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Abstract. Buildings are significant contributors to global energy consumption and 
CO2 emissions, making it imperative to implement strategic intervention scenarios to 
reduce their energy and carbon footprint. Bottom-up physics-based Urban Building 
Energy Modelling (UBEM) tools are crucial for this goal. These tools provide quan-
tifiable impacts of intervention scenarios on the building stock, supporting cities in 
developing roadmaps aligned with national and international environmental targets.  
This study simulates two intervention scenarios for a mixed-use district in Milan, It-
aly, using Urban Modeling Interface (umi). The first scenario focuses on renovating 
low-efficient buildings to meet the 2030 local regulation goals. The second envisions 
an operationally carbon-neutral district achieved through building envelope improve-
ments and complete electrification of energy uses, aligning with the European Union's 
target for climate neutrality by 2050. 
The impact of the proposed measures on heating energy use, primary energy, and op-
erational CO2 emissions is assessed and compared to the current performance of the 
buildings. An economic analysis, considering Net Present Value and Payback Time, 
explores the financial viability of the interventions. This study provides actionable 
insights into effective decarbonisation strategies, offering a practical framework for 
policymakers. The findings can guide compliance with regulatory directives, enhance 
urban energy efficiency, and promote sustainable development.  

Keywords: Urban Building Energy Modelling (UBEM), Energy Efficiency,  Build-
ing sector decarbonisation, Scenario Evaluation 

1 INTRODUCTION 

The building sector is a major contributor to global energy consumption and CO₂ emis-
sions [1], accounting for a substantial share of the environmental impact associated with 
human activity. This reality has driven the establishment of ambitious decarbonisation goals 
at national and international levels aimed at reducing the energy uses and carbon footprint 
of buildings.  For instance, the European Union’s latest Energy Performance of Buildings 
Directive (EPBD) [1] directly underscores the critical role of the building sector in achiev-
ing these climate goals, targeting a highly energy-efficient and decarbonised building stock. 
While considerable progress has been made to improve the energy performance of new 



2 

buildings, achieving carbon neutrality on a broader scale requires a more holistic approach. 
As complex systems, cities demand integrated strategies that account for the existing build-
ing stock. Consequently, urban-scale energy interventions have emerged as a crucial com-
ponent of climate action plans. In this context, Urban Building Energy Modelling (UBEM) 
has proven to be a pivotal approach [2]. By simulating and analysing the energy perfor-
mance of entire building stocks, UBEM offers insights into the impacts of various interven-
tion scenarios, enabling authorities and policymakers to develop effective strategies for ur-
ban decarbonisation. Among UBEM approaches, bottom-up physics-based models, calcu-
lating energy balances at the level of individual buildings, offer detailed and granular in-
sights that can be aggregated to inform district- or city-wide decision-making [3]. 

This paper aims to present a methodological framework for designing, simulating, and 
comparing building renovation scenarios at the district level. By leveraging only open-
source data, the study seeks to provide a replicable and accessible model for other research-
ers and practitioners. The methodology is applied to a mixed-use district in Milan, Italy, 
where two intervention scenarios are examined and simulated using a bottom-up physic-
based UBEM tool to be finally compared to the current district performances. The first 
scenario focuses on upgrading the energy performance of low-efficiency buildings to meet 
local regulatory goals for 2030. The second scenario envisions an operationally carbon-
neutral district achieved through comprehensive building envelope improvements and full 
electrification of energy uses, aligning with the European Union's 2050 climate neutrality 
targets.  

The analysis evaluates the impact of these measures on heating energy use, primary en-
ergy, and operational CO₂ emissions, benchmarking them against the current buildings’ 
performance of the district. Furthermore, an economic analysis is performed to explore the 
financial feasibility of these interventions. The findings of this study highlight decarboni-
sation strategies and provide policymakers with a practical framework to support compli-
ance with regulatory directives. Ultimately, this research underscores the critical role of 
targeted urban energy policies and modelling tools in achieving environmental objectives. 

2 METHODOLOGY 

The methodology adopted is constituted by five subsequent activities (Figure 1). The pro-
cess begins with collecting and preparing the data required to characterise the buildings in 
the model. This includes information on geometry, envelope characteristics, heating and 
cooling system specifications, domestic hot water (DHW) systems, lighting systems, equip-
ment use, ventilation details, and occupant behaviour. Archetypes are introduced instead of 
independently defining each building to reduce computational effort and time. Typically, 
archetypes are defined for specific construction and building use types [4]. The data col-
lected underwent cleaning to remove null, inconsistent, or erroneous values, and statistical 
techniques were applied to group buildings by construction age and use type to extract 
meaningful patterns, enabling the characterisation of the current state of the district (i.e., 
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baseline). Once the data was prepared, it was transformed into the required format for use 
in the UBEM tool.  

A 3D geometric representation of the buildings in the case study has been made, and 
each building was assigned a corresponding archetype. This step provided the foundation 
for defining the district's baseline energy performance. Following the baseline model crea-
tion, two renovation scenarios were designed to explore decarbonisation strategies. The first 
adopted a targeted approach, aligning with local regulation, which mandates that low-effi-
cient buildings must be renovated and upgraded by 2030. A statistical analysis of the build-
ing stock of the Municipality of Milan identified targeted buildings in the case study based 
on their construction period and energy performance, and interventions were proposed ac-
cordingly. The second scenario focused on achieving operational carbon neutrality by im-
plementing a district fully powered by electricity and upgrading building envelopes.  

Once the definition of the baseline and the renovation scenarios were completed, simu-
lations were performed to assess their energy performance to compare energy use, primary 
energy, and operational CO₂ emissions. Finally, an economic assessment was conducted to 
evaluate the financial feasibility of the proposed interventions. Two key indicators, Net 
Present Value (NPV) and Payback Time (PBT), were used to assess the economic efficacy 
of the investments over their lifecycle, ensuring the findings support informed decision-
making for urban energy planning. 

Fig. 1: Methodology workflow 

3 RESULTS AND DISCUSSION  

3.1 Data collection and creation of the baseline 

The methodological framework was tested in a district in the northeast of Milan, Italy. The 
selected case study encompasses 59 buildings, predominantly residential and office typol-
ogies, with construction periods spanning from 1946 to 2006. Figure 2 illustrates the distri-
bution of building use types and construction periods across the district, highlighting the 
diversity within the building stock.  
A range of open-source datasets was employed to characterise the buildings comprehen-
sively, ensuring that the data acquisition process remained adaptable and replicable. Geo-
spatial data, including building footprints and geometry, were sourced from Open-
StreetMap, while the Lombardy Region’s Energy Performance Certificates (EPCs) reposi-
tory (CEER database) [5] provided essential information about building envelope charac-
teristics. A regional cadastre of heating, cooling, and DHW [6], was utilised to define the 
energy systems installed within the buildings. These datasets collectively provided a robust 
foundation for describing the district’s building stock.  
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Fig. 2. a) Building typologies; b) Construction periods 

A climatic file was generated using data collected from open-source meteorological sta-
tions near the case study area to accurately represent the local climate.  

The archetypes of the case study were created by analysing the most common combina-
tions of building types and their envelope and system characteristics. These archetypes were 
grouped based on construction periods and building types. Table 1 provides examples of 
the constructed archetypes. 

Table 1. Example of archetype – Residential buildings 

Building Type Residential 

Heating  
Heating 
system 

Efficiency Fuel Type Schedules 
Internal 
loads 

Boiler 0.85 Natural gas ISO 18523 ISO 18523 

Envelope 

Construction 
period 

Window-to 
wall-ratio [%] 

Ext Wall U 
[W/m2K] 

Roof U 
[W/m2K] 

Ext Wind U 
[W/m2K] 

1946-60 
1981-90 
1993-2006 

13 
14 
14 

1,35 
1,11 
0,64 

1,4 
0,98 
0,7 

3,8 
3,3 
3,21 

For aspects of building performance not directly available in the open-source datasets, 
supplementary information was adopted from ISO 18523 standard [7]. For instance, heating 
set points were 20°C for most buildings, except 18°C for gyms, manufacturing, and work-
shops. Ventilation was natural, with infiltration at 0.5 ACH for standard buildings and 1.5 
ACH for retail, gyms, manufacturing, workshops, and religious buildings. Additionally, oc-
cupancy schedules, as well as heating, lighting, and equipment usage patterns, were defined 
in accordance with the standard. Cooling systems were excluded from the model due to the 
lack of available data on their presence in the building stock.  

This comprehensive data collection and preparation process enabled the accurate defini-
tion of a baseline model representing the current state of the district. By using open-source 
data supplemented with standardised assumptions, the methodology demonstrated its adapt-
ability to contexts where granular, detailed data might not be readily available. Having all 

a) b) 
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the information required, it was possible to create and characterise the 3D model of the 
district using Urban Modelling Interface (umi) [8], a well-known UBEM tool.  

3.2 Creation of decarbonisation scenarios  

Following the establishment of the baseline, two intervention scenarios were developed to 
explore decarbonisation strategies for the district. Each scenario reflects distinct objectives 
and approaches tailored to specific timeframes and regulatory targets. 

The 2030 scenario adopts a pragmatic strategy, focusing on targeted interventions to im-
prove the energy performance of the least efficient buildings in the district. This scenario 
assumes a renovation rate of 3% per year, implemented over a six-year period from 2024 
to 2030. The interventions include enhancing the thermal performance of building enve-
lopes and transitioning existing heating systems to electric solutions. Table 2 summarises 
the specific measures adopted in this scenario. Statistical analyses on the CEER database 
were exploited to identify which buildings needed renovation. This database provides de-
tailed energy performance information for individual buildings or flats, including their en-
ergy efficiency class, determined by a performance index expressed in kWh/m²year. This 
index represents the annual energy demand for heating, cooling, DHW, and lighting, with 
lower values corresponding to higher energy efficiency. Based on this analysis, the scenario 
prioritises renovation efforts for buildings classified in the two lowest energy efficiency 
classes, ensuring that these buildings are upgraded to meet the required standards. Accord-
ing to this procedure, a total of 7 buildings are selected to be renovated in the six-year 
period.  
In contrast, the 2050 scenario is designed to achieve operational carbon neutrality across 
the district. This scenario envisions a fully electrified district powered exclusively by re-
newable energy sources. To reduce energy use, the plan incorporates comprehensive build-
ing envelope upgrades, including external wall insulation, roof insulation, and window re-
placements. The interventions for this scenario are summarised in Table 3. 

Table 2. Intervention for 2030 scenario 

n° of Buildings 
Ext.walls 
U [W/m2K] 

Roof 
U [W/m2K] 

Windows 
U [W/m2K] 

Heating 
System 

2 0,28 0,24 1,4 Standalone HPCOP 3,5 
4 - - - Standalone HP COP 2 
1 0,28 0,24 1,4 Boiler 

Table 3. Intervention for 2050 scenario 

n° of Buildings 
Ext. walls 
U [W/m2K] 

Roof 
U [W/m2K] 

Windows 
U [W/m2K] 

Heating 
System 

All buildings 0,28 0,24 1,4 
If Centralized HPCOP 4 
If Standalone HP COP 2 
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3.3 Energy simulation 

After establishing the baseline and defining the renovation scenarios, energy simulations 
were performed to evaluate the impact of the proposed interventions. The analysis focused 
on heating energy consumption, as lighting, equipment, and DHW systems were assumed 
to remain unchanged across the scenarios and cooling was not addressed due to the lack of 
data on current conditions. The climatic file used in the simulations reflects current weather 
conditions, without incorporating future weather projections. As a result, slightly different 
outcomes might be expected if the effects of climate change were considered.  Figure 3 
illustrates the heating energy use across the baseline, 2030, and 2050 scenarios. Significant 
reductions in heating energy use are observed when transitioning from the baseline to the 
intervention scenarios. Specifically, a modest reduction of 3% is achieved in the 2030 sce-
nario due to the limited number of renovated buildings, while the 2050 scenario achieves a 
substantial 70% reduction, reflecting its more comprehensive intervention strategy. 

 
Fig. 3. Heating energy uses comparison 

Another critical aspect of the analysis involves primary energy use, as it provides a more 
comprehensive view of energy savings by accounting for the different energy carriers—
natural gas and electricity—and their renewable energy potential. Final energy use was con-
verted into primary energy use using the following coefficients: for primary energy conver-
sion factors, natural gas has a non-renewable factor of 1.05, a renewable factor of 0, and a 
total factor of 1.05, while electricity has a non-renewable factor of 1.95, a renewable factor 
of 0.47, and a total factor of 2.42 [9]. Figure 4 presents the trends in total primary energy 
use associated with natural gas and electricity for the three scenarios. As expected, natural 
gas use decreases significantly in both the 2030 and 2050 scenarios due to the electrification 
of heating systems and reduced heating energy use from envelope improvements. Con-
versely, the total primary energy associated with electricity increases, with the highest value 
observed in the 2050 scenario. This underscores the need for further integration of renewa-
ble energy sources into the electricity grid to align with carbon-neutral goals. 
The assessment also included the operational CO₂ emissions for the different scenarios, 
derived by applying conversion factors to the energy use data. For the baseline scenario, 
conversion factors were based on 2021 data, while future scenarios utilised factors interpo-
lated from the Italian National Integrated Energy and Climate Plan projections of renewable 
energy penetration in the national electricity grid. Table 4 summarises the conversion fac-
tors used, reflecting renewable energy contributions of 65% for 2030 and 80% for 2050. 
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Fig. 4. Primary energy comparison 

Table 4. Conversion factors for CO2 operative emissions 

Conversion factors 
Natural gas (metano) [KgCO2eq/GJ] 56,077 
Electric energy 2023 (actual state) [KgCO2eq/kWh] 0,247 
Electric energy 2030 [KgCO2eq/kWh] 0,156 
Electric energy 2050 [KgCO2eq/kWh] 0,089 

 
Figure 5a illustrates the CO₂ emissions associated with natural gas consumption, showing 
a steady decline as natural gas use decreases across the scenarios. In contrast, emissions 
related to electricity, shown in Figure 5b, exhibit an upward trend, driven by increased elec-
tricity demand, highlighting the need to boost renewable energy in electricity to counter 
emission increases.  
The simulations show both scenarios reduce energy use and CO₂, with 2050 achieving 
greater cuts. Increased electricity reliance highlights the need to boost grid renewables for 
sustainability and carbon neutrality. This dual focus on reducing final use and greening the 
energy supply is essential to achieving long-term sustainability and carbon neutrality goals. 

Fig. 5. Operative CO2 emissions for a) natural gas and b) electricity 
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3.4 Economic assessment 

While the ambition to renew the entire building stock is commendable, the associated costs 
demand careful consideration to ensure that priorities are balanced effectively. 
The costs associated with the interventions were estimated using values established by the 
National Ministerial decree [10]. For cash flow calculations, several assumptions were 
adopted: operational and maintenance costs were considered to be 1% of the total cost of 
heating and DHW system replacements, with an upfront payment in the first year of the 
investment lifecycle, equal to 60% of the total renovation cost. Financing was modelled as 
a 10-year loan with an interest rate of 3%, and a tax relief of 75% over 10 years was applied. 
Energy costs were determined using rates provided by ARERA, set at 0.50 €/m³ for natural 
gas and 0.31 €/kWh for electricity. 
The results of the economic analysis for the two scenarios are presented in Figures 7 and 8. 
For the 2030 scenario, the PT is relatively short, at 7 years, with an NPV of around 620000 
€ after 20 years and 773000 € after 25 years. Upgrading low-efficiency buildings offers a 
cost-effective way to reduce energy use and emissions in the medium time. Moderate ren-
ovation costs and immediate energy savings drive favourable economic outcomes. This tar-
geted approach ensures efficient resource use for impactful results. In contrast, the 2050 
scenario presents a significantly different financial profile. The PT is 31 years, with an NPV 
of almost – 3500000 € after 20 years and – 1800000 € after 31 years. These negative NPVs 
reflect the high initial investment required for the comprehensive electrification and enve-
lope requalification measures, coupled with the extended timeline for realising economic 
returns. While the 2050 scenario achieves dramatic energy and emissions reductions, its 
financial feasibility is challenged by the substantial upfront costs and the relatively long 
horizon needed to recover these investments. 
The two scenarios reveal trade-offs in urban decarbonisation. The 2030 scenario shows the 
economic advantages of targeting inefficient buildings first, reducing risks while delivering 
short-term benefits. In contrast, the 2050 scenario highlights the challenges of ambitious 
strategies requiring high investment and longer payback periods.  
These findings underscore the importance of integrating financial considerations into urban 
energy planning. While strategies like the 2050 scenario are essential to meeting long-term 
climate goals, they must be accompanied by supportive measures such as incentives, subsi-
dies, and financing mechanisms to mitigate the economic burden on stakeholders.  

Fig. 7. Cashflow 2030 scenario 

PB
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Fig. 8. Cashflow 2050 scenario 

4 CONCLUSION 

This study demonstrates the potential of UBEM in designing and evaluating decarbonisa-
tion strategies for urban districts. Two intervention scenarios were analysed: one targeting 
compliance with 2030 goals and another with operational carbon neutrality by 2050. 
The results highlight the effectiveness of both approaches in reducing energy use, primary 
energy demand, and CO₂ emissions. The 2030 scenario offers a pragmatic and economically 
viable strategy, prioritising renovations for the least efficient buildings to achieve immedi-
ate energy savings and regulatory compliance. In contrast, the 2050 scenario provides a 
more ambitious vision of full electrification and comprehensive envelope requalification, 
achieving significant environmental benefits but at a higher economic cost and with a longer 
payback period. 
The economic analysis underscores the importance of balancing ambition with financial 
feasibility. While transformative strategies are essential to meet long-term climate neutral-
ity goals, they must be supported by incentives, subsidies, and policies that reduce the fi-
nancial burden on stakeholders. Incremental approaches, such as those outlined in the 2030 
scenario, demonstrate the potential for achieving near-term progress with manageable in-
vestments. 
Ultimately, this research underscores the value of leveraging open-source data and UBEM 
tools to develop adaptable, replicable methodologies for urban energy planning. By provid-
ing actionable insights into the trade-offs between environmental benefits and economic 
viability, the findings contribute to the development of sustainable and effective decarbon-
isation roadmaps for urban areas. The results emphasise the need for integrated strategies 
that combine energy efficiency improvements, renewable energy adoption, and supportive 
financial mechanisms to achieve long-term sustainability goals. 

PB
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