermal systems remain the dominant source of residual emissions,
necessitating the integration of heating transformations into net-zero strategies. A gradual
renovation scenario based on a 10% annual replacement rate of conventional systems with
air-source heat pumps (HPs) provides a plausible transition pathway. Under this scheme,
net-zero conditions are achieved within 6 to 7 years once approximately 65–70% of existing
systems are replaced, with any surplus renewable energy in later years conservatively
treated as zero-emission outcomes.

This study reframes smart analysis as a process-oriented transition framework, shifting
focus from static net-zero end-states toward dynamic pathways. This approach challenges
the assumption that structural transformation is a prerequisite for neutrality, demonstrating
that incremental, policy-aligned interventions constitute a viable pathway to achieving the
European climate targets for 2035.

The robustness of these estimates is evaluated by accounting for uncertainties in the
study variables and the inherent limitations of the proposed framework. To maintain a
standardized baseline, the study relies on fixed indoor comfort setpoints and behavioral
profiles defined by the BEP-TR methodology. These uncertainties are compounded by
the variability in renewable energy generation, where Case 1 assumes a conservative 15%
conversion efficiency and a 0.75 performance ratio. Sensitivity analysis via the Elementary
Effect (EEi) method confirms that environmental outcomes are most sensitive to the heat
pump installation ratio and grid emission factors. While the framework offers high pre-
cision for core building services, the exclusion of miscellaneous electrical appliances and
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industrial processes represents a recognized gap between the theoretical model and the
actual neighborhood energy footprint.

It should also be noted that the urban renovation of abandoned areas has provided a
more effective foundation for the energy-efficient systems proposed in the study, essentially
supplying energy to the system. Future research incorporating life-cycle assessments and
building-level simulations may further refine these estimates and address the complex
thermal interactions typical of high-density urban settings.

6. Conclusions
This study presents a simplified, smart analysis-based decision-support framework

intended to facilitate neighborhood-scale net-zero targets through high-impact, low-
disruption interventions. The baseline analysis notes that the neighborhood already aligns
with several United Nations spatial sustainability indicators, such as 500 m public transport
accessibility and specific green–grey area proportions. This existing context allows the
proposed strategy to focus primarily on technological and infrastructural shifts rather than
broader social or functional restructuring. Research indicates that climate neutrality may be
attainable within a 6- to 7-year timeframe, with minimal need for extensive urban redesign
or deep building retrofits, in a representative mixed-use neighborhood in Izmir.

The findings suggest that while immediate measures, such as converting street lighting
to SPL systems, can reduce lighting-related emissions by approximately two-thirds, achiev-
ing a net-zero energy balance likely requires a phased transition of thermal systems. Given
Izmir’s annual solar radiation level of 1608 kWh/m2 and the proposed use of air-source
heat pumps with a Coefficient of Performance (COP) of 5, the model indicates that rooftop
photovoltaic deployment can offset a portion of electricity consumption but may not be
sufficient to achieve net neutrality on its own. Instead, the gradual replacement of conven-
tional heating systems with heat pumps at an annual rate of 10% appears to be a primary
driver for decarbonization. Results suggest that once this replacement reaches a 65–70%
threshold, the neighborhood could achieve a net-zero energy balance, potentially aligning
with the European Union’s 2035 climate targets within a 6–7-year implementation window.

The economic feasibility of this transition appears to rely on the strategic reallocation
of financial instruments rather than solely on increased public expenditure. While the
initial return on investment (ROI) for combined solar and heating interventions is esti-
mated at 0.11, redirecting current government subsidies—80% for natural gas and 50%
for electricity—could increase the ROI to 0.31. This shift is estimated to decrease annual
energy-related costs for heating, cooling, and lighting by a total of €1,007,759, which could
reduce the investment turnaround time from 9.24 years to approximately 7.83 years. These
figures suggest that technological investments may become more economically viable when
existing fossil fuel subsidies are redirected toward electrification and renewable energy.

The reconciliation of the trade-off between conventional building renovation and
the pursuit of net-zero objectives is addressed through a strategically sequenced asset
transition. Within a five-year horizon, the framework focuses on immediate infrastructure
upgrades and the initiation of a steady technological transition, aligning with the European
Commission’s Renovation Wave and REPowerEU strategies to accelerate building electrifi-
cation and phase out fossil fuel dependencies. Over the ten-year horizon leading to 2035,
achieving the 65–70% threshold for heating system replacement supports the objectives
of the EU Mission for Climate-Neutral and Smart Cities, of which Izmir is a participant.
This demonstrated pathway suggests that incremental technological transitions may pro-
vide a more practical and socially acceptable route to climate neutrality than extensive
structural remodeling.
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The scientific contribution of this research lies in presenting smart analysis as a process-
oriented transition framework that emphasizes dynamic pathways over static end-states.
By using the Elementary Effect method to quantify sensitivities, the study indicates that
environmental outcomes are notably influenced by the heat pump installation ratio and
grid emission factors, such as an electricity intensity of 0.375 kg/kWh. Although the
framework is bounded by the BEP-TR methodology—utilizing standardized parameters
such as residential internal gains of 11.5 W/m2 and an infiltration rate of 0.5 h−1—it offers
a potentially replicable and scalable tool for municipalities. Ultimately, the results suggest
that strategically sequenced interventions could help bridge the gap between climate
targets and implementation capacity, providing a feasible pathway toward sustainable
urban energy transitions. To further refine this framework, future research may incorporate
life-cycle carbon assessments and multi-dimensional social acceptance analyses to evaluate
the holistic sustainability of neighborhood-scale energy transitions.
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Abbreviations
The following abbreviations are used in this manuscript:

3D 3 Dimension
AB All buildings
AEB Annual economic benefits
AI Artificial Intelligence
AIR Annual investments required
BEP Breakeven point
BIM Building information modeling
COP Coefficient of performance
EEi Elementary Effect
EMPIRE European Model for Power System Investments with Renewable Energy
EU European Union
GHG Greenhouse Gass
GIS Geographic information system
HP Heat pump
IoT Internet of Things
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NB New building
NG Natural Gass
NZEN Net-Zero energy neighbourhood
OB Old building
PV Photovoltaic
ROI Return on investment
SMART Specific-Measurable-Achievable-Relevant-Time bound
SPL Solar-powered LED
TETC-TEİAŞ Turkish Electricity Transmission Corporation
TSI-TUIK Turkish Statistical Institute
UN United Nations
Y Year
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