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Abstract 

There is growing need to understand the ways in which we are using energy in our day to day lives. 

As urbanization is increasing, there is particular interest in urban and district level energy 

consumption.  In this thesis, current research in the field of district level energy modeling is reviewed. 

While many models focus on either an analytical or statistical model, the model presented in this 

thesis is a hybrid spatiotemporal one looking specifically at residential energy demand. The model 

was applied in a case study of the 3rd district of Turin, Italy. The aim of the thesis was to develop a 

Geographic Information System (GIS) based hybrid urban buildings energy model as a supportive tool 

for energy planning and economic-environmental impacts assessment of explorative building retrofit 

scenarios. The final energy model is focused both on thermal and electrical consumptions.  

Concerning thermal energy, making use of GIS georeferenced critical data regarding building 

geometry and construction period, 36 building archetypes are identified and a reference building (RB, 

associating TABULA thermophysical properties) is defined for each. The analytical model developed 

is a powerful tool which allows for the calculation of thermal energy demand for reference buildings. 

An initial calibration of the analytical model was carried out through the use of measured data in 

parallel with statistical information. The calibrated model was then applied at a district level via 

application of the specific consumption values to each building in the district. This method provides 

the opportunity to see exactly where the energy is being consumed.  

Varied energy efficiency interventions related to the building energy systems and envelope were 

considered for the generation of retrofit scenarios. Expansion of district heating systems were not 

considered. It is known that Turin has a well-established plan to expand the district heating system, 

but the objective of this thesis is to be broadly applicable and to consider a scenario where the 

interventions are focused on electrification. Electricity consumptions at district level were calculated 

through a statistical model based on inhabitants’ socio-economic characteristics. With the models 

established, different penetration rates for the building retrofits were considered and the forecast 

changes in both thermal and electric demand were applied thus establishing trends through the year 

2050. Based on these demands, the greenhouse gas (GHG) emissions and local air pollution 

reductions were calculated as well as the corresponding savings related to healthcare of local 

residents. The costs associated with implementing these changes were also determined. Finally, the 

results were reintegrated in the QGIS model to allow for district level scenarios to be observed. 

Indeed, spatial visualization of results could be a supportive tool for decision makers. 
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Turin is consistently ranked among the worst European cities in terms of air quality. In 2017, the city 

exceeded the World Health Organization’s (WHO) guideline value for concentration 66 days out of 

the year. This inspired the consideration of the link between retrofit interventions and local air 

pollution. Appropriate energy efficiency interventions alone can lead to significant reductions in 

energy demand. These interventions, along with increases in renewable energy shares of the power 

generation mix demonstrate that in the residential sector, the greenhouse gas reductions required 

to mitigate climate change can be obtained at competitive costs.  

 

 

Key words: 

Urban building energy modelling, hybrid model, retrofit, GIS, economic impacts, environmental 

impacts, electrification.  
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Nomenclature 

General 

Symbol  Variable name Unit 
A area  m2 

a numerical parameter in utilization factor  1 

B correction factor for an unconditioned adjacent space  1 

C effective heat capacity of a conditioned space  J/K 

c specific heat capacity  J/(kg·K) 

d layer thickness  m 

E energy  MJ 

El electricity  

F factor  1 

g total solar energy transmittance of a building element  1 

H heat transfer coefficient  W/K 

h surface coefficient of heat transfer  W/(m2·K) 

I
sol solar irradiance  W/m2 

L length  m 

N number  1 

Q quantity of heat  MJ 

q heat flow density  W/m2 

q
v (volumetric) airflow rate  m3/s 

R thermal resistance  m2·K/W 

S/V shape factor 1/m 

T thermodynamic temperature  K 

t time, period of time  Msa 

U thermal transmittance  W/(m2·K) 

V volume of air in a conditioned zone  m3 

X any of the geometrical parameters of RB N/A 

Ζ heat transfer parameter for solar walls  W/(m2·K) 
α absorption coefficient of a surface for solar radiation  1 

γ heat-balance ratio  1 

ε emissivity of a surface for long-wave thermal radiation  1 

η efficiency, utilization factor  1 

θ centigrade temperature  °C 

κ heat capacity per area  J/(m2·K) 

ρ density  kg/m3 

σ Stefan-Boltzmann constant (σ = 5,67 × 10−8)  W/(m2·K4) 

τ time constant  h 

Φ heat flow rate, thermal power  W 

χ point thermal transmittance  W/K 

Ψ linear thermal transmittance  W/(m·K) 

 Subscripts 

15 first fifteen-minute time step    

30 second fifteen-minute time step    

45 third fifteen-minute time step    

60 fourth fifteen-minute time step    

a  air     

A  appliances     

adj  adjusted     

avg  time average     

C  cooling, capacity     

e  external, exterior, envelope     

el  electricity     

em  emission     

F  frame     

f  floor     

g  ground     
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gl  glazing, glazed element     

gn  gains     

ht  heat transfer     

H  heating     

H,nd  heating need, or building need for heating     

HC,nd  
heating and/or cooling need; building need for heating and/or 
cooling  

   

hr hourly    

i index value for buildings of a sample    

ls  loss     

mean mean value of parameter    

nd  need     

Oc  occupants     

ren  renewable  

set  set-point  

sh  shading  

sol  solar (heat gains)  

Tot  Total (system)  

tot  total  

tr  transmission (heat transfer)  

V  ventilation (system)  

v  volume  

ve  ventilation (heat transfer)  

W  hot water (system or need)  
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1 Introduction 

 Problem Statement 

According to the International Energy Agency (IEA) [1], in order to meet the 2DS, the scenario which 

limits global warming by two degrees above pre-industrial levels, approximately 90% of the 

residential buildings in OECD countries require energy efficiency retrofits to reduce their specific 

consumption and achieve lower energy standards. This means that approximately 400 million 

residential dwellings must be refurbished. This case study aims to assess the impact of different levels 

of building retrofit interventions, implemented starting from a baseline in 2014 through 2050, in 

order to gauge their impact relative to the goals identified by the IEA in regard to specific 

consumption and reductions on greenhouse gas emissions. In order to have a more comprehensive 

understanding of the impacts, the targets outlined by the Italian government in their National Energy 

Strategy [2] for increased renewable energy penetration in the electricity supply mix are applied. 

This case study also looks at another problem plaguing the city of Turin: air pollution. Approximately 

6.5 million worldwide deaths each year are attributed to pollution [3] making it the fourth biggest 

threat to human health. Turin is consistently ranked among the worst European cities in terms of air 

quality. In 2017, the city exceeded the World Health Organization’s (WHO) guideline value for 

concentration 66 days out of the year. [4] Through the energy retrofits, the quantity and type of 

energy consumed changes. The demand decreases and, in this study, fossil-fuel burning boilers are 

replaced heat pumps, therefore eliminating sources of local air pollution within the district.  The 

impacts on particulate matter (PM) and other air pollutant emissions will be quantified along with 

greenhouse gas (GHG) emissions. 

This study elaborates on the current research on district scale energy consumption and energy 

efficiency measures with a focus on the impact of increased electrification and changes in the 

electricity supply mix as an alternative to fossil fuels boilers to understand the benefits of these 

measures in terms of energy, air pollution and greenhouse gas emission reductions. A GIS-based 

hybrid urban buildings energy model was developed as a supportive tool for energy planning and 

spatial comprehension of the impacts of the explorative retrofit scenarios. The use of building 
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archetypes and reference buildings1 (RBs) are employed in analytical and statistical contexts to define 

the demands of the district.  

 Case Study: 3rd District of Turin, Italy 

Turin, Italy is located in the northwest of Italy at the base of the alps (45°04ʹ24.60ʺ N, 7°40ʹ32.52ʺ E) 

[5] in climate zone E [6] and had a population of 906,874 in 2011 [7]. There are approximately 40,000 

residential buildings in the city [8].  

 

Figure 1: "Circoscrizioni" (districts) of Turin 

Turin is divided into 10 “circoscrizioni,” or districts, and the case analyzed in this thesis is that of the 

3rd district (central-east of Turin). In this study 5301 residential buildings in the district with a total 

volume of 24,676,450 m3 and surface area of 1,172,317 m2 were evaluated. Real space heating data 

in the form of district heating consumption was provided by IREN for 247 buildings. The population 

of the buildings analyzed was 117,075 which represents 65,936 households. 

 Literature Review 

Current trends suggest that the importance of urban energy planning is increasing as the share of the 

world’s population living in urban areas is expected to increase from 54% in 2014, to 66% by 2050 

                                                
1  In this study, “archetype” is used as the general expression of a building class based on its shape factor and 
construction period. These archetypes have well known geometric and thermophysical characteristics. “Reference 
building” in this study refers to the theoretical building belonging to an archetype and its associated specific geometry 
which is used as input values in the elaboration of the models. 
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[9]. Due to this, the idea of energy-driven urban planning will become a new métier [10] and the 

practitioners of this developing field will need tools to aid in their efforts.  

1.3.1 European Context 
Europe has been at the forefront of legislation, policy, and research in regard to climate change. As 

a result, many of the most well-developed strategies have come from the European Union. The first 

of these is the 2020 Strategy [11] adopted by the European Commission (EC) in 2010. The objective 

of the 2020 Strategy was outline a plan for smart, sustainable, and inclusive growth. In the field of 

urban energy planning, “smart” implies innovation and “sustainable” relates to decoupling economic 

growth from GHG emissions through smarter use of resources and energy efficiency, thus combatting 

the trends that have existed since the industrial revolution. It outlines the European strategy to meet 

the goals outlined by the IEA in the 2DS, specifically to reduce GHG emissions by 20%, increase the 

renewable share final energy consumption by 20% and increase energy efficiency by 20% relative to 

1990 levels. The next important directive issued was the Energy Performance Building Directive 

(EPBD) [12] issued by the European Parliament which directed Member States (MS) that they must 

establish minimum requirements for the energy performance of buildings and building elements in 

order to meet the objectives detailed in the 2020 Strategy. MS were directed to establish guidelines 

for determining the energy performance of buildings and methods for determining cost-optimal 

strategies for renovations as well. The 2020 Strategy was meant to spark public awareness and 

investment in research towards combatting climate change, and therefore presented short-term 

objectives. The Energy Roadmap 2050 [13] released by the EC in 2012 states the requirement to cut 

GHG emissions by 80% - 95%. In that document, the EC acknowledges the fact that future energy 

demand will likely increase and that it, therefore, needs to be almost completely emission free. This 

is a huge challenge. It is not only the energy production that needs to change, the transmission and 

distribution infrastructure needs to be prepared for this additional demand. The decentralization of 

energy and the electrification of transportation will require advances in technology and innovation 

on all fronts. The scenarios detailed to achieve the decarbonization objectives suggest that 

renewables will account for 97% of the electricity share by 2050 with prices increasing until 2030, 

and then declining. Despite the supply size challenges, the 2050 Roadmap emphasizes that energy 

efficiency is the most critical pathway to our sustainable future. 

1.3.2 District Level Energy Models 
Urban planning usually occurs at the the district level [14], rather than the city or individual building 

level, therefore it is critical that the models developed reflect this.  
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1.3.2.1 Modeling Techniques 

There are many different modeling techniques which can be used to provide insights into the energy 

demands of a district. Swan, et al. [15] suggested they can first be characterized as top-down or 

bottom-up. A top-down approach relates the energy consumption of buildings to macro-economic 

variables ignoring the built environment and its characteristics and performances. A bottom-up 

approach uses analysis of single buildings to examine performance of building systems and 

thermophysical properties.  

Another differentiation can be made between statistical and analytical models. Statistical models 

forecast the energy performance of buildings based on historical data based on variables such as 

typology, appliance ownership, etc. The pros of using statistical modes is that they require few inputs 

and are still able to predict energy consumption at the city level.  Unfortunately, the cons are the lack 

of granularity relating to both the spatial and the temporal dimensions of analysis. Despite that, 

several studies [16], [17] [18] [19] of this type have been elaborated. Analytical models are based on 

the dynamic exchanges of energy and matter between a building, other buildings, and the ambient 

environment. These complex models have higher data requirements but provide a fair 

characterization of energy consumption patterns in the spatial and temporal dimensions. These 

studies can be elaborated using simplified models [20], or third party software [21]. 

The compromise between analytical and statistical modeling is hybrid modeling. This is achieved 

through the use of building archetypes. This has been demonstrated by a study performed by  

Loughborough University [22] examining the impact of energy efficiency improvements on the 

English building stock. This study was carried out by creating nominal averages of building physical 

parameters, heretofore referred to as reference buildings (RBs), for each building archetype and 

aggregating the predicted consumptions of each building stock to understand the overall housing 

stock consumption. Similar research  has been carried out for in the Japanese [23] and Swiss [24] 

urban settings. Fonseca, et al. [25] uses a GIS framework to overlay building architypes and geometry 

with consumption to arrive at a model which accurately characterizes the energy consumption 

patterns in Zug, Switzerland. 

Many of these models do not consider the electrical energy consumption due to domestic appliances.  

With increasing urbanization, typically incomes also increase relative and this leads to an increase in 

appliance electricity consumption, as noted in a study by the Institute of Future Energy Consumer 

Needs and Behavior (FCN) [26]. Therefore, policy-makers in developed countries have imposed 

energy efficiency improvements for goods sold in their countries. Unfortunately, some say [27] that 

this leads to a so-called “rebound effect” further increasing demand by between 0% and 15%.  
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Therefore, it is something which should be considered and one study by Mikkola and Lund [16] 

produced the spatiotemporal electrical load profiles to develop a more complete picture in regard to 

the total energy demand for the district.  

1.3.3 Turin 
Turin is home to Politecnico di Torino, one of the leading technical universities in Europe. As such, 

many case studies regarding the energy consumption, production, building characteristics, etcetera 

have been developed relating the case of the building stock and urban development of Turin. A 

previously elaborated study on the third district in Turin [8] also used GIS along with data related to 

the space heating (SH) demand to present a cost-optimal methodology which also prioritized 

buildings in need of retrofit action. In Ballarini and Corrado, [28] three scenarios of building retrofits 

in the Piedmont region are presented along with objectives outlined in the Italian National Energy 

Strategy (SEN) for 2030. IN [29] [30], the district heating system of Turin was analyzed. In  several 

other studies [6], [28], [31], [32], the use of reference buildings and the findings of the TABULA 

project are also elaborated in Italian/Piedmont/Turin case studies. 

1.3.4 District Heating 
When considering the measures to adopt for energy systems in this case, as district heating is already 

widely studied ([29] [30]), only heat pumps were considered in order to explore alternative solutions 

for applications where expansion of district heat may not be possible. The intention was not to study 

Turin, which has a strong planning activity based on district heating and cooling, but rather to use 

Turin as a case study for analyzing potential electrification scenarios of the final uses in buildings, 

considering the potential benefits and costs at district level. For example, a case study on Portland, 

Oregon, USA performed by MIT CoLab [33] found there are also sometimes hurdles to expansion of 

district level energy systems. These can be in the form of protected zones, disturbances to 

transportation as road are excavated, insufficient heat generation plants, or financial concerns for a 

project of this scale.  

Therefore, the work carried out in this project, aims to fix a methodology to explore electrification 

scenarios at district level though the spreading of electrical heat pumps using a portion of the building 

stock of Turin as a case study. Research at the IEA [34] suggests that heat pumps offer quick and save 

solutions to conserve energy and they have ongoing projects dedicated to exploring their applications 

in existing and new buildings on a wide scale. Another initiative supported by the European Union 

called Energiesprong [35] has developed systems which are currently being implemented on social 
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housing projects across Europe which apply insulation and advanced energy systems present a “quick 

and easy” 

1.3.5 Emissions 
GHG emissions are a common consideration in many of the afore mentioned studies. While GHG 

emissions pose a serious threat to human development, air quality is also an important concern. 

Many studies document the cost to society of pollution [36]–[41]. Most of these studies focus on the 

impacts related to transportation emissions such as [40] and [42]. Using the results from a study 

carried out by Copenhagen Economics, [43], this work will present the avoided healthcare costs due  

to the implementation of the various retrofit scenarios. 

1.3.6 Novelty 
After performing this literature review and to summarize the novelty of the approach detailed in this 

work, Figure 2 highlights the unique aspects of this research. The most significant novelty stems from 

the energy system modelling. The hybrid approach is hybrid, spatiotemporal, and includes domestic 

appliance electricity consumption to create a comprehensive characterization of the district 

consumption. Another novel aspect is in the consideration of the impacts. Many studies address 

greenhouse gas emissions, but few also touch on air quality and the related healthcare costs. While 

many of the previously mentioned studies touch on one or more of the key characteristics of the 

energy model, measures, impacts, or case, none combine all of these elements to present new 

insights into the district level energy simulations. 

 

Figure 2: Thesis novelty 
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 Structure of Thesis 

1.4.1 Chapter 1: Introduction 
The first chapter introduces the problem addressed in the thesis research and the case which is used 

to elaborate the work. A literature review on the topics of district level energy modelling 

methodologies, interventions, and energy related emissions research is presented and allows for the 

identification of the novelties of this research. 

1.4.2 Chapter 2: Materials and Methods 
In this chapter, the input data required to elaborate the research is presented along with the 

methodology and equations employed to create the model which was used for this study. The 

subchapters are broken down by step in the methodology; QGIS initialization, model development 

and calibration, district calculations, scenario analysis, financial analysis and finally QGIS visualization. 

1.4.3 Chapter 3: Results   
The third chapter presents the results of each of the afore mentioned steps in terms of qualitative 

values as well as QGIS visualizations. 

1.4.4 Chapter 4: Discussion   
In chapter four, the importance and accuracy of the results and assumptions are discussed. 

Opportunities to build upon this work and use the flexible model developed to elaborate new 

research on other cases is also presented. 

1.4.5 Chapter 5: Conclusion  
The results discussed in light of established targets set by the European Union and final thoughts are 

presented. 
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2 Materials and Methods 

As shown in Figure 3, there are 6 steps in the process to develop this thesis; model development and 

calibration, measures implementation, cost calculations, scenario application, results, and finally 

integrating the results into QGIS to detect neighborhood patterns. In the first step, the QGIS project 

is created from shapefiles provided by the Municipality of Turin. From these files, residential buildings 

of interest are identified, and their shape factor is calculated to enable building classification into 36 

building archetypes by pairing the shape factor ranges and construction periods. In the second step, 

the resulting georeferenced building geometry data is used in both the statistical and analytical 

models for the thermal energy demand evaluation. The models were developed using inputs from 

the databases indicated and the analytical model. The analytical model was calibrated against the 

statistical results and the measured data available (247 buildings, 13 archetypes) using the reference 

buildings (RBs) developed for each of the 13 archetypes for which measured data was available. On 

the basis of these RBs and knowing the calibrated thermal demand for each RB type, the building 

energy consumption for space heating (SH), space cooling (SC), and domestic hot water production 

at district level has been assessed. In lieu of selecting the most common of the archetypes present, 

the calculations were elaborated on all 36 of the reference buildings in order to create a result that 

more closely resembles the energy balance of the district. In parallel, the electrical appliance demand 

for the district was calculated based on census information and statistical data from the master’s 

thesis of Daniele Schiera [44] regarding consumption of Italian households based on social groups. 

Having characterized the current state of the district from the energy point of view, different retrofit 

options have been defined and assessed though the analytical models. With the total consumption 

information determined for the RBs with varied levels of energy efficiency retrofit measures and the 

district level appliance consumption calculated, the fourth step introduces different rates of retrofit 

penetration and appliance electricity demand changes. This information along with the necessary 

coefficients allos for the emissions of each scenario to be calculated. The fifth step draws on the 

results from the scenario analysis and uses local pricelists regarding retrofit costs as well as data from 

literature regarding savings in healthcare costs from avoided emissions to assess the economic 

impacts. Finally, in the sixth step, the results are re-imported in to QGIS to allow for visualization of 

the trends. 
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 Assumptions 

Some assumptions made in the calculations are as follows: 

§ The buildings are treated as one large volume (single zone); 

§ Utility costs are fixed; 

§ District heating (DH) is fixed; 

§ The primary energy conversion factor for DH is fixed. 

 Step 1: QGIS Initialization 

The objective of step 1 was to characterize the 

district in terms of the building typologies present 

as well as the demographic make-up of the 

district. This information provided the foundation 

for the subsequent steps. Figure 4 provides a 

reminder of the inputs and outputs associated to 

this step. 

2.2.1 Input Materials 
Shapefile, .shp extension, is a file format used by geographic imaging software (GIS) to read geospatial 

vector data. This file format allows for attributes to be associated to vector features. The shapefile 

files used in this research were provided by the Municipality of Turin, and the vector features 

represented were the buildings and boundaries associated to the 3rd district.  

QGIS Initialization

QGIS

QGIS  Visualization Financial Analysis

Financial Analysis

Retrofit Pricelist

Health Costs

Scenario Analysis

Energy Service 
Projections

Census shapefile

Buildings shapefile

Volume shapefile

Development & Calibration
13 RBs

Analytical Thermal
Model

Climate Database

Statistical Database
Statistical Thermal

Model

Statistical 
Energy 

Demand

Weather Database
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Measurement 
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District Calculations

Statistical Electrical 
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Analytical Thermal 
Model
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Retrofit Measures 
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and intervention impacts

Current Energy Demand for RBs 
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Generation Mixes
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Pollutant Coefficients

Area of district retrofit

Emissions

Energy Service PE Need
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Figure 3: Methodology flowchart 
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Building Archetypes
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Figure 4: Step 1 flowchart 
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2.2.1.1  “Buildings” shapefile 

The “buildings” shapefile contained vector features associated to the buildings and attributes for the 

construction period and type of building (residential, commercial, etc.) which were used for analysis.  

2.2.1.2 “Census Sections” shapefile 

The “census sections” shapefile contained vector features associated to the district boundaries and 

attributes providing the statistical zone and demographic information about residents (number of 

families, men, women, and ages of residents). 

2.2.1.3 “Volumetric Unit” shapefile 

The “volumetric unit” shapefile contained vector features associated to the buildings and attributes 

pertaining to building geometry such as height, number of floors, and surface area. 

2.2.2 Analysis 
Each shapefile was imported into QGIS, an opensource GIS software program, creating a layer. The 

layers were then superimposed using the “union” tool in QGIS in order to create a single layer with 

all of the important information needed to proceed with the calculations.  

With a single layer created, the data was filtered by attributes in order to identify only the buildings 

of interest for this case. The following parameters were used to identify and remove buildings from 

the layer: 

§ Buildings not associated to the 3rd district. 

§ Buildings whose type was not residential. 

§ Buildings whose height was a single floor. 

§ Buildings whose footprint surface area was less than 10 m2. 

The assumptions made when eliminating single floor buildings and buildings with a low footprint 

surface area were that they represented garages and elevators, respectively. Once this was done, the 

process of determining the shape factor began.  

The shape factor (S/V) is defined as the surface to volume ratio [29] and is calculated using Equation 

2.1. This parameter is commonly used along with construction period in order to classify buildings by 

archetypes [6].  
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!/# =
!%&'()*+,-

#./%0*12345367
 Equation 2.1 

The envelope surface exposed to external transmission (!%&'()*+,-) was determined using QGIS by 

identifying shared walls, as shown in Figure 5, and the shorter building height and applying Equation 

2.2. Wall thickness was omitted, and the building is considered to be an empty shell. 

!%&'()*+,- = (9*&:0*;*&	 × 	>*:?ℎ;) −	!%&'()*CDEF+5
+ 2 × !%&'()*DIF3J 	

Equation 2.2 

       

Once !%&'()*+,- was determined, the volume was calculated (Equation 2.3) allowing for the final 

determination of the shape factor. 

 

The type of residence was determined based upon the resulting shape factors as presented in Table 

1. In order to create the archetype classes, buildings are also grouped based on their construction 

period as shown in Table 2. Use of shape factors and building construction class for building 

characterization is a common practice [6] and has been applied to the 3rd district of Turin in previous 

studies [8]. The combination of 4 building types and 9 construction periods means there are 36 

different building archetypes which could be present in the district. 

Table 1: Residence type based on shape factor 

Type of Building S/V value Identifier 

Single Family > 0.8 SF 

Terrace House 0.6 - .08 TH 

Multi-family Home 0.4 - 0.6 MF 
Apartment Block < 0.4 AB 

 

#./%0*12345367 = K&*( · >*:?ℎ; Equation 2.3 

Figure 5: QGIS identification of shared walls between residential buildings. Left: 3rd district. Right: Zoom. 
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Table 2: Building construction classes 

Construction Period Class Identifier 

Pre 1918 C1 

1919 - 1945 C2 

1946 - 1960 C3 

1961 - 1970 C4 

1971 - 1980 C5 

1981 - 1990 C6 

1991 - 2000 C7 

2001 - 2005 C8 
2006 - Present C9 

 Step 2: Development and Calibration 

During the second step in the process, the analytical thermal model is developed and calibrated. The 

flow for this process is shown in Figure 6.  

 

2.3.1 Input Materials 

2.3.1.1 Statistical Database 

The statistical values regarding energy consumption for heating and domestic use came from the 

Italian statistical database, ISTAT  [45]. The value used was presented in terms of cubic meters of 

methane per capita for residents of Turin for 2011. 

2.3.1.2 Climate Database 

The climate database contains information regarding the heating degree days (HDD) for several 

years. The years required for this study were 2011, the year from which the statistical data was 

available, and 2014, the reference year from which the DH consumption data from IREN is available. 

The HDD data came from ARPA Piemonte [46].  

Development & Calibration
13 RBs

Analytical Thermal
Model

Climate Database

Statistical Database
Statistical Thermal

Model
Statistical 

Energy 
Demand

Weather Database

Archetype Database

Standards Data

Measurement 
Database

Calibrated Model

Building Archetypes

Building Geometry

Resident Data

Figure 6: Step 2 flowchart 
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2.3.1.3 Weather Database 

The weather database contains information related monthly values for ambient temperatures, solar 

irradiation [47] from 2014. 

2.3.1.4 Archetypes Database 

The archetypes database used was from TABULA ([6]), a project providing typology based information 

for building stock energy assessments. The project was developed as part of the European program 

“Intelligent Energy Europe” (IEE).  The Italian TABULA database contained information describing the 

standard properties of the Italian building stock. The archetypes are categorized by occupancy type 

and construction period. One minor inconvenience is that the periods of construction for this 

database is not completely synchronized with the census construction periods. The TABULA database 

currently only contains information regarding the residential building stock [32]. 

2.3.1.5 Standards Data for Hot Water Demand 

For the method applied in this thesis, the domestic hot water consumption must also be considered. 

An Italian standard [48] contained information regarding the domestic hot water requirements based 

on floor area and temperature set points. 

2.3.1.6 Thermal energy measurements database 

The measurements database contains information regarding the monthly district heat consumption 

for 247 buildings in the area of interest. This information has been provided by the district heating 

service provider, IREN. 

2.3.1.7 Thermal Analytical Model 

The thermal analytical model developed is based on physical characteristics as defined in the TABULA 

Italian building typology study [6] and describes the dynamic exchanges of energy between the 

building and its environment on a monthly basis (quasi-steady state). The required thermal energy 

services of space heating, space cooling and domestic hot water can then be determined for each 

building. In order to create the model, the simple monthly dynamic method of the European 

Committee of Standardization [48]–[56] was applied to a reference building for each of the 36 

archetypes.  
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Figure 7: Energy system boundaries schematic 

In order to elaborate these thermodynamic calculations for each of the 36 building typologies 

considered in this thesis, an excel-based tool was developed which allows the user to predefine 

building geometry and construction material thermophysical characteristics and then to calculate the 

energy need, delivered energy, and primary energy of a configuration by simply choosing from drop-

down menus. The file created allows an engineer to quickly recalculate the consumption of reference 

buildings with limited data. Figure 7 shows the energy system boundaries. It is important to 

remember each line on the figure, representing distribution, has losses and that the efficiency of 

equipment such as boilers, chillers, power generation units is less than 100%. For this reason, 

buildings with traditional systems for thermal comfort will have higher values of delivered energy 

than energy need.  

2.3.1.8 Definition of Reference Buildings 

The use of reference buildings associated to specific building archetypes is a well-established process 

in modeling of building energy consumption. Making use of the statistical information contained 

within the archetype database related to thermophysical and building construction typologies, along 

with the building geometry determined from QGIS, the RBs can be defined. In this study, two sets of 

reference buildings (RBs) were defined. The first set of RBs was based on buildings for which 

measured data was available allowing for accurate calibration of the model before implementation 

on reference buildings defined by a larger sample of the district. Equation 2.4 was used to determine 

the critical parameters of the RBs.  

MN+E6,PQ =
∑ M3,PQ
S
3TU

VPQ
	

Equation 2.4 

Where: 

Chiller

Boiler/
DH

ENERGY NEED DELIVERED 
ENERGY
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Biofuels & 
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 MN+E6,PQ  is a the mean value of a building geometrical feature for the RB; 

 M3,PQ   is the value for the building geometrical feature of :, WX; 

 VPQ   is the number of buildings of the same archetype for which the RB is 
being defined. 

 

The geometrical feature M could represent the building height, surface area exposed to ambient, wall 

area shared between buildings, volume, number of floors, or percentage of walls covered by glazing.  

The make-up of the 247-building initial sample is presented in Table 3. This sample contains buildings 

of the apartment block (AB) type from each of the construction periods with the exception of C8 

(2001-2005) along with multi-family (MF) homes and terraced homes (TH). No single-family (SF) 

homes were identified as part of the sample and for some archetypes there was only a single sample. 

The construction periods are predominately post-war (World War 2), identified as periods C3 and 

later, which is logical given it was heavily bombed during the war.  

The second set of RBs represents the entire residential building stock of the 3rd district and are 

presented in Table 4. There are 5301 buildings and each of the 36 possible building archetypes. The 

composition indicating a predominance of multi-family dwellings and post-war construction are 

maintained in this sample as well.   

Table 3: Initial RB sample 
 

Class Count 
C1AB 2 
C2AB 32 
C2MF 6 
C3AB 48 
C3MF 4 
C4AB 94 
C4MF 3 
C5AB 39 
C5MF 4 
C5TH 1 
C6AB 12 
C7AB 1 
C9AB 1 

Table 4: District level RB sample 

Class Count Class Count Class Count 

C1AB  78 C4AB  986 C7AB  102 

C1MF  25 C4MF  292 C7MF  54 

C1SF  2 C4SF  17 C7SF  7 

C1TH  18 C4TH  58 C7TH  14 

C2AB  735 C5AB  376 C8AB  78 

C2MF  408 C5MF  95 C8MF  40 

C2SF  14 C5SF  6 C8SF  18 

C2TH  67 C5TH  25 C8TH  13 

C3AB  860 C6AB  93 C9AB  72 

C3MF  489 C6MF  52 C9MF  55 

C3SF  15 C6SF  7 C9SF  9 

C3TH  99 C6TH  8 C9TH  14 
 

 

For each set of RBs, the space heating (SH), space cooling (SC), and domestic hot water (DHW) 

consumption were calculated following the methodology presented in the subsequent sections. 

2.3.1.9 Space Heating Requirement 
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The space heating requirement was determined by performing an energy balance, Equation 2.5, over 

the course of the heating period in Turin which is from October 15th - April 15th. The RB is treated as 

a single zone in this analysis and recovered energy is not considered. 

Where: 

 YZ,6++5   is the building energy need for space heating; 

 YZ,D-   is the heat loss; 

 YZ,76   is the heat gain; 

 [76   is the utilization factor; 

 YZ,-F   is the heat loss by transmission; 

 YZ,\+  is the heat loss by ventilation; 

 Y36-  is the internal gain; 

 YCI4   is the solar gain. 

Looking at the losses first, Equation 2.6 and Equation 2.7 represent the equations used to determine 

the heat losses due to transmission and ventilation, respectively. These values are calculated on a 

monthly basis as the set temperatures vary seasonally and the mean external temperature and 

number of days vary monthly. 

The coefficients of heat loss, >-F,E5]  and >\+,E5]  must be calculated using Equation 2.8 and Equation 

2.10, respectively. The coefficient of heat loss via transmission, >-F,E5], is the sum of the direct heat 

transfer coefficients; transmission to the ground (>7), unconditioned spaces (>2), directly to external 

environment (>5), and adjacent buildings (>E). 

Each of the direct heat transfer coefficients is made up of three parts representing transmissions over 

a surface area, linear, and point transmissions. Equation 2.9 allows for these variables to be 

calculated. In this model, the contributions from linear and point transmissions were omitted and 

^-F,, values were taken from literature [55]. 

YZ,6++5 = 	YZ,D- −	YZ,76 · [76

= 	_YZ,-F 	+ 	YZ,\+` −	[Z,76 · 	 (Y36- 	+ 	YCI4) 
Equation 2.5 

Y-F = 	>-F,E5] · _a3,C+- +	a+` · ; Equation 2.6 

Y\+ = 	>\+,E5] · _a3,C+- +	a+` · ; Equation 2.7 

>-F,E5] = 	>7 + >2 + >5 + >E Equation 2.8 
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The transmission losses due to ventilation are based on the volume of the building that can be 

occupied by air (#6+-), the number of air changes (b) [57] measured in m3/hour, the specific heat 

capacity of air per volume (cEdE) measured in J/m3K and 3600 represents the number of seconds in 

an hour.  Equation 2.10 is used to determine the proper value.  

With the losses evaluated, the gains must be calculated. There are two main sources of gains, solar 

and internal. The solar gains are due to solar irradiation interacting with the building. The internal 

gains are based on inhabitants, their quantity and behaviors, as well as heat from any equipment 

(computers, etc) which may be in the volume of interest. 

Solar gains are calculated using Equation 2.11 where eCD,I1 is a dimensionless obstruction correction 

factor, KCI4  is the area of irradiated elements, opaque and transparent, fCI4  is the solar irradiation, 

and ; represents the time step of the calculation. 

Traditionally, the obstruction correction factor would be calculated with Equation 2.12, factoring in 

obstructions from other buildings (eDIF), overhangs (eI\), or vertical fins (eg36). In this model, eCD,I1 

was used as a calibration variable.  

The opaque area, KCI4,Ih, was determined based on Equation 2.13. An assumption was made for the 

opaque surface area, Ki, only two of the building walls were considered exposed to the sunlight as 

most of the buildings in the district share two walls with neighboring buildings. The values for the 

color correction factor, jCi, and the external surface resistance, WC+, were taken from literature [55] 

and ki  is determined from TABULA based on the RB archetype. In this study, jCi  was used as a 

calibration variable. 

The equivalent transparent area, KCI4,-F, is calculated with Equation 2.14 The window area, Kl, is 

determined based on the RB archetype data in TABULA as a percentage of the wall area. The and 

frame factor, em, value are determined based on literature [55]. 

>, = ^-F,, · (Σ3K3 · k3 + Σopo · /o + Σ]q]) Equation 2.9 

>\+,E5] =
cEdE

3600
· b · #6+- Equation 2.10 

YCI4 = 	eCD,I1 · KCI4 · fCI4 · ; = 	eCD,I1 · (KCI4,-F + KCI4,Ih) · fCI4 · ; Equation 2.11 

eCD,I1 = 	eDIF · eI\ · eg36	 Equation 2.12 

KCI4,Ih = 	jCi · WC+ · Ki · ki  Equation 2.13 
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The total solar transmittance, ?74, is determined using Equation 2.15 based on a correction factor for 

non-scattering glazing, el, and the time-average total solar energy transmittance, ?74,6, related to 

the type of window. 

The shading reduction factor, eCD,74, allows for the consideration of the use of shutters and other 

shading devices through the application of Equation 2.16. The total solar energy transmittance of the 

window, ?74, is the value when no shading device is in use. However,  ?74,CD represents the value 

when a shading device is being used. 

Once the solar gains are determined, the internal gains, Y36-, must be determined. Equation 2.17 

provides the means to do so. The time-average heat flow rate from internal heat source, u36-,N36, is 

based on the net floor area, KSm, of the building and calculated in accordance with Equation 2.18. 

 

Lastly, the utilization factor must be determined. The utilization factor in Equation 2.5 is a 

dimensionless factor to balance the gains in the case of possible overheating due to solar gains and 

must be calculated for each month. The utilization factor is determined based on the value of another 

variable, vZ, which is the heat balance ratio, calculated with Equation 2.19, for the heating mode and 

the utilization factor is then calculated with the appropriate equation.  

 

Equation 2.20 is applied to determine the utilization factor according to the previously obtained heat 

balance ratio value. 

KCI4,-F = 	eCD,74 · ?74 · (1 − em) · Kl Equation 2.14 

?74 = 	?74,6 · el Equation 2.15 

eCD,74 = _1 − 'CD,l3-D` + ('CD,l3-D ·
?74,CD

?74
) Equation 2.16 

Y36- = 	u36-,N36 · ; Equation 2.17 

u36- = 	 x
450, 																																													KSm > 1200

|

7.98 · KSm − 0.035 · KSm
| , 					KSm ≤ 1200

|
 Equation 2.18 

vZ = 	
YZ,76

YZ,D-
 Equation 2.19 
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Where the dimensionless parameter, jZ, is calculated with Equation 2.21 and the values for and the 

values for the numerical parameter, jZU, the reference time constant,  ÇZU,  are found in literature 

[49]. For this model, the values were jZU = 1 and ÇZU = 15 (hours). 

 

The thermal inertia of the building, Ç, is calculated per Equation 2.22 and the thermal capacity, dN, 

can be found in literature [55] (115 kJ/m2K). 

With the afore mentioned calculations, YZ,6++5  is determined, but that value does not take into 

consideration that there are inefficiencies in the system. These must be determined in order to 

calculate the final energy consumption, YZ,2C+, which corresponds to the delivered energy in Figure 

7. In order to calculate the overall system efficiency, ÉZ,CÑC, Equation 2.23 is use and values for the 

regulation system efficiency, ÉF7, the distribution system efficiency, É5, and the generation system 

efficiency, É7,can all be found in literature [55]. The emission system efficiency must be determined 

with Equation 2.24 and Equation 2.25. 

For the medium value of the heating requirement, YZ,N+532N, the total annual heating requirement 

is determined by summing the monthly values for the heating requirement, YZ,N+532N,ÖSSÜÖá, and 

this value is then divided by the hours in which the heating system is used, 14 hours/day, and the 

length of the heating season, 183 days, along with the gross heated volume, #7F. Depending on the 

value of YZ,N+532N the appropriate system efficiency is selected. 

[76 =

⎩

⎪⎪

⎨

⎪⎪

⎧
1 −	v

Z

åç

1 +	v
Z

åç	éè
	,											vZ > 0, vZ ≠ 1	

jZ

	jZ + 1
	,																																	vZ = 1	

1

	vZ
	,																																											vZ < 0

		 Equation 2.20 

jZ = 	jZU +	
í

íçì
	 ; Equation 2.21 

Ç =
dN/3600

>-F,E5] + >\+,E5]
 Equation 2.22 

ÉZ,CÑC = 	 É+ · ÉF7 · É5 · É7 Equation 2.23 
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2.3.1.10  Space Cooling Requirement 

The required cooling, Yî,6++5, is calculated by following the same process as YZ,6++5, but changing 

the set temperature to 26oC and using the meteorological data from May-September. If Yî,6++5 is 

found to be less than 15 kWh/m2y, then standard practice dictates no cooling system is required.  

2.3.1.11  Domestic Hot Water 

The amount of domestic hot water (DHW) required is determined based on Equation 2.26 where the 

total energy need for hot water, Yl,6++5, is calculated using Equation 2.27 and the generation system 

efficiency, É7 , comes from literature. Water density, cl , and specific heat, )l , are well known 

constants. The desired water temperature, a+F, and water supply temperature, aI, from the aqueduct 

in Turin were provided by Politecnico di Torino. The number of working days the hot water must be 

available, G, is set as 365 days.  

In order to determine the appropriate volume of water needed, #l, the net conditioned floor area, 

!l, is used along with two factors, ( and ^ which come from literature [55]. 

 

At this point the values for need and final energy consumption for SH, SC and DHW have been 

determined and this process was carried out for each of the RBs.  

2.3.2 Statistical Thermal Model 
The statistical model is adapted from the simple heating degree days (HDD) method presented in 

literature [58]. The statistical information available in terms of heating need for Turin was available 

in terms of methane required per capita, VîZó,2C+,|Uèè. Therefore, Equation 2.29 was created to make 

YZ,N+532N = 	
òç,ôööõ,úùùûúü

èó·è†°·¢£§
	 ; Equation 2.24 

É+ = •

0.98,																																											YZ,N+532N < 4	

0.97,																																4 < 	YZ,N+532N < 10	

	0.95	,																																										10 < 	YZ,N+532N

		 Equation 2.25 

Yl,2C+ = 	
Yl,6++5

É7
 Equation 2.26 

Yl,6++5 = 	cl · )l · #l · (a+F −	aI) · ¶ Equation 2.27 

#l = ( · !l · ^	 Equation 2.28 
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use of the information that was available. This value, 599.62 m3/person/year [45], was from the year 

2011 and included cooking and production of domestic hot water. The heating degree days,	>ßß|Uèó 

and  >ßß|Uèè , were obtained from ARPA [46]. As the information regarding the methane 

consumption pertained to the region of Torino and not the city of Turin, the HDD value is that of the 

region in 2011. In order to be applicable for our district, the 2014 HDD value was obtained from the 

nearest weather station, Alenia.  The gross volume used was that of the RB for each archetype and 

the census data was used to determine the mean number of residents in each building, 9. 

Where: 

 ®2C+,C-E-  is the final specific heat consumption with cooking & DHW [kWh/m2]; 

 #îZó,2C+,|Uèè  is of heating need for Turin province [m3 CH4]; 

 >ßß|Uèó  is the heating degree days in the 3rd district in 2014 [days]; 

 >ßß|Uèè  is the heating degree days for the province of Turin in 2011 [days]; 

 #7F    is the gross volume of the RB [m3]; 

 9   is the population of the RB [people]; 

 
è	C-5	N©	îZ™

°†èè°	o´
  is the conversion from m3 CH4 to kJ [59]; 

 
è+¨o´

|≠≠.≠≠†	oÆD
  is the conversion from kJ to kWh; 

Once the value was defined, an adjustment had to be made in order to address the fact that the 

statistical value included cooking and DHW production. Based on literature, [60] the share of final 

consumption for cooking and DHW production have remained relatively steady and their values were 

5.5% and 8.5%, respectively in 2013 and were therefore assumed to be the same in 2014. Therefore, 

the values found through Equation 2.29 were adjusted using Equation 2.30. 

Where: 

 ®2C+,C-E-,E5]   is the adjusted value for specific final heat consumption [kWh/m2] 

 !ØZÆ   is the share of final consumption of DHW [%]; 

 !î∞    is the share of final consumption of cooking [%]; 

2.3.3 Calibration with Measurement Database 
The measurement database comes from the district heat provider, IREN. The file provided contained 

information such as the building address, an ID from a previous QGIS project in the district, and the 

®2C+,C-E- =
VîZó,2C+,|Uèè

±*&≤.b
·
38113	≥¥

1	≤;µ	0°	d>ó
·
277.778	≥∂ℎ

1*∑≥¥
· #7F · 9 ·

>ßß|Uèó

>ßß|Uèè
 Equation 2.29 

®2C+,C-E-,E5] = 	 ®2C+,C-E- · (100 − !ØZÆ − !î∞) Equation 2.30 
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consumption in MCalh. Figure 8 shows some examples of the DH heating data which was present in 

the database. 

 

Figure 8: Sample DH data for 3rd district, 2014 

The QGIS union tool was used again in order to reconcile the new project building IDs with the old 

ones and associate the consumption to the appropriate building. There were a few instances where 

the old building ID corresponded to several new ones, indicating higher granularity in the building 

shapefile used in this study. These issues (10 instances) were investigated and resolved manually by 

combining some buildings in order to associate their consumption data which was not as granular. 

The specific heating need was then calculated for each building. With the specific consumption 

determined and associated to the appropriate archetype, the RB mean measured consumptions 

could be determined. 

For each archetype there were a different number of buildings in the sample as shown in Table 3. For 

those with higher number of samples, it would be expected that the RB may be more representative 

for the district and it is therefore more critical that the calibration reduces the error as it pertains to 

the higher frequency RBs. In order to determine the error for both the analytical and statistical 

models, Equation 2.31 was used.  

2.3.3.1 Calibration Variables 

The variables which were changed in order to facilitate the calibration were the building orientation, 

the color correction factor, and the obstruction correction factor. These variables impact the solar 

gains of the building. In an urban environment, it is logical that the obstruction correction factor 

%	*&&.& = 	
(±±&.q:0(;* − 0*(≤%&*µ

0*(≤%&*µ
 Equation 2.31 
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should be less than one as it is probable that buildings would cast shadows on each other.  In regard 

to the orientation, most of the buildings in this study were best calibrated with an east-west 

orientation and the . All other variables had been determined based on building geometry or values 

from literature which are fixed.  

Again, in this step, the development of a tool which rapidly recalculates the energy need and use for 

SH, SC, and DHW was imperative in order to perform the calculations and iterate for each of the RBs.  

Once satisfied with the range of error across the initial RBs, the model was considered calibrated. 

 Step 3: District Calculation and Introduction of Measures 

As shown in Figure 9, the calibrated 

analytical thermal model is applied to 

newly calculated RBs representing the 

entire district and all 36 archetypes. 

Several retrofit measures are 

considered, and their impacts on 

consumption are determined. In 

parallel, the statistical electrical 

consumption for the district is 

determined based on the profiles 

database and information regarding the 

district residents. The outputs are the 

district level electrical profile and the energy consumption for each RB with each retrofit. 

2.4.1 Input Materials 

2.4.1.1 Retrofit Measures Data 

The retrofit measures were initially defined based on TABULA data and were specific to each RB. As 

some TABULA values no longer meet the current standards, those values replaced and values related 

to the envelope retrofit were taken from the IEA [1] or academia [61] and values for energy system 

retrofits came from the IEA “Transitions to Sustainable Buildings” as well [1].  

2.4.1.2 District RB Definitions 

For the definition of the district level reference buildings, the process was the same as that which 

was elaborated in 2.3.1.8, but the sample encompassed the whole district (5301 buildings). The 

results of the breakdown by archetype can be seen in Table 4. 

District Calculations

Statistical Electrical 
Model

Analytical Thermal 
Model

Resident Data

Retrofit Measures 
Data

District RB 
Definitions

Profiles Database

District Electricity Profile

Current Energy Demand 
for RBs and intervention 
impacts

Calibrated Model

Figure 9: Step 3 flowchart 
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2.4.1.3 Resident Data 

Additional census information, not found in the census GIS shapefile, related to level of education 

and citizenship which are defining parameters used in the classification of the groups were provided 

in the form of an excel file containing census information for all of Turin. 

2.4.1.4 Profiles Database 

The electricity consumption profiles database was provided by previous master’s thesis research [44]. 

The data is provided as consumption in Wh at fifteen-minute intervals for an entire year. Each profile 

was specific to a social group as they are identified by ISTAT [62]. 

2.4.2 Processing District Level RBs and Tuilding thermophysical Properties 
With the critical inputs gathered, the consumption data was recalculated using the analytical thermal 

model. For both the systems and the envelope, two levels of intervention were considered, and they 

are detailed in Table 5 and Table 6. The “Basic” envelope intervention was comprised of adding 

insulation to the roof and ground level and replacing the windows with more efficient, low-e, double-

glazed models with vinyl frames. In the “Advanced” building envelope intervention, insulation is 

added to the walls as well and the windows are double low-e, triple glazed with vinyl frames. For the 

systems, the boilers are replaced with heat pumps for both heating and cooling. The difference 

between the “Basic” and the “Advanced” is simply the coefficient of performance (COP) of each. In 

“Basic” it is 2.9 and in “Advanced” it is 4.0 [1].  

Table 5: Envelope retrofit measures 

 WALL 
(to ambient) 

ATTIC FLOOR 
(to basement) 

JOINERY - Windows 

Classification Additional 
Insulation 
thickness 
(m) 

U 
[W/(m2K)] 

Additional 
Insulation 
thickness 
(m) 

U 
[W/(m2K)] 

Additional 
Insulation 
thickness 
(m) 

U 
[W/(m2K)] 

Description U 
[W/(m2K)] 

ggl,n 

Envelope: 
Advanced 

0.14 0.15 0.15 0.13 0.15 0.23 Triple glaze, 
double low-e, 
vinyl frame 

1.1 0.27 

Envelope: 
Basic 

0 0 0.11 0.27 0.1 0.3 Double low-e, 
vinyl frame 

1.7 0.5 

 

Table 6: System retrofit measures 

 Heat Generation Cooling Generation 
 Description Efficiency  

(ηH,gn) or COP 
Description Efficiency  

(ηH,gn) or COP 
Systems: Advanced ground heat pump 

with COP = 4 
4 ground heat pump with COP 

= 4 
4 

Systems: Basic air heat pump with 
COP = 2.9 

2.9 air heat pump with COP = 
2.9 

2.9 

     
These interventions were combined to create four unique possibilities as demonstrated in Table 7.  
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Table 7: Retrofit measure combinations 

Systems 
Envelope 

Advanced Basic 

Advanced EASA EASB 
Basic EBSA EBSB 
   

Throughout the remainder of the analysis when referring to building interventions pertaining to SH, 

SC and DHW, the codes indicated in Table 7 will be used. Ex: 1% EASA implemented per year. In these 

interventions, endogenous energy production, energy storage and changes in emission, distribution 

and regulation system efficiency were not considered.  

2.4.3 Electrical Profiles 

2.4.3.1 Determining Social Group Representation in 3rd district 

Electricity profiles based on household social groups were made available by previous research [44] 

along with some more census information related to various zones in the city. The new census 

information, not in the form of a GIS shapefile, contained information related to level of education 

and citizenship. These are defining parameters used in the classification of the groups, as shown in 

Figure 10, which is based on information provided by ISTAT [62]. The new census information was 

ALL  FAMILIES

Professional 

Situation

Laborer, atypical, 

inactive, 

unemployed

Retired, working 

professionals, etc.

Level of 

studies

Completed high 

school

Did not complete 

high school

Citizenship

Italians onlyAt least 1 foreigner

4 or more

Family Size

4 or more

Low-

income 

foreign 

families

Low-

income 

Italian 

families

3 maximum

Professional 

Situation

Inactive or 

unemployed

Laborers or 

atypical

Young 

unemployed 

and seniors 

living alone

Young 

blue-

collar 

workers

Traditional 

provincial 

families

3 maximum

Retired 

blue-

collar 

families

Professional 

Situation

Employed, 

clerks, free-

lance

Clerk’s 

families

Precise level 

of study

High school 

only

Silver 

pensioner 

families

Ruling 

class

University 

degree

Family Size

Figure 10: Classification of Social Groups in Italy  
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filtered for the zones which are only applicable to the 3rd district; zones 31, 32, 33, 34, 51, and 52. 

For each census zone, the sorting indicated in Figure 10 was carried out, and the number of 

households of each type was determined at a zone level. 

2.4.3.2 Creation of District Level Electrical Load Profile 

Unfortunately, measured data is not available regarding the appliance electricity consumption in the 

district. Therefore, previous research which uses a socio-techno-economic analysis based on census 

data to identify the penetration of certain devices and technologies to construct electrical load 

profiles based on so-called “social groups” as they will differ based on each household’s 

circumstances. The objective for this process was to arrive at monthly values for electricity 

consumption based on domestic appliances which was representative of the district. In order to do 

this, the individual social group electricity consumption profiles with fifteen-minute increments were 

converted into hourly, then daily, then monthly values by taking the average of the fifteen-minute 

time steps as shown in Equation 2.32. Once this was complete, the profile for the district was 

calculated by applying the values found in Section 2.4.3.1 regarding how many of each type of social 

group household were present in the district. This allowed for the determination of the monthly and 

annual electricity consumption values. 

π/DF =
π/è∫ + π/°U +	π/ó∫ +	π/∑U	

4
	

Equation 2.32 

Where: 

	 π/DF 	 	 is the hourly consumption [kWh]; 

 π/,  where x is 15, 30, 45, or 60 represents the consumption at each minute mark 
[kWh]; 

 Step 4: Scenarios 

The fourth step is the establishment of the scenarios which introduce changes to the building stock 

and electrical consumption patterns on an annual basis. These changes allow for projections of the 

impacts on key parameters such as energy consumption, greenhouse gas emissions, and local air 

pollution as a result of the changing energy service demands. The inputs and outputs of this step are 

presented in Figure 11. 



Trafton 
 

Materials and Methods| 28 

A more detailed process is 

presented in Figure 12. The first step 

in the process was prioritizing the 

application of the retrofit 

interventions. Next, the scenarios 

with different intervention rates are 

applied to each of the area of the 

district corresponding to the RBs 

respecting the prioritization.  

This is done for each year through 

2050, where each year more 

buildings are impacted. The energy 

need, which is reduced thanks to 

envelope interventions, is 

subsequently determined. The 

previous steps had not yet taken 

into consideration the increased 

electrical demand due to the 

addition of heat pumps or the 

domestic appliance electricity use 

and that is addressed in the energy 

consumption assessment, and 

these consumptions are also 

characterized by their energy 

carriers. Based on the different 

energy carriers, the primary energy 

demand is determined at a district 

level each year. With the demands 

and the energy carriers used to 

generate the energy required to meet the demand clear, the emissions, greenhouse gas as well as 

other pollutants, can be determined for each year. As an input for the following step of the process, 

the financial calculations, the area impacted by the interventions is also identified. 

 

Prioritize

The RB which could benefit most from retrofit 
interventions is identified based on improvement of 
specific consumption.

Scenario 
rates

The retrofit rate scenario is applied based on square 
meters which are modified. 

Energy

Thermal: the impact on annual energy need and final 
consumption is evaluated. 

The district level appliance electricity demand is 
calculated.

2050 
Projection 

This rate is then applied annually (per annum) through 
the year 2050.

Primary 
Energy

The consumption is characterized in terms of energy 
carriers and the primary energy is determined.

Emissions

The emissions are calculated based on the primary 
energy demand and electricity mix for each year.

Area

The surface area representing building interventions 
due to the scenario is identified for each year.

Scenario Analysis

Energy Service 
Projections

District Electricity Profile

Current Energy Demand for RBs 
and intervention impacts

Electricity Rates

Retrofit  Rates

Electricity Generation 
Mixes

Emissions  and 
Pollutant Coefficients

Area of district retrofit

Emissions

Energy Service PE Need

Area of each type of retrofit

Figure 11: Step 4 flowchart 

Figure 12: Detailed scenario analysis flowchart 
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2.5.1 Input Materials 

2.5.1.1 Electricity Consumption Rates 

According to a study performed by researchers at Arizona State University [63], it is expected that 

with the increased rates of electrification in our homes, electricity demand will increase at a rate of 

1% per year, this is considered the business as usual (BAU) case. There will, of course, be 

improvements in the efficiency of the devices in question and the same study suggests that these 

could offset the growth in demand by 0.5% (optimistic) or 0.25% (conservative). 

2.5.1.2 Retrofit Rates 

According to BPIE [64], it is estimated that building stock renovation rates range between 0.5% and 

2.5% per year, with the most common rate across Europe being 1%. Therefore, no scenario was 

considered where retrofit rates were outside of those bounds. 

2.5.1.3 Electricity Generation Mix Evolution 

The current electricity generation mix for Italy [65] is presented in Table 8 along with possible 

combinations which are aligned national and international objectives. The National Energy Strategy 

defines the target for renewable share of final electricity consumption in 2030 as 55% [2] and the 

trend was expected to continue in a similar fashion until 2050.  

Table 8: Electricity supply mix - current and future 

Year 2014 2030 2050 
Natural Gas 38.3% 32% 1.4% 
Coal 16.6% 11% 0.6% 
Oil 4.8% 0% 0.17% 
Biofuels and Waste 7.8% 2% 0.6% 
Wind 5.2% 11% 15.6% 
Hydropower 15.6% 21% 45.7% 
Geothermal 2.2% 8% 8% 
Solar 9.3% 15% 27.9% 
Non- RE Share 67.7% 45% 2.7% 
Renewable Share 32.3% 55% 97.3% 

 

2.5.1.4 Greenhouse Gas and Pollutant Coefficients 

The emission and pollutant coefficients came from multiple sources. For greenhouse gasses methane 

(CH4), nitrous oxide (N2O), and the combined particulate matter PM from the combustion of natural 

gas values were obtained from the Environmental Protection Agency (EPA) [66][67]. The values for 

carbon dioxide (CO2), other nitric oxides (NOx), sulfur dioxide (SO2) and PM2.5 values were obtained 

from research carried out by Copenhagen Economics using the GAINS model [43]. The values for 

global warming potential (GWP) for each of the greenhouse gasses were obtained from the 
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Greenhouse Gas Protocol outlined by the Intergovernmental Panel on Climate Change [68]. All values 

are presented concisely in Table 9.  

Table 9: Emissions coefficients and global warming potential (GWP) 

 Greenhouse Gasses 
Fuel type kg 

CO2/GWh 
kg 
CH4/GWh 

kg 
N2O/GWh 

kg 
NOx/GWh 

kg 
SO2/GWh 

kg 
PM2.5/GWh 

kg 
PMtot/ 
GWh 

Natural Gas 204879.6 3.4 0.341 133.2 270.0  56.0 
Coal 339109.2 37.5 5.5 234.0 298.8 14.4  
Biofuels and 
Waste 360015.1 109.2 14.3 216.0 100.8 3.6  

Oil 254341.0 10.2 2.05 1846.8 795.6 68.4  
GWP 1 258 298 

 

For the electricity mix which varies with time in this study, the emissions factors of each 

individual fuel were considered in the proportion which it is consumed.  

2.5.2 Prioritization 
The implementation of the energy efficiency retrofits was prioritized starting with the RBs which 

demonstrated the greatest improvements in final energy consumption based on the results of the 

analytical thermal model. The determination of greatest improvement was an absolute assessment 

in terms of kWh/m2 of final consumption, not based on the percentage of reduction. 

2.5.3 Scenario Rates 
The scenario rates were assumed in accordance with the BPIE study and are as presented in Table 

10.  

Table 10: Building retrofit yearly rates (p.a.) 

  EASA EBSA EASB EBSB Total Change 
Slow Rate 0.00% 0.00% 0.10% 0.50% 0.60% 
Moderate Rate 0.10% 0.00% 0.50% 1.00% 1.60% 
Fast Rate 0.50% 0.00% 1.50% 0.00% 2.00% 
      

This nomenclature, “Slow,” “Moderate,” and “Fast” will be used throughout the text and refers back 

to these combinations of envelope and system interventions as detailed in Table 7.  

2.5.4 District energy need and final consumption 
For each year, Equation 2.33 is used to calculate the district energy thermal need and use for SH, SC, 

and DHW.  
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Y	53C-,Ñ =ª (πPQ3,IF · KPQ3 · WPQ3,IF · º +	πPQ3,ΩÖæÖ · KPQ3 · WPQ3,ΩÖæÖ	
3

· º	+	πPQ3,ΩQæÖ · KPQ3 · WPQ3,ΩQæÖ · º +	πPQ3,ΩÖæQ · KPQ3

· WPQ3,ΩÖæQ · º +	πPQ3,ΩQæQ · KPQ3 · WPQ3,ΩQæQ · º)	

Equation 2.33 

Where: 

	 Y	53C-,Ñ		 is the district level energy need [kWh/y] or use related to SH, SC and DHW;	

	 :	 	 is the index corresponding to the 36 RBs;	

	 º	 	 is the year value (1, 2, 3, etc.) corresponding to 2015, 2016, 2017, etc.;	
 KPQ3 	 	 is the area [m2] of the district comprised of buildings of	WX3 	type;	
 πPQ3,IF   is the original/pre-retrofit energy (need or use) [kWh/m2y] for WX3; 

	 WPQ3,IF 		 is	the	rate	(%	p.a.)	of	the	WX3 	building	stock	in	its	original	state;	

 πPQ3,ΩÖæÖ is the EASA energy (need or use) [kWh/m2y] for WX3; 

	 WPQ3,ΩÖæÖ	 is	the	rate	(%	p.a.)	of	the	WX3 	building	stock	with	EASA	interventions;	

 πPQ3,ΩQæÖ is the EBSA energy (need or use) [kWh/m2y] for WX3; 

	 WPQ3,ΩQæÖ	 is	the	rate	(%	p.a.)	of	the	WX3 	building	stock	with	EBSA	interventions;	

 πPQ3,ΩÖæQ is the EASB energy (need or use) [kWh/m2y] for WX3; 

	 WPQ3,ΩÖæQ 	 is	the	rate	(%	p.a.)	of	the	WX3 	building	stock	with	EASB	interventions;	

 πPQ3,ΩQæQ is the EBSB energy (need or use) [kWh/m2y] for WX3; 

	 WPQ3,ΩQæQ 	 is	the	rate	(%	p.a.)	of	the	WX3 	building	stock	with	EBSB	interventions;	

2.5.5 2050 Projections 
For each of the scenarios, slow, moderate, and fast, Equation 2.33 gives the total annual energy need 

and use. These projections are carried out through 2050 by incrementing the year value, Y. This 

provides the trend for each scenario. 

Additionally, the district level electrical profiles are added and the future values were extrapolated 

according to the rates defined in Table 11 which come from literature [63]. 

Table 11: Domestic appliance energy demand scenarios 

Domestic Appliance Energy Demand Scenarios % 
Business as usual (BAU) 1.00% 
Appliance Efficiency Improvements Conservative (EC) 0.75% 
Appliance Efficiency Improvements Optimistic (EO) 0.50% 
  

The value for the contribution of the domestic appliance electricity use (GWh), π/	53C-,Ñ , can be 

determined for any given year, º , based on the original value for the district in 2014 (GWh), 

π/	53C-,|Uèó, and the rate related to the electricity demand scenario (%) selected, W+4, as shown in 

Equation 2.37. 
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π/	53C-,Ñ = π/	53C-,|Uèó · (1 + W+4)
Ñ 	 Equation 2.34 

The addition of the building retrofit, and domestic appliances scenarios lead to a total of 9 scenarios 

related to energy demand which are outlined in Table 12. 

Table 12: Demand scenarios 

Building 
 
Appliance 

Slow Moderate Fast 

BAU Slow - BAU Moderate - BAU Fast - BAU 
EC Slow - EC Moderate - EC Fast - EC 
EO Slow - EO Moderate - EO Fast - EO 
    

The total energy demand for the district, π	53C-,Ñ, for a given year is therefore given by Equation 2.35. 

π	53C-,Ñ = π/	53C-,Ñ +	Y	53C-,Ñ 	 Equation 2.35 

In addition to these 9 demand side scenarios, there are two additional supply side scenarios to 

consider. With the increasing electrification of the demand, it is wise to also quantify the impact of 

increasing the renewable share in the electricity generation mix. Table 8 shows the current and future 

energy mixes. The resulting scenarios are presented in Table 13. 

Table 13: Final scenarios 

Supply 
 
Demand 

Current Identifier 
Current 

Future Identifier 
Future  

Slow - BAU Slow - BAU - Current SBC Slow - BAU - Future SBF 
Slow - EC Slow - EC - Current SCC Slow - EC - Future SCF 
Slow - EO Slow - EO - Current SOC Slow - EO - Future SOF 
Moderate - BAU Moderate - BAU - Current MBC Moderate - BAU - Future MBF 
Moderate - EC Moderate - EC - Current MCC Moderate - EC - Future MCF 
Moderate - EO Moderate - EO - Current MOC Moderate - EO - Future MOF 
Fast - BAU Fast - BAU - Current FBC Fast - BAU - Future FBF 
Fast - EC Fast - EC - Current FCC Fast - EC - Future FCF 
Fast - EO Fast - EO - Current FOC Fast - EO - Future FOF 

 

2.5.6 District Primary Energy 
The calculation primary energy consumption is critical because aggregation of energy from multiple 

energy carriers cannot be completed otherwise and buildings typically use energy from more than 

one carrier (gas, electricity, district heat, etc.).  

Primary energy conversion factors (PEC) are used to represent the energy lost in conversion 

processes.  For renewables, the PEC is typically set as 1, meaning 100% conversion efficiency [69]. As 

the electricity mix is typically composed of both renewable and fossil fuel-based energy, this value is 

sometimes difficult to quantify. There are two types of PEC to consider; total and non-renewable. For 

this study, the non-renewable PEC was considered for electricity. With the introduction of the 
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theoretical future energy mixes for electricity, the PEC will evolve over time. Initial values for the PECs 

were found in literature [25] for natural gas and district heating. The value for electricity came from 

Italian Standards [70]. The initial values are presented in Table 14. 

Table 14: Primary energy conversion (PEC) factors, 2014 

Primary Energy Conversion Factors Value 
Natural Gas 1.403 
District Heating 1.500 
Electricity 1.950 
  

The future PEC values for electricity considering the increasing renewable share are presented in 

Table 15 and were calculated using proportional decrease relative to the decreasing fossil fuel share 

in the electricity generation mix as show in Figure 13. These values were assumed based on the NES 

and 2050 Energy Roadmap. 

Table 15: Electricity PEC evolution 

PEC 2014 2030 2050 
Electricity 1.950 1.475 0.148 

 

The PEC values for all other energy carriers were maintained at their 2014 value in order to isolate 

the impacts of electrification in the scenarios. It is understood that research suggests the district 

heating PEC will also decrease in the future, but that was considered to be out of scope for this case. 

 

Figure 13:Assumed electricity fuel transition in Turin 
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In the analytical thermal model, it was assumed that pre-retrofit heat and hot water come from 

boilers burning natural gas except for the buildings which had district heat. Post retrofit, these 

services are provided by heat pumps, thus changing the energy carrier to electricity and the primary 

energy demand is calculated with Equation 2.36.  

9π = 	Σ9πdi,Ñ ∙ π2C+,i,Ñ Equation 2.36 

Where: 

 9π  is the primary energy demand [GWhPE/y] for year, º; 

 )  is the energy carrier (electricity, district heat, or natural gas); 

 9πdi,Ñ  is the PEC for carrier, ), for year, º; 

 π2C+,i,Ñ  is the finale energy consumption [GWh/y] by carrier, ), for year, º; 

This value was calculated for every scenario and every year. 

2.5.7 Emissions 
 
There are two main types of emissions considered in this study; greenhouse gas emissions and air 

pollutants. Volatile organic compounds (VOCs) were not considered.  

2.5.7.1 Greenhouse Gas Emissions 

Greenhouse gas emissions were determined using the coefficients identified in Table 9 and applied 

to Equation 2.37 as suggested in literature [71].  The greenhouse gasses evaluated are carbon dioxide 

(CO2), methane (CH4), and nitrous oxide (N2O). 

π0:≤≤:.b, = 	Σπei ∙ πi  Equation 2.37 

Where: 

 π0:≤≤:.b, is the emissions [kg/y] of pollutant q; 

 πei   is the emission factor [kg q /GWh] of energy carrier, ); 

 πi   is the final energy consumption [GWh/y] of energy carrier, ); 

Once the emissions are determined, the greenhouse gasses emitted can be calculated with Equation 

2.38. 

¶>¶ = 	Σπ0:≤≤:.b, ∙ ¶∂9, Equation 2.38 

Where: 

 ¶>¶  is total GHG emitted [kg CO2 equivalent/y]; 
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 π0:≤≤:.b, is the emissions [kg/y] of greenhouse gas q; 

 ¶∂9,  is global warming potential of greenhouse gas q; 

2.5.7.2 Local Air Pollutant Emissions 

Local air pollutant emissions follow a process very similar to that of GHG emissions. In this case, it is 

important to mention that the source of local pollution is the combustion of fossil fuels within the 

district, i.e. the boilers. Therefore, in this instance, the equation is simplified to that of Equation 2.39. 

π0:≤≤:.bh = 	πeh ∙ π1 Equation 2.39 

Where: 

 π0:≤≤:.bh is the emissions [kg/y] of pollutant ±; 

 πeh  is the emission factor [kg ± /GWh] of natural gas from boilers, ^; 

 π1  is the final energy consumption [GWh/y] of natural gas by boilers, ^. 

This equation is elaborated for all nitric oxides (NOx), sulfur dioxide (SO2), and particulate matter 

(PM).   

2.5.8 Area 
A simple result of the scenario analysis is the area of the district which receives the interventions in 

each of the building retrofit scenarios. This information is useful for the cost calculations in the 

following section and to ensure appropriate spatial modeling in GIS. 

 Step 5: Financial Analysis 

Building retrofits on the scale of those 

presented in this paper would require a 

significant investment. In some 

countries, policies have been introduced 

which reduce costs to individuals and 

spark more widespread adoption of such 

measures. It is therefore important to 

quantify the financial impact of a retrofit 

effort at the district this scale; both the 

costs and the benefits. The costs 

considered will be the investment, 

maintenance, and operation costs. The benefits of can also be monetized in terms of reduced 

operating costs of buildings and reduced healthcare costs for district residents. The financial analysis 

Financial Analysis

Financial Analysis

Retrofit Pricelist

Health Costs

Area of district retrofit

Emissions

Energy Service PE Need

Area of each type of retrofit

Energy  Reductions

Pollution  Reductions

Retrofit Buildings

Figure 14: Step 5 flowchart 
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was elaborated in accordance with European Standard EN 15459 [72] and European Union Directives 

[73], [74]. The global investment and maintenance costs were determined for each of the original 

building retrofit scenarios; EASA, EASB, EBSA, and EBSB.  

2.6.1 Input Materials 

2.6.1.1 Piedmont Regional Pricelist 

In the Piedmont region, the government produces a document called “Prezzario Regione Piemonte” 

which is the pricelist for all renovation work and includes prices for materials and labor. There are 

many chapters of this document, for this work the chapters pertaining to sustainable buildings [75] 

and general buildings works [76] provided the necessary inputs. 

2.6.1.2 Healthcare Costs 

One benefit is the offset healthcare costs as a result of the reduction of local pollution. The values 

associated were found in research from Copenhagen Economics [43].  

2.6.1.3 Utility Costs 

The utility costs were provided by Politecnico di Torino, Table 16,  and were assumed to be constant 

for the duration of the study. This assumption is not ideal; however energy prices are extremely 

volatile and unpredictable. Therefore, they were fixed for this study. 

Table 16: Utility costs 

 

 

2.6.2 Global Cost Calculation 
The objective of the global cost calculation is to determine value of future cashflows in terms of 

present-day currency values per square meter of a project. This actualization is done by employing 

net present value (NPV) and the discount rate to different contributors to the global cost.  As can be 

seen in Figure 15, there are several contributors to the global cost of a project. In this study, the 

boxes indicated in gray were considered for the global cost, the boxes in pink represent elements 

which were omitted from the calculation, and the green box representing the energy costs were 

determined outside of the global cost calculation.  

 Electricity District Heat Natural Gas 
Price (€/MWh) 300.00 80.00 49.06 
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Figure 15: Global cost components 

 

Equation 2.40 was then used for each of the building retrofit scenarios to determine their global cost 

based on the investment and annual costs indicated. 

d¡(Ç) = 	d¬ +ª√ªƒdE,3(≈) · W5(:)∆ −	#g,í(≈)

í

3Tè

«

]

 
Equation 2.40 

Where: 

 d¡(Ç)  is the global cost (referred back to starting year ÇU); 

 d¬  is the initial investment cost (euros); 

 dE,3(≈)  is the annual cost in year : for component	≈; 

 W5(:)  is the discount rate in year :; 

 #g,í(≈)  is the final value (salvage) of component	≈ (referred back to starting year ÇU); 

2.6.2.1 Calculation Period 

The calculation period for this project was 36 years, from 2014-2050. 

2.6.2.2 Discount Rate and Net Present Value (NPV) 

The discount rate is used to determine the future value of components, either their residual value 

after depreciation or their replacement cost. The net present value is used to determine the present-

day value of future annual cashflows, such as maintenance. The equations for the discount rate and 

NPV are Equation 2.41 and  Equation 2.42, respectively. 

W5 = 	 »
1

1 + WP
…

h

 
Equation 2.41 

Global Cost

Investment 
Cost

Materials

Labor

Others (Taxes, 
rentals, etc.)

Annual Cost

Replacement 
cost Running Costs

Maintenance 
costs

Operation 
costs

Energy costs

Disposal GHG emission 
cost
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'h\(b) = 	 »
1 − (1 + WP)

WP
…

 6

 
Equation 2.42 

Where: 

 W5   is the discount rate [%]; 

 WP   is the interest rate [%/year]; 

 ±  is the lifespan of the component [years]. 

And: 

 'h\(b)  is the present value factor in year b; 

 b  is the calculation period of the project [years]. 

In this case, the interest rate of 4% was selected based on an EU directive and the resulting values 

for the discount rates and present value factors can be seen Table 17. 

Table 17: Global cost calculation variables 

Variable Value 

Life of Retrofit Scenario (yrs) 32 
Interest Rate 4% 
Present value factor 17.87 
discount rate for 20 years 0.46 
discount rate for 25 years 0.38 
discount rate of remaining value 0.31 

 

2.6.2.3 Investment Costs 

The investment cost represents the initial cash injection required to bring the project to fruition. 

Investment costs typically consider materials, labor, disposal, and equipment rental. For this analysis, 

as previously mentioned, disposal and equipment rental were not considered, leaving the investment 

costs to be comprised of materials and labor.  

2.6.2.4 Maintenance Costs 

Maintenances costs are typically associated to repairs, cleaning, consumable items, etc. Maintenance 

costs were assumed to be fixed at 1% of the investment costs. Maintenance costs must be actualized 

(brought to present-day currency values) using NPV. 

2.6.2.5 Replacement Costs and Residual Value 

If any component purchased at the initial stages of the project has a lifetime inferior to that of the 

project, they will need to be replaced at a later date. As the lifetime of a heat pump was found to be 

either 20 or 25 years depending on the type [1], they would need to be replaced once during the 
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project. The residual value of the second heat pump was determined using straight line depreciation, 

which is easily calculated with the excel function “SYD”. Both the replacement cost and the residual 

value need to be actualized using the discount rate. 

2.6.2.6 Operating Costs 

For the operating costs, only the energy costs were considered. To calculate each cost, the 

consumption values from the model were taken and the values for costs of the energy service are as 

presented in Table 16. These values were assumed to be constant throughout the duration of the 

study. 

 Step 6: QGIS Visualization 

Once all of the calculations were performed, the indicators of interest regarding final consumption 

and electrification were re-integrated into the QGIS environment to allow for spatial understanding 

of the factors of interest at 2030 and 2050 for each of the scenarios.  
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3 Results 

The baseline against which results are compared is the original energy performance of the district 

from 2014. Key indicators are assessed at 2030 and 2050 as those are strategic milestones in many 

European Union and Italian energy planning reports.  

 QGIS Initialization 

The QGIS initialization provides some of the critical details related to the content of the baseline 

definition as it pertains to the district building stock. Following the QGIS Initialization step, the district 

was found to contain 5301 residential buildings meeting the parameters for this study. The 

distribution of the building classes identified can be shown in Figure 16. It is clear from this result that 

the district is mostly comprised of multi-family dwellings; either apartment blocks or multi-family 

homes.  

 

In  Figure 17, the buildings which were examined in this study are shown and that each of the 36 

possible building archetypes are present in the district are identified with unique colors. In ANNEX 1: 

Supplementary QGIS Initialization Results, zoomed in visualizations can be found allowing for better 

differentiation of the building archetypes and their exact locations. 

Figure 16: Distribution of building archetypes 
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Figure 17: QGIS visualization of building characterization 
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Of the 5301 buildings, data for calibration purposes was available for 247 buildings. The calibration RB dimensions can be seen in Table 18. 

Table 18: Calibration RB dimensions 

Class Qty. Building 
Height 
(m) 

Floors Volume 
(m3) 

Perimeter 
(m) 

Area to external environment 
(m2) 

Footprint Area 
(m2) 

Total Shared Wall Area 
(m2) 

Surface covered by windows 
(%) 

C1AB  2 18.83 5.50 4640.50 65.57 65.57 250.18 225.50 16% 
C2AB  32 21.81 6.03 6113.63 73.41 73.41 279.90 277.66 14% 
C2MF  6 19.29 5.17 1855.67 47.88 47.88 99.44 235.99 9% 
C3AB  48 25.00 7.08 8685.88 97.47 97.47 364.62 300.19 13% 
C3MF  4 19.81 5.50 2923.50 50.62 50.62 148.70 86.00 19% 
C4AB  94 27.56 7.87 9103.88 88.95 88.95 322.69 294.52 10% 
C4MF  3 23.69 6.67 4393.00 97.46 97.46 201.56 0.00 8% 
C5AB  39 29.25 8.21 12426.72 108.49 108.49 417.76 222.69 12% 
C5MF  4 30.65 9.25 3982.50 97.69 97.69 133.51 0.00 11% 
C5TH  1 35.88 11.00 3932.00 65.31 65.31 109.59 0.00 12% 
C6AB  12 25.21 7.42 12648.08 120.96 120.96 480.52 163.00 12% 
C7AB  1 23.58 7.00 12455.00 119.50 119.50 528.20 161.00 20% 
C9AB  1 24.96 7.00 5079.00 59.25 59.25 203.50 291.00 11% 

 

The District level RB definitions for each archetype based on the mean values of all buildings found in the district appear in Table 19. The values for the surface 

covered by windows came from the online TABULA tool [77].  

Table 19: District RB dimensions 

RB Qty. Building Height (m) # Floors Volume (m3) Perimeter (m) Shared 
Wall 
Area 
(m2) 

Area to 
external 
environment 
(m2) 

Footprint Area (m2) Surface covered by windows (%) 

C1AB 78 19.22 4.92 5485.67 71.64 282.17 1666.79 281.11 16% 
C1MF 25 11.51 2.96 1685.12 52.20 86.60 800.16 151.02 11% 
C1SF 2 4.59 2.00 501.00 47.00 22.00 417.00 115.75 8% 
C1TH 18 8.43 2.39 747.22 43.44 39.44 502.67 92.58 10% 
C2AB 735 18.24 4.89 4246.13 63.22 261.27 1363.16 228.18 14% 
C2MF 408 13.17 3.44 1778.77 49.63 121.77 801.99 137.59 9% 
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RB Qty. Building Height (m) # Floors Volume (m3) Perimeter (m) Shared 
Wall 
Area 
(m2) 

Area to 
external 
environment 
(m2) 

Footprint Area (m2) Surface covered by windows (%) 

C2SF 14 7.75 2.07 274.71 25.64 29.71 238.07 38.88 9% 
C2TH 67 8.43 2.25 767.75 43.58 39.67 508.49 95.95 9% 
C3AB 860 19.83 5.45 4758.31 64.68 270.62 1501.98 233.00 13% 
C3MF 489 12.45 3.34 1651.76 48.52 100.96 768.68 134.93 19% 
C3SF 15 9.71 3.00 507.67 35.13 29.53 453.53 57.30 9% 
C3TH 99 8.56 2.30 681.26 39.23 46.39 451.64 82.15 18% 
C4AB 986 23.67 6.71 6522.46 70.90 296.35 1958.90 267.78 10% 
C4MF 292 14.61 4.02 2049.91 50.68 103.53 919.03 144.29 8% 
C4SF 17 7.47 2.53 549.47 45.65 25.53 489.24 85.23 12% 
C4TH 58 9.18 2.45 787.53 40.84 30.79 513.50 93.85 6% 
C5AB 376 26.23 7.44 12143.20 95.60 212.26 3307.44 423.44 12% 
C5MF 95 15.58 4.39 2055.27 49.71 93.65 945.76 139.48 11% 
C5SF 6 7.77 2.17 311.33 27.50 21.50 270.17 44.74 12% 
C5TH 25 11.84 3.16 994.40 42.48 43.20 649.12 91.95 12% 
C6AB 93 22.90 6.61 9417.04 88.57 212.03 2703.65 375.45 12% 
C6MF 52 14.50 4.31 2277.33 55.92 99.96 1041.25 160.69 15% 
C6SF 7 15.95 5.00 454.00 24.14 62.86 417.14 23.97 12% 
C6TH 8 11.03 3.13 758.38 40.13 77.38 496.25 90.96 6% 
C7AB 102 24.36 7.18 9868.59 93.58 244.36 2903.08 371.88 20% 
C7MF 54 16.38 4.94 2557.52 56.24 118.61 1125.46 159.88 11% 
C7SF 7 10.07 2.71 410.43 35.00 73.43 338.00 46.51 20% 
C7TH 14 11.76 3.14 882.86 41.64 35.57 599.79 81.69 8% 
C8AB 78 22.49 6.74 7305.88 84.63 178.83 2429.45 308.33 23% 
C8MF 40 17.88 5.28 2431.53 52.25 153.00 1064.68 136.05 12% 
C8SF 18 6.32 2.00 215.89 23.67 40.11 177.39 34.55 12% 
C8TH 13 10.60 3.15 551.85 30.92 49.85 398.85 48.34 18% 
C9AB 72 23.24 7.04 6172.81 74.90 252.18 2046.44 256.51 11% 
C9MF 55 18.69 5.60 2591.53 54.84 153.67 1156.85 138.63 12% 
C9SF 9 9.80 3.00 254.00 22.44 38.78 227.56 35.63 12% 
C9TH 14 12.43 3.64 839.36 39.36 51.79 559.71 78.78 8% 

The resulting values from the analytical model regarding the SH, SC, and DHW need and used for each RB and each intervention combination can be found in  

Table 29 and Table 30 in ANNEX 3: Results from Analytical Model for Original and Modified Buildings. 
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 Model Development and Calibration Results 

Once the statistical and analytical models were developed, the analytical model was calibrated against the average annual consumption data from the IREN 

district heating data. During the calibration phase, the variables which were modified pertained to solar gains. The building orientation, the shading factor, 

!"#,%&, and the color correction factor, '"(, were used in order to minimize the error and their values can be seen in Table 20. Priority was given to minimizing 

error on archetypes who had larger sample sizes and are therefore more reliable. As this was done manually, in the future, an optimization could be performed 

with a more powerful computing tool.  

Table 20: Calibration values and model resulting error 

Class Qty 
Average Annual Heat Consumption 

(kWh/m2y) 
Analytical Model Value 

(kWh/m2y) 

Statistical 
Model 
Value 

(kWh/m2y) 

Analytical 
Model 
ERROR 

Statistical 
Model 
ERROR 

Orientation Fsh,ob 'sc 

C1AB  2 201.52 197.95 225.07 2% 12% E/W 

0.8 0.3 

C2AB  32 193.03 199.00 196.76 3% 2% N/S 
C2MF  6 262.03 272.01 372.07 4% 42% N/S 
C3AB  48 132.71 130.93 119.54 1% 10% N/S 
C3MF  4 376.37 369.17 324.64 2% 14% E/W 
C4AB  94 123.58 117.67 113.13 5% 8% N/S 
C4MF  3 72.95 136.73 95.51 87% 31% N/S 
C5AB  39 90.00 88.31 90.31 2% 0% N/S 
C5MF  4 172.29 137.56 100.78 20% 42% E/W 
C5TH  1 322.76 239.38 143.52 26% 56% E/W 
C6AB  12 69.42 86.34 102.74 24% 48% N/S 
C7AB  1 107.57 97.75 37.16 9% 65% E/W 
C9AB  1 701.94 78.58 236.93 89% 66% E/W 

As can be seen, 8 of the analytical model RB energy consumption values have error less than 10% and the values against which they are compared seem 

reasonable. For C4MF, the measured value is lower than what might be expected when considered to other “MF” buildings or the other C4 building in the 

calibration RB set and this could be part of the reason for the 87% error, which is extremely high.  In the cases of C5MF and C5TH where the errors were 20% 

and 26%, relatively, the small sample of measured data could mean that factors such as unusual resident behavior or lack of building maintenance, etc. have 

an impact on the average measured value and could therefore be contributing to higher measured values than expected. In the case of C6AB, the residents 
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could conversely be more conscientious about their consumption thus having a lower than expected value. The measured value for C9AB, is much higher than 

is reasonable at ~702 kWh/m2y. Given that it is the newest construction period the analytical model value seems reasonable. 

The statistical model has higher percentage error values than those of the analytical model. This could be due to misreporting of building occupancy since the 

statistical data that was available regarding consumption for heating is in terms of the natural gas requirement per person per year. This data follows the same 

trend as the analytical data which is more accurate for the buildings where the measured average comes from a larger sample size.  

If a larger sample of measured data were available, the analytical model could be further optimized with individual values for the shading and color correction 

values, which could virtually eliminate the error. 

 District Calculation and Introduction of Measures Results 

3.3.1 Analytical Thermal Model 
The orientation used during the calibration phase of the analytical was maintained for the district level calculation phase and the values are present in Table 

21, along with the values for the remaining building archetype RBs. When assigning the orientation to the RBs for which there was no measured data, 

considerations were made regarding the majority orientation for buildings of the same type (AB, MF, SF, or TH).  

Table 21: District RB orientation values 

RB Orientation RB Orientation RB Orientation 
C1AB E/W C4AB N/S C7AB E/W 
C1MF E/W C4MF N/S C7MF N/S 
C1SF E/W C4SF E/W C7SF E/W 
C1TH E/W C4TH E/W C7TH E/W 
C2AB N/S C5AB N/S C8AB E/W 
C2MF N/S C5MF E/W C8MF N/S 
C2SF E/W C5SF E/W C8SF E/W 
C2TH E/W C5TH E/W C8TH E/W 
C3AB N/S C6AB N/S C9AB E/W 
C3MF E/W C6MF E/W C9MF E/W 
C3SF E/W C6SF E/W C9SF E/W 
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RB Orientation RB Orientation RB Orientation 
C3TH E/W C6TH E/W C9TH E/W 

 

With the variables set, the monthly consumption, both need and final, for each energy service was calculated for each RB and for each of the possible building 

retrofit scenarios.  

The values for the RBs without energy efficiency interventions (initial values) are presented in Figure 18, Figure 19, Figure 20, and Figure 21. In Turin, the 

heating season is from October 15th - April 15th. As October and April are only partial months, this, along with the more temperate weather, explains the 

significantly lower values for heating need in those months. From these figures, it can be seen that generally speaking, the building types AB and MF require 

less heating and cooling than those of SF and TH. There is also a key trend highlighting the improvements in building energy efficiency throughout the years. 

The C2 buildings, constructed between 1919 and 1945, have the worst winter performance and C4 buildings, 1961-1970, has the worst summer performance. 

Generally speaking, the building performances improve the more recently they were constructed with C9 buildings (2006-present) having the best 

performance.  

One parameter which could narrow the performance gap between older and newer construction periods for buildings of the same type is occupant behavior. 

It is reasonable to assume that residents of older buildings are more conscientious energy consumers than those of newer buildings, however, that impact 

was out of the scope of this study.  

For each RB and each intervention combination, the monthly values were aggregated in order to allow for comparison with the statistical data, which did not 

possess the same temporal granularity. 

The aggregated annual results for every building class and every intervention can be seen in  Table 29 and Table 30 in ANNEX 3: Results from Analytical Model 

for Original and Modified Buildings. The original RBs each had overall energy systems efficiency of less than one, meaning the energy used was always greater 

than the energy need. With the introduction of heat pumps, whose coefficients of performance (COP) were greater than one, the result is that the energy 



Trafton 
 

Results| 48 

used is less than the energy need. Of course, the heat pumps require electricity in order to generate the heat. The additional electricity demand for the heat 

pumps was considered.  

 

 

Figure 18: Monthly specific heating need - AB & MF 
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Figure 19: Monthly specific heating need - SF & TH 

 

Figure 20: Monthly specific cooling need - AB & MF 
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Figure 21: Monthly specific cooling need - SF & TH 

 
Based on the reduction in energy need across all of the retrofit combinations, the RBs which are the priority for retrofit were identified and the results are 

presented in Table 22.  

Table 22: Priority of building retrofits 

RB Priority RB Priority RB Priority 
C1TH 1 C5TH 13 C3AB 25 
C2TH 2 C5SF 14 C4AB 26 
C3TH 3 C2AB 15 C7MF 27 
C3MF 4 C8TH 16 C8SF 28 
C3SF 5 C4MF 17 C9MF 29 
C2SF 6 C1AB 18 C9TH 30 
C1MF 7 C7SF 19 C8AB 31 
C2MF 8 C7TH 20 C9SF 32 
C4SF 9 C6TH 21 C7AB 33 
C1SF 10 C6MF 22 C6AB 34 
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RB Priority RB Priority RB Priority 
C4TH 11 C5MF 23 C5AB 35 
C6SF 12 C8MF 24 C9AB 36 

 

As might be expected, early archetypes typically have the highest priority. It can also be seen that apartment blocks typically have better performance than 

the other building types and are therefore lower priorities for interventions.  With the results of the different energy efficiency interventions and the priority 

established, it was possible to characterize the neighborhood energy demand regarding space heating (SH), space cooling (SC), and domestic hot water (DHW). 

It is important to also remember that each RB represents a different total surface area in the district. The floorspace by archetype is presented in Figure 22 

with a logarithmic scale. The district has a total surface area of 1,172,317 m2 and it can be seen that most of the surface area of the district is associated to AB 

type buildings.  
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Figure 22: Floor space of district by archetype 

3.3.2 Introduction of Appliance Electricity consumption 
In order to include the domestic appliance electricity consumption, the results from the socio-techno-economic analysis of the neighborhood must be used. 

Table 23, with the social group profiles to create the neighborhood demand curve. As can be seen in the table, almost half of the neighborhood is made of 

two social groups, clerks’ families and retired blue-collar worker families with 24% each.  



Trafton 
 

Results| 53 

Table 23: Demographic results for district 

Group à 0 1 2 3 4 5 6 7 8 
Census 
Section 

Ruling 
class 

Silver 
pensioner 

Clerks'  Young 
blue-
collar  

Retired 
blue-
collar  

Young un-
employed 
and seniors 
living alone 

Traditional 
provincial  

Low-
income 
Italian  

Low-
income 
foreign  

17 634 819 1565 426 1079 518 236 206 188 
31 282 365 697 261 659 317 104 38 84 
32 885 1144 2185 76 758 92 1770 393 0 
33 1251 1617 3088 531 3971 646 0 0 989 
34 645 834 1592 610 1124 742 0 0 118 
35 426 551 1052 1475 2521 1793 0 0 372 
51 520 672 1284 556 1220 676 0 0 94 
52 710 917 1752 630 2106 766 0 0 187 
63 1187 1535 2931 1536 2516 1867 160 216 167 
% 10% 13% 24% 9% 24% 11% 3% 1% 3% 
Total 6540 8454 16146 6103 15953 7416 2270 854 2199 

 

Based on the representation of each social group in the district and the consumption profiles for those households, the monthly appliance electricity 

consumption can be determined and is presented in Figure 23 by social group. If interested, the breakdown by census section is available in ANNEX 4: Electricity 

Demand by Census Section. The results of the consumption are proportionate to the social group’s representation in the district suggesting that in the case of 

Turin’s 3rd district, any social group whose consumption profile shape varies significantly from that of the group, is only present in the district in a small number, 

therefore having minimal impact on the shape of the demand curve. 
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Figure 23: 3rd district monthly appliance electricity demand by social group 

 
From these calculations, the final appliance electricity consumption was found to be 98102.20 MWh/year. This value was used as the starting point in the 

calculations regarding the evolution of the domestic appliance energy demand. 

 Scenario Results 

To elaborate the various final scenarios as outlined in Table 13, the rate of interventions as described in Table 10 on the building were applied and maintained 

constant throughout the projections. 
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3.4.1 Building Retrofit Results 
 
 The first set of results pertain to the building retrofit 

impacts alone. As can be seen in Figure 24, with the 

slow building retrofit the primary energy demand 

decreases by approximately 50%. With the moderate 

and the fast, those decreases are closer to 75% and 

90%, respectively. These decreases are due to the 

building interventions which reduced the final 

consumptions by reducing the energy need and 

implementing more efficient technologies for 

generation systems, and also due to the change in 

primary energy conversion factor due to the increasing 

share of renewable energy in the electricity generation 

mix. 

In order to better understand the nature of these changes, the primary energy demands have been broken down by service and by carrier for each of the 

building retrofit scenarios (see Table 10 for scenario definitions). In Figure 25 and Figure 26, the details regarding the slow energy retrofit are presented. The 

slow building retrofit proposal comprised of the most conservative intervention proposal, EBSB, with a small portion of EASB with an overall per annum change 

of 0.6%.  Due to these factors and the fact that the PECs for district heat and natural gas are constant while the electricity is decreasing, it can be seen that the 

contributions to the primary energy demand of heat and DHW in Figure 25 and natural gas and district heat in Figure 26 remain largely unchanged for the 

period studied. The improvements come mostly from cooling which is the only service that does not change energy carrier as it was considered to be electric 

from the beginning. The final result is a 62% reduction in primary energy demand. 

Figure 24:Primary energy demand for SH, SC & DHW with retrofit scenarios 
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Figure 25: Primary energy demand by service - Slow buildling retrofit 
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Figure 26: Primary energy demand by carrier - Slow buildling retrofit 

 

When looking at the moderate building retrofit plan, it is clear that there is more improvement in the primary energy intensity of the district compared to the 

slow scenario. Figure 27 and Figure 28, which represent the priamry energy demand for the moderate building retrofit scenario which introduces some more 

aggressive rates as well as the EASA intervention combination. The result is therefore visible reductions in primary energy associated to all energy services and 

for each carrier. As electricity is now used for more energy services than simply cooling, it is starting to become evident in these graphs that the primary energy 

for cooling is less than the primary energy from electricity, thereby confirming the impact of the electrification of the systems. The final primary energy value 

is 83% less than the original. 
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Figure 27: Primary energy demand by service - Moderate building retrofit 
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Figure 28: Primary energy demand by carrier - Moderate building retrofit 

 

In Figure 29 and Figure 30, which represent the most aggressive of the building and district interventions, the primary energy demand is reduced by 90% over 

the period of the study. The previously trend regarding the electrification of the energy systems can be seen in these graphs as well. 
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Figure 29: Primary energy demand by service - Fast building retrofit 
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Figure 30: Figure 28: Primary energy demand by carrier - Fast building retrofit 
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Figure 31: Primary energy demand including variations due to appliance electrical consumption 
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Figure 32: Total primary energy demand including appliances - Slow 
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Figure 33: Total primary energy demand including appliances - Moderate 
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Figure 34: Total primary energy demand including appliances - Fast 
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with heat pumps could have on local air pollution levels. There were three main types of pollutants examined, PM, NOx and SO2. Figure 35 shows the trends 
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As is expected, the PM reductions are most evident when more of the building stock experiences a retrofit and therefore more of the boilers are 

decommissioned.  

0

100

200

300

400

500

600

700

800

900
2

01
4

2
01

5

2
01

6

2
01

7

2
01

8

2
01

9

2
02

0

2
02

1

2
02

2

2
02

3

2
02

4

2
02

5

2
02

6

2
02

7

2
02

8

2
02

9

2
03

0

2
03

1

2
03

2

2
03

3

2
03

4

2
03

5

2
03

6

2
03

7

2
03

8

2
03

9

2
04

0

2
04

1

2
04

2

2
04

3

2
04

4

2
04

5

2
04

6

2
04

7

2
04

8

2
04

9

2
05

0P
ri

m
a

ry
 E

n
e

rg
y 

D
e

m
a

n
d

 (
G

W
h

P
E
/y

)

Total Primary Energy Including Appliances - Fast

Thermal Primary Energy Appliance Primary Energy



Trafton 
 

Results| 66 

 
Figure 35: PM emissions vs. building retrofit scenario 
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Figure 36: NOx and SO2 emissions vs. building retrofit scenario 

 
The same trend is visible in Figure 36 which pertains to NOx and SO2 emissions. For each of the emissions, as the equation is based on a coefficient related to 

the activity (consumption) for which the boiler is used, the curves share the same form.  

In regard to GHG emissions, Figure 37, Figure 38, and Figure 39 show the greenhouse gas emissions. From these curves it is evident that the change in electricity 

generation mix is critical to reducing the GHG emissions. Again, it can be seen that the appliance rates have minimal impact on the value or trend.  
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Figure 37: GHG emissions related to slow building retrofit scenarios 
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Figure 38: GHG emissions related to moderate building retrofit scenarios 
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Figure 39: GHG emissions related to fast building retrofit scenarios 

 

 Financial Calculation Results 

The global cost methodology was used to determine the costs of the building retrofit interventions (see ANNEX 5: Global Cost Calculation Details) and the 

results are presented Figure 40.  
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Figure 40: Global costs (excluding energy) for building retrofit measures 

 

The energy costs were determined from the consumption. The total cost breakdowns for each retrofit scenario are presented in Figure 41, Figure 42, and 

Figure 43. In each case, it is evident that with greater retrofit, the energy costs decrease while the investment costs increase. After prioritizing the building 

archetypes which were in greatest need of retrofit, the energy saved for each euro invested is declining. The positive point in each of these scenarios is the 

overall decreasing energy costs. 
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Figure 41: Annual cost breakdown for slow retrofit scenario 

 

 
 Figure 42: Annual cost breakdown for moderate retrofit scenario 
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Figure 43: Annual cost breakdown for fast retrofit scenario 
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Figure 44: Economic impacts associated to local air pollution - Slow 
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Figure 45: Economic impacts associated to local air pollution - Moderate 

 

€ -

€ 50,000,000 

€ 100,000,000 

€ 150,000,000 

€ 200,000,000 

€ 250,000,000 

€ 300,000,000 

€ 350,000,000 

20
14

20
15

20
16

20
17

20
18

20
19

20
20

20
21

20
22

20
23

20
24

20
25

20
26

20
27

20
28

20
29

20
30

20
31

20
32

20
33

20
34

20
35

20
36

20
37

20
38

20
39

20
40

20
41

20
42

20
43

20
44

20
45

20
46

20
47

20
48

20
49

20
50

Economic Impacts Associated to Local Air Pollution
Moderate Retrofit Rate

Savings on Healthcare Moderate - BAU Moderate - EC Moderate - EO



Trafton 
 

Results| 76 

 

Figure 46: Economic impacts associated to local air pollution - Fast 

 QGIS visualization results  

The integration of the results above into QGIS in terms of impacts on specific energy consumption provide an opportunity for urban planners to visualize the 
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policy maker to determine from a glance which buildings will meet their targets, and which will fall short. For example, Table 24 shows that with the 

interventions as planned, only 46% of the building stock will have the desired total final consumptions related to SH, SC, and DHW. 

Table 24: Building stock performance compared to 2DS target 

 2030 2050 
 Qty Buildings % Qty Buildings % 

Slow 0 0% 66 1% 
Moderate 229 4% 678 13% 

Fast 736 14% 2453 46% 
 

Figure 50, Figure 51, and Figure 52 present the visualization of the results related to SC.  

Figure 53, Figure 54, and Figure 55 present the visualization o fthe results related to DHW. 

Figure 56, Figure 57, and Figure 58 present the visualization of the specific primary energy reductions related to the building retrofits. 

Figure 59, Figure 60, and Figure 61 represent the visualization of the specific total primary energy consumption including appliances. In the interset of brevity, 

the results presented are only for the EC, or conservative adoption rate, of energy efficient appliances. 

Figure 61: GIS visualization, Total Specific Primary Energy Reductions - Fast 
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Heat Need Reduction kWh/m2y - Slow retrofit, 2030  Heat Need Reduction kWh/m2y - Slow retrofit, 2050  

 

 

 

 

 
   

Figure 47: GIS visualization, Specific Energy Need for Heat Reductions - Slow 
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Heat Reduction kWh/m2y - Moderate retrofit, 2030  Heat Reduction kWh/m2y - Moderate retrofit, 2050  

 

 

 

 

 

 
 

 

Figure 48: GIS visualization, Specific Energy Need for Heat Reductions - Moderate  
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Heat Reduction kWh/m2y - Fast retrofit, 2030  Heat Reduction kWh/m2y - Fast retrofit, 2050  

 

 

 

 

   

 

Figure 49: GIS visualization, Specific Energy Need for Heat Reductions - Fast 
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Cooling Reduction kWh/m2y - Slow retrofit, 2030  Cooling Reduction kWh/m2y - Slow retrofit, 2050  

 

 

 

 

 
 

 
 

Figure 50: GIS visualization, Specific Energy Need for Cooling Reductions - Slow 
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Cooling Reduction kWh/m2y - Moderate retrofit, 2030  Cooling Reduction kWh/m2y - Moderate retrofit, 2050  

 

 

 

 

   
 

Figure 51: GIS visualization, Specific Energy Need for Cooling Reductions - Moderate 
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Cooling Reduction kWh/m2y - Fast retrofit, 2030  Cooling Reduction kWh/m2y - Fast retrofit, 2050  

 

 

 

 

  
 

 

Figure 52: GIS visualization, Specific Energy Need for Cooling Reductions - Fast 
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DHW Reduction kWh/m2y - Slow retrofit, 2030  DHW Reduction kWh/m2y - Slow retrofit, 2050  

 

 

 

 

 

 

 

 

Figure 53: GIS visualization, Specific Energy Need for DHW Reductions - Slow 
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DHW Reduction kWh/m2y - Moderate retrofit, 2030  DHW Reduction kWh/m2y - Moderate retrofit, 2050  

 

 

 

 

 

 

 

 

Figure 54: GIS visualization, Specific Energy Need for DHW Reductions - Moderate 
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DHW Reduction kWh/m2y - Fast retrofit, 2030  DHW Reduction kWh/m2y - Fast retrofit, 2050  

 

 

 

 

 

 

 

 

Figure 55: GIS visualization, Specific Energy Need for DHW Reductions - Fast 
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Primary Energy (excl. appliance) Reduction kWh/m2y - Slow retrofit, 2030 Primary Energy (excl. appliance) Reduction kWh/m2y - Slow retrofit, 2050 

 

 

 

 

 

 

  

Figure 56: GIS visualization, Specific Primary Energy (excl. appliance) Reductions - Slow 
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Primary Energy (excl. appliance) Reduction kWh/m2y - Mod. retrofit, 2030 Primary Energy (excl. appliance) Reduction kWh/m2y - Mod. retrofit, 2050 

 

 

 

 

 
  

 

Figure 57: GIS visualization, Specific Primary Energy (excl. appliance) Reductions - Moderate 
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Primary Energy (excl. appliance) Reduction kWh/m2y - Fast retrofit, 

2030 

 Primary Energy (excl. appliance) Reduction kWh/m2y - Fast 

retrofit, 2050 

 

 

 

 

 

 

 

  

Figure 58: GIS visualization, Specific Primary Energy (excl. appliance) Reductions - Fast 
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Total Primary Energy Reduction kWh/m2y - Slow retrofit, 2030  Total Primary Energy Reduction kWh/m2y - Slow retrofit, 2050  

 

 

 

 

 

 

  

Figure 59: GIS visualization, Total Specific Primary Energy Reductions - Slow 
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Total Primary Energy Reduction kWh/m2y - Moderate retrofit, 2030 Total Primary Energy Reduction kWh/m2y - Moderate retrofit, 2050 

 

 

 

 

 

 

 
 

Figure 60: GIS visualization, Total Specific Primary Energy Reductions - Moderate 
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Total Primary Energy Reduction kWh/m2y - Fast retrofit, 2030  Total Primary Energy Reduction kWh/m2y - Fast retrofit, 2050  

 

 

 

 

    

Figure 61: GIS visualization, Total Specific Primary Energy Reductions - Fast 
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4 Discussion 

The results are summarized in the following tables. There are a few key indicators which are not 

impacted by the decarbonization of the electricity supply mix. These are related to the local pollution 

and primary energy demand before considering the contribution to demand of domestic appliances 

and they are presented in Table 25.  

Table 25: Summary results for building retrofit dependent indicators 

Building Retrofit Scenario Slow Retrofit Moderate 
Retrofit 

Fast Retrofit 

2014 
Primary Energy Demand (GWh/yr) 649 649 649 
PM Emissions (kg PM/yr) 11546 11546 11546 

2030 
Building Stock Retrofit (%) 10% 26% 32% 
Building Stock Retrofit (m2) 112542 300113 375142 
Primary Energy Demand Reduction   
(SH, SC, DHW) 24% 42% 78% 
Primary Energy Demand for SH, SC, 
DHW (GWh/yr) 495 380 143 
Pollutant Emission Reduction 23% 50% 58% 
PM emissions (kg/yr) 8919 5782 4895 
SO2 Emissions Reduction 23% 50% 58% 
NOx Emissions Reduction 24% 53% 60% 
Retrofit ONLY Costs  €      21,798,933   €      82,202,710   €   193,024,215  
Savings on Healthcare  €      84,785,900   €   186,064,873   €   214,692,199  
Net Savings  €      62,986,966   €   103,862,163   €      21,667,984  

2050 
Building Stock Retrofit (%) 22% 58% 72% 
Building Stock Retrofit (m2) 253221 675255 844068 
Primary Energy Demand Reduction 
(SH, SC, DHW) 62% 83% 99% 
Primary Energy Demand for SH, SC, 
DHW (GWh/yr) 245.97 109.62 6.80 
Pollutant Emission Reduction 43% 81% 94% 
PM emissions (kg/yr) 6530 2196 730 
SO2 Emissions Reduction 43% 81% 94% 
NOx Emissions Reduction 43% 81% 94% 
Retrofit ONLY Costs € 49,047,600  € 184,956,096  € 434,304,484  
Savings on Healthcare € 161,912,048  € 301,815,703  € 349,133,629  
Net Savings € 112,864,448  € 116,859,606  (€ 85,170,855) 

 

The slow building retrofit scenario presents a conservative rate of intervention of 0.6% per annum. As 

shown in Table 25, this scenario presents modest reductions air pollutants with an average of 
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approximately 24% in 2030 and 43% in 2050. The healthcare savings thanks to this reduction offset 

the cost of the building renovations and from the graph, you can see they also offset the energy costs 

(Figure 44,). The moderate retrofit, with a per annum building stock renovation rate of 1.6%, shows 

that air pollutant reductions of approximately 50% are possible while still maintaining a positive net 

savings, even when including the energy costs (Figure 45), through 2050. The fast retrofit rate, which 

is 2% per annum, shows impressive reductions in local air pollution emissions, approximately 59% 

overall in 2030 and 94% in 2050, however the cost of the renovations alone are returned in 2030, but 

by 2050 the renovation costs are no longer covered by the health savings, and this value excludes 

energy costs. When considering the energy costs as well, Figure 46 demonstrates that the investment 

is never completely recovered. 

When considering the decarbonization of the electricity supply mix, the changes in total primary 

energy and GHG emissions can be observed and are presented in the following tables. For a reminder 

about the codes used, please see Table 13. The most notable result is the clear, if not somewhat 

obvious, determination that transitioning towards electrification must be paired with decarbonization 

of the supply. This can be seen in each of the three tables, Table 26, Table 27, and Table 28 which 

present the final scenario results linked to the slow, moderate, and fast building retrofit scenarios. 

Table 26: Summary results for final scenarios linked to slow retrofit 

Final Scenario SBC SBF SCC SCF SOC SOF 
2014 

Total Primary Energy Demand (GWh/yr) 840 840 840 840 840 840 
GHG Emissions (tons CO2eq.) 95409 95409 95409 95409 95409 95409 

2030 
Total Primary Energy Demand (GWh/yr) 668 668 553 553 492 492 
Total Primary Energy Demand Reduction 20% 20% 34% 34% 41% 41% 
GHG Emissions (tons CO2eq.) 84713 76234 83908 75680 83133 74821 
GHG Emissions Reduction 11% 20% 12% 21% 13% 22% 

2050 
Total Primary Energy Demand (GWh/yr) 267 267 130 130 84 84 
Total Primary Energy Demand Reduction 68% 68% 84% 84% 90% 90% 
GHG Emissions (tons CO2eq.) 77323 32155 75167 32060 73190 31886 
GHG Emissions Reduction 19% 66% 21% 66% 23% 67% 

 

One of the more interesting results in regard to pollution is that the expenditures made in order to 

achieve reduced emissions have very quick returns, except in the case of the fast building retrofit 

scenario. In the fast scenario, the most expensive of the retrofit measures are considered and a larger 

portion of the building stock is impacted. Since the poor performing buildings have the highest priority, 

the fast scenario eventually starts retrofitting buildings which today are not considered per 
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performers relative to the other buildings in the district. Basically, there are deminisihing returns on 

the investment from a Euros to energy ratio perspective. 

In Table 26, it can be seen that the maximal reduction of GHG emissions is approximately 67% relative 

to the 2014 values by 2050 when the supply is decarbonized. Without the decarbonization, the 

maximum reduction of GHG is 23%.  

In Table 27, with the increased rate of interventions, better GHG emissions reductions are achieved. 

The maximum value is 87% reduction by 2050 when compared to the initial levels for this study in 

2014. Without decarbonization the greatest reduction is 50% 

Table 27: Summary results for final scenarios linked to moderate retrofit 

Final Scenario MBC MBF MCC MCF MOC MOF 
2014 

Total Primary Energy Demand (GWh/yr) 840 840 840 840 840 840 
GHG Emissions (tons CO2eq.) 95409 95409 95409 95409 95409 95409 

2030 
Total Primary Energy Demand (GWh/yr) 662 662 546 546 486 486 
Total Primary Energy Demand Reduction 21% 21% 35% 35% 42% 42% 
GHG Emissions (tons CO2eq.) 68566 60538 67633 59888 66857 59261 
GHG Emissions Reduction 28% 37% 29% 37% 30% 38% 

2050 
Total Primary Energy Demand (GWh/yr) 265 265 129 129 83 83 
Total Primary Energy Demand Reduction 68% 68% 85% 85% 90% 90% 
GHG Emissions (tons CO2eq.) 51725 12664 49329 12572 47352 12487 
GHG Emissions Reduction 46% 87% 48% 87% 50% 87% 

 

In Table 28, the greatest GHG emissions reduction is 93% relative to 2014 levels in the district. Without 

decarbonization, the highest value is 64%.  

Table 28: Summary results for final scenarios linked to fast retrofit 

Final Scenario FBC FBF FCC FCF FOC FOF 
2014 

Total Primary Energy Demand (GWh/yr) 840 840 840 840 840 840 
GHG Emissions (tons CO2eq.) 95409 95409 95409 95409 95409 95409 

2030 
Total Primary Energy Demand (GWh/yr) 655 655 540 540 479 479 
Total Primary Energy Demand Reduction 22% 22% 36% 36% 43% 43% 
GHG Emissions (tons CO2eq.) 60347 53113 59542 52462 58767 51835 
GHG Emissions Reduction 37% 44% 38% 45% 38% 46% 

2050 
Total Primary Energy Demand (GWh/yr) 263 263 127 127 81 81 
Total Primary Energy Demand Reduction 69% 69% 85% 85% 90% 90% 
GHG Emissions (tons CO2eq.) 38538 6459 36382 6366 34405 6281 
GHG Emissions Reduction 60% 93% 62% 93% 64% 93% 
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Without the decarbonization of the grid, the impact of the different adoption rates for energy efficient 

appliances starts to become more evident. By 2050, there is a 2% and 4% difference in emissions 

reductions for the conservative and optimistic adoption rates relative to the business as usual case. In 

regard to the adoption of more energy efficient appliances, unless improvements occur at a more 

dramatic rate than anticipated by the literature used in this study [63], this factor has little influence 

on the resulting energy demand. Only in the case that there is no further penetration of renewables 

into the generation mix does this factor present a noticeable difference in the GHG emissions. 

Based on the case study presented, it is critical to mention that even with most aggressive 

interventions, higher rate of application, and optimistic outlooks in regard to decarbonization of 

electricity supply and adoption of energy efficiency technologies, only 46% of the buildings, 72% of  

which were modified, will meet the 2DS objective of global consumption less than 50 kWh/m2y. This 

suggest that the best-case scenario presented in this study - fast building retrofit rate, optimistic 

adoption of energy efficient appliances, and the decarbonized future electricity supply (FOF) - is 

insufficient. Therefore, the building retrofit rate should be increased, and the types of interventions 

should likely be more aggressive (more of the advanced envelope and systems).  This study did not 

consider endogenous sources of energy, but their application along with these measures could ensure 

that the 2DS targets are met.  

 Future Work 

There are few areas of this study that warrant further investigation. The first area is the consideration 

of the future energy prices on the cost-benefit analysis which was performed relative to the health 

care costs. This value had been fixed due to uncertainty, but it could be interesting to perform a 

sensitivity analysis on the topic.  

In regard to the analytical model, with additional measured data regarding the space heating 

consumption, further calibrations could be performed on the model and the RB definitions could be 

refined to improve the accuracy beyond what it is today. 

Additionally, exploitation of endogenous energy sources and the expansion of the district heating 

network are 2 possible uses for this model which were not explored over the course of this study. 
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5 Conclusion 

As part of the 2050 Energy Roadmap [78], the European Union has committed to 80-95 % GHG 

reduction by 2050. Buildings represent 40% of final energy consumption [64] and therefore it is critical 

that we create the tools and methodologies necessary in order to support the research and policy 

decisions which will be made in the future. 

With the elaboration of this work, an innovative approach to district level energy modelling was 

carried out. The model integrated dynamic building energy analysis, spatial analysis, statistical 

analysis, and socio-techno-economic analysis methods to create a district level characterization of the 

energy balance starting in 2014 as the reference year and calculated through 2050. Measures focused 

on efficiency and electrification were introduced and beyond the building performance, the resident’s 

domestic appliance use and evolution were also considered. Several scenarios were created based on 

the building interventions, resident social groups, and decarbonization scenarios of the electricity 

supply. RBs were created for each archetype present in the district, as opposed to focusing on a few 

of the most predominant, in order to have a result which more closely resembles the energy 

consumption patterns of the district. 

For the 13 archetypes used in calibration, the percentage of error in the model was found to be less 

than 10%. There were 2 outliers, for which the error was unsatisfactory, but this is likely due to 

insufficient sample size to create an appropriate mean value, error in the measurement in the case of 

C9AB, and possible conscientious consumption on the part of the consumers in C4MF and C6AB.  

While this model was used for analysis related to electrification and decentralized solutions for space 

heating, the same model could be used by an engineer to assess the impacts of greater district heat 

penetration.  

These capabilities along with the ability to visualize the precise location of energy consumption and 

create district level patterns provide a useful tool for urban energy planning. 
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ANNEX 2: QGIS Visualization of Building Archetype Distribution 

 

Figure 62: QGIS Representation zoom breakout map 
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Figure 63: QGIS representation - zoom 1 

 

 

 
Figure 64: QGIS representation - zoom 2 
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Figure 65: QGIS representation - zoom 3 

 

 

Figure 66: QGIS representation - zoom 4 
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Figure 67: QGIS representation - zoom 5 

 

 

Figure 68: QGIS representation - zoom 6 
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Figure 69: QGIS representation - zoom 7 

 

 

Figure 70: QGIS representation - zoom 8 

 

9. 



Trafton 
 

ANNEX 2: QGIS Visualization of Building Archetype Distribution| 109 

 

Figure 71: QGIS representation - zoom 9 

 

Figure 72: QGIS representation - zoom 10 

 



Trafton 
 

ANNEX 2: QGIS Visualization of Building Archetype Distribution| 110 

 

Figure 73: QGIS representation - zoom 11 
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ANNEX 3: Results from Analytical Model for Original and Modified Buildings  

Table 29: Results from analytical model calculations for original buildling, and retrofits EASA and EBSA 

 Original EASA EBSA 
RB Heating  

(kWh/m2y) 
Cooling  

(kWh/m2y) 
DHW  

(kWh/m2y) 
Heating  

(kWh/m2y) 
Cooling  

(kWh/m2y) 
DHW  

(kWh/m2y) 
Heating  

(kWh/m2y) 
Cooling  

(kWh/m2y) 
DHW  

(kWh/m2y) 
Need Used Need Used Need Used Need Used Need Used Need Used Need Used Need Used Need Used 

C1AB  156.13 284.08 58.55 106.54 10.39 14.23 29.46 8.07 17.27 4.73 10.39 2.60 104.16 29.43 28.62 8.09 10.39 2.60 
C1MF  197.00 371.72 61.12 115.33 115.28 149.71 26.60 7.36 22.23 6.15 112.44 28.11 137.29 38.80 31.91 9.02 115.28 28.82 
C1SF  251.58 378.35 39.39 59.24 119.04 148.80 11.19 3.16 22.46 6.35 115.80 28.95 166.84 47.15 24.72 6.99 119.04 29.76 
C1TH  288.23 528.97 71.37 130.97 118.87 158.50 22.24 6.16 31.35 8.68 115.25 28.81 217.60 61.50 38.28 10.82 118.87 29.72 
C2AB  156.45 284.67 73.12 133.06 12.80 17.53 24.90 6.82 11.72 0.00 12.80 3.20 115.77 32.72 20.24 5.72 12.80 3.20 
C2MF  228.92 352.12 94.57 145.47 122.41 142.34 21.52 5.90 17.88 4.90 119.43 29.86 199.55 56.39 23.97 6.77 122.41 30.60 
C2SF  340.48 536.65 86.56 136.43 15.02 19.51 22.50 6.23 40.71 11.27 15.02 3.75 252.87 71.46 48.20 13.62 15.02 3.75 
C2TH  367.92 553.29 57.72 86.81 122.71 159.37 23.59 6.53 28.18 7.80 119.15 29.79 282.20 79.75 32.33 9.14 122.71 30.68 
C3AB  103.88 159.79 77.95 119.91 12.53 16.71 23.61 6.47 11.19 0.00 12.53 3.13 88.25 24.94 21.41 6.05 12.53 3.13 
C3MF  275.42 428.81 98.32 153.07 122.42 163.22 28.81 7.97 34.22 9.47 119.41 29.85 215.27 60.83 46.13 13.04 122.42 30.60 
C3SF  289.50 456.29 74.44 117.33 119.57 144.06 19.86 5.50 35.18 9.74 18.04 4.51 225.10 63.61 41.15 11.63 119.57 29.89 
C3TH  248.40 391.52 145.01 228.56 121.57 146.47 28.77 7.96 49.55 13.71 117.72 29.43 166.03 46.92 73.53 20.78 121.57 30.39 
C4AB  87.17 154.92 70.09 124.56 10.90 14.94 22.11 6.06 9.14 0.00 10.90 2.73 78.55 22.20 18.41 5.20 10.90 2.73 
C4MF  113.02 154.85 103.03 141.17 121.35 144.47 19.02 5.21 16.56 4.54 118.45 29.61 104.51 29.54 28.48 8.05 121.35 30.34 
C4SF  243.16 361.58 88.33 131.34 118.84 148.54 19.71 5.45 36.43 10.08 115.06 28.76 166.32 47.00 47.71 13.48 118.84 29.71 
C4TH  233.17 346.72 41.92 62.33 118.88 148.60 19.89 5.45 22.34 6.12 115.28 28.82 167.69 47.39 25.84 7.30 118.88 29.72 
C5AB  66.96 94.07 48.74 68.48 6.90 8.62 25.09 6.87 7.51 0.00 6.90 1.72 59.08 16.35 19.14 5.30 6.90 1.72 
C5MF  105.82 140.31 49.70 65.90 122.40 139.09 21.63 5.93 21.03 5.76 119.45 29.86 81.25 22.96 31.59 8.93 122.40 30.60 
C5SF  145.20 250.98 106.19 183.55 16.11 21.48 21.95 6.08 46.02 12.74 14.81 3.70 119.58 33.79 66.50 18.79 16.11 4.03 
C5TH  200.22 297.72 73.86 109.82 118.87 148.59 24.84 6.80 33.82 9.27 115.23 28.81 169.80 47.99 45.46 12.85 118.87 29.72 
C6AB  66.56 93.51 51.23 71.98 7.78 9.72 24.22 6.63 8.26 0.00 7.78 1.94 59.28 16.41 20.33 5.63 7.78 1.94 
C6MF  109.42 145.09 62.53 82.91 122.36 139.04 23.41 6.41 23.98 6.57 119.61 29.90 81.12 22.92 38.65 10.92 122.36 30.59 
C6SF  159.92 276.43 133.81 231.29 24.36 32.48 27.52 7.62 54.80 15.17 24.36 6.09 148.12 41.86 80.56 22.77 24.36 6.09 
C6TH  109.11 160.09 33.67 49.41 118.86 158.49 13.86 3.80 20.70 5.67 115.21 28.80 77.90 22.01 25.10 7.09 118.86 29.72 
C7AB  73.89 95.91 60.65 78.72 7.85 9.35 27.69 7.59 17.95 4.92 7.85 1.96 57.96 16.04 34.87 9.65 7.85 1.96 
C7MF  48.13 73.82 61.75 94.70 121.37 151.72 18.07 4.95 15.82 4.33 118.61 29.65 48.74 13.49 33.23 9.20 121.37 30.34 
C7SF  113.06 156.66 171.99 238.31 16.61 20.76 28.85 7.98 62.05 17.17 15.33 3.83 95.19 26.90 103.44 29.23 16.61 4.15 
C7TH  109.98 171.68 58.94 92.00 118.82 152.34 19.64 5.38 28.22 7.73 114.96 28.74 81.71 23.09 39.66 11.21 118.82 29.71 
C8AB  80.35 104.30 79.40 103.06 9.47 11.27 28.64 7.93 23.86 6.60 9.47 2.37 60.99 16.88 46.04 12.74 9.47 2.37 
C8MF  48.56 74.48 66.76 102.39 121.35 151.68 17.98 4.93 18.04 4.94 118.35 29.59 49.73 13.76 36.49 10.10 121.35 30.34 
C8SF  98.71 136.77 100.19 138.82 16.90 21.12 14.81 4.10 44.65 12.36 16.90 4.22 79.31 22.41 64.45 18.21 16.90 4.22 
C8TH  121.15 189.11 151.52 236.51 17.09 21.92 25.74 7.12 57.40 15.89 15.84 3.96 90.92 25.69 93.75 26.49 17.09 4.27 
C9AB  57.08 83.65 30.36 44.49 11.38 12.65 22.08 6.05 12.01 0.00 11.38 2.85 53.41 14.78 20.54 5.68 11.38 2.85 
C9MF  64.65 73.03 50.43 56.97 121.35 134.83 20.25 5.55 22.03 6.03 118.38 29.60 60.36 16.71 34.99 9.68 121.35 30.34 
C9SF  75.80 90.25 76.57 91.17 16.39 16.56 13.01 3.56 39.81 10.91 16.39 4.10 67.06 18.95 56.16 15.87 16.39 4.10 
C9TH  74.06 88.18 48.39 57.62 118.81 120.01 14.64 4.01 26.58 7.28 114.88 28.72 66.56 18.81 35.94 10.16 118.81 29.70 
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Table 30: Results from analytical model calculations for original buildling, and retrofits EASB and EBSB 

 EASB EBSB 
RB Heating  

(kWh/m2y) 
Cooling  

(kWh/m2y) 
DHW  

(kWh/m2y) 
Heating  

(kWh/m2y) 
Cooling  

(kWh/m2y) 
DHW  

(kWh/m2y) 
Need Used Need Used Need Used Need Used Need Used Need Used 

C1AB  29.46 11.13 17.27 6.52 10.39 3.58 104.16 40.60 28.62 11.16 10.39 3.58 
C1MF  26.60 10.16 22.23 8.49 112.44 38.77 137.29 53.51 31.91 12.44 115.28 39.75 
C1SF  11.19 4.36 22.46 8.76 115.80 39.93 166.84 65.03 24.72 9.64 119.04 41.05 
C1TH  22.24 8.49 31.35 11.97 115.25 39.74 217.60 84.82 38.28 14.92 118.87 40.99 
C2AB  24.90 9.41 11.72 0.00 12.80 4.41 115.77 45.13 20.24 7.89 12.80 4.41 
C2MF  21.52 8.13 17.88 6.76 119.43 41.18 199.55 77.78 23.97 9.34 122.41 42.21 
C2SF  22.50 8.59 40.71 15.54 15.02 5.18 252.87 98.57 48.20 18.79 15.02 5.18 
C2TH  23.59 9.01 28.18 10.76 119.15 41.09 282.20 110.00 32.33 12.60 122.71 42.31 
C3AB  23.61 8.92 11.19 0.00 12.53 4.32 88.25 34.40 21.41 8.35 12.53 4.32 
C3MF  28.81 11.00 34.22 13.06 119.41 41.18 215.27 83.91 46.13 17.98 122.42 42.21 
C3SF  19.86 7.58 35.18 13.43 18.04 6.22 225.10 87.74 41.15 16.04 119.57 41.23 
C3TH  28.77 10.98 49.55 18.91 117.72 40.59 166.03 64.72 73.53 28.66 121.57 41.92 
C4AB  22.11 8.35 9.14 0.00 10.90 3.76 78.55 30.62 18.41 7.18 10.90 3.76 
C4MF  19.02 7.19 16.56 6.26 118.45 40.84 104.51 40.74 28.48 11.10 121.35 41.85 
C4SF  19.71 7.52 36.43 13.91 115.06 39.67 166.32 64.83 47.71 18.60 118.84 40.98 
C4TH  19.89 7.52 22.34 8.44 115.28 39.75 167.69 65.36 25.84 10.07 118.88 40.99 
C5AB  25.09 9.48 7.51 0.00 6.90 2.38 59.08 22.56 19.14 7.31 6.90 2.38 
C5MF  81.25 31.67 31.59 12.31 122.40 42.21 81.25 31.67 31.59 12.31 122.40 42.21 
C5SF  21.95 8.38 46.02 17.57 14.81 5.11 119.58 46.61 66.50 25.92 16.11 5.56 
C5TH  24.84 9.38 33.82 12.78 115.23 39.74 169.80 66.19 45.46 17.72 118.87 40.99 
C6AB  24.22 9.15 8.26 0.00 7.78 2.68 59.28 22.63 20.33 7.76 7.78 2.68 
C6MF  23.41 8.84 23.98 9.06 119.61 41.24 81.12 31.62 38.65 15.06 122.36 42.19 
C6SF  27.52 10.51 54.80 20.92 24.36 8.40 148.12 57.74 80.56 31.40 24.36 8.40 
C6TH  13.86 5.24 20.70 7.82 115.21 39.73 77.90 30.36 25.10 9.78 118.86 40.99 
C7AB  27.69 10.46 17.95 6.78 7.85 2.71 57.96 22.13 34.87 13.31 7.85 2.71 
C7MF  18.07 6.83 15.82 5.98 118.61 40.90 48.74 18.61 33.23 12.69 121.37 41.85 
C7SF  28.85 11.01 62.05 23.69 15.33 5.29 95.19 37.10 103.44 40.32 16.61 5.73 
C7TH  19.64 7.42 28.22 10.66 114.96 39.64 81.71 31.85 39.66 15.46 118.82 40.97 
C8AB  28.64 10.93 23.86 9.11 9.47 3.27 60.99 23.28 46.04 17.58 9.47 3.27 
C8MF  17.98 6.80 18.04 6.82 118.35 40.81 49.73 18.99 36.49 13.93 121.35 41.84 
C8SF  14.81 5.65 44.65 17.05 16.90 5.83 79.31 30.91 64.45 25.12 16.90 5.83 
C8TH  25.74 9.83 57.40 21.91 15.84 5.46 90.92 35.44 93.75 36.54 17.09 5.89 
C9AB  22.08 8.34 12.01 0.00 11.38 3.92 53.41 20.39 20.54 7.84 11.38 3.92 
C9MF  20.25 7.65 22.03 8.32 118.38 40.82 60.36 23.04 34.99 13.36 121.35 41.84 
C9SF  13.01 4.92 39.81 15.04 16.39 5.65 67.06 26.14 56.16 21.89 16.39 5.65 
C9TH  14.64 5.53 26.58 10.04 114.88 39.61 66.56 25.94 35.94 14.01 118.81 40.97 
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ANNEX 4: Electricity Demand by Census Section 

 

 
Figure 74:3rd district monthly appliance electricity demand by census section 

 
 

ANNEX 5: Global Cost Calculation Details 

 

EASA EBSA EASB EBSB
INVESTMENT COSTS
Retrofit Investmet. Insulation, heat pumps, 
labor.

620,881,683.60€       591,188,919.65€                 184,931,318.79€      155,238,357.09€      

REPLACEMENT COSTS
Heat Pumps
Cost of Replacement of HP 23,536,705€                  23,536,705€                            4,496,308€                    4,496,308€                    
Life of the HP (Years) 25€                                       25€                                                 20€                                      25€                                      
Discounted Cost of Replacement 2,722,150€                     2,722,150€                               520,023€                        520,023€                        
Total Cost of Replacement 2,722,150€                     2,722,150€                               520,023€                        520,023€                        

MAINTENANCE COSTS
Heat Pumps
Maintenance Cost (% CAPEX) 1% 1% 1% 1%
Annual Maintenance Cost 235,367.05€                  235,367.05€                            44,963.08€                    44,963.08€                    
Discounted Maintenance Cost 4,206,845€                     4,206,845€                               803,650€                        803,650€                        
Net Annual Maintenance 4,206,845€                     4,206,845€                               803,650€                        803,650€                        
Quantity 5301 5301 5301 100
Value after ammortization each(Salvage Cost) 1,434€                               1,434€                                         37€                                      37€                                      
Total Salvage value 7,604,166€                     7,604,166€                               197,788€                        3,730€                              
Actualized Salvage Cost 2,344,506€                     2,344,506€                               60,982€                           1,150€                              
GLOBAL COST
Total Global Cost 625,466,171.98€       595,773,408.03€                 186,194,009.89€      156,560,879.79€      
Global Cost (per m2) 533.53€                            508.20€                                      158.83€                           133.55€                           
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Heat Reduction kWh/m2y - Slow retrofit, 2050  
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Heat Reduction kWh/m2y - Moderate retrofit, 2030  
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Heat Reduction kWh/m2y - Moderate retrofit, 2050  

 

 

Heat Reduction kWh/m2y - Fast retrofit, 2030  
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Heat Reduction kWh/m2y - Fast retrofit, 2050  
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Cooling Reduction kWh/m2y - Slow retrofit, 2030  
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Cooling Reduction kWh/m2y - Slow retrofit, 2050  
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Cooling Reduction kWh/m2y - Moderate retrofit, 2030  
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Cooling Reduction kWh/m2y - Moderate retrofit, 2050  
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Cooling Reduction kWh/m2y - Fast retrofit, 2030  
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Cooling Reduction kWh/m2y - Fast retrofit, 2050  
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DHW Reduction kWh/m2y - Slow retrofit, 2030  
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DHW Reduction kWh/m2y - Slow retrofit, 2050  
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DHW Reduction kWh/m2y - Moderate retrofit, 2030  

 

 

  



Trafton 

 
 
 

ANNEX 6: Full District GIS Maps of Results| 131 

DHW Reduction kWh/m2y - Moderate retrofit, 2050  
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DHW Reduction kWh/m2y - Fast retrofit, 2030  
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DHW Reduction kWh/m2y - Fast retrofit, 2050  
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Primary Energy (excl. appliances) Reduction kWh/m2y - Slow retrofit, 2030  
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Primary Energy (excl. appliances) Reduction kWh/m2y - Slow retrofit, 2050  
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Primary Energy (excl. appliances) Reduction kWh/m2y - Moderate retrofit, 2030  
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Primary Energy (excl. appliances) Reduction kWh/m2y - Moderate retrofit, 2050  
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Primary Energy (excl. appliances) Reduction kWh/m2y - Fast retrofit, 2030  
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Primary Energy (excl. appliances) Reduction kWh/m2y - Fast retrofit, 2050  
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Total Primary Energy Reduction kWh/m2y - Slow retrofit, 2030  
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Total Primary Energy Reduction kWh/m2y - Slow retrofit, 2050  
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Total Primary Energy Reduction kWh/m2y - Moderate retrofit, 2030  
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Total Primary Energy Reduction kWh/m2y - Moderate retrofit, 2050  
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Total Primary Energy Reduction kWh/m2y - Fast retrofit, 2030  
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Total Primary Energy Reduction kWh/m2y - Fast retrofit, 2050  
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