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Abstract. Nowadays, due to the constant increase of outdoor air pollution, the 

impact on people's health is alarming. Moreover, in the current vulnerable and 

crucial historical period during which society is experiencing and dealing with 

the COVID-19 pandemic consequences, this issue is becoming even more im-

portant. In line with this, there is an urgent need to provide scientific input to 

decision-makers to include the assessment of the health-related benefits and costs 

into urban planning processes. Special attention is devoted to the building sector 

since the heating service is considered among the main sources of air pollution 

in the urban environment. In the light of this, the paper aims to estimate the social 

costs associated with the thermal uses of the residential buildings in Turin (North-

ern Italy), integrating the energy assessment of the residential building stock, tak-

ing advantage of the Reference Building approach for the stock characterization, 

and the economic quantification and monetization of the air pollution health im-

pacts, using the Cost of Illness (COI) method. Starting from the current situation, 

different retrofit scenarios for the residential buildings of Turin are hypothesized, 

to evaluate their capability in reducing the environmental impact of the sector, as 

well as to increase the social benefits they can guarantee.   

Keywords: Outdoor Air Quality, Health Effects, Human Capital Approach, 

Retrofit Scenarios, Reference Building approach. 

1 Introduction 

Today, due to the significant impact that outdoor air pollution has on people's health 

causing 4.2 million deaths in 2017, the concept of outdoor air quality is becoming in-

creasingly important [1,2]. In this context, the COVID-19 pandemic has highlighted the 
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importance of adopting resilient spaces to ensure high air quality. However, as early as 

2015 the issue was raised by the introduction of health and welfare insurance as a goal 

for all countries within the Sustainable Development Goals defined by the United Na-

tions [1]. In particular, Goal 3 aims to ensure a healthy life and to promote well-being 

at all ages for sustainable development [1]. 

The literature has identified air pollutants involved in urban processes and their ef-

fects on different categories of damage, including impacts on human health, damage to 

buildings and materials, crop and biodiversity losses, and loss of ecosystem services in 

general [3-6]. Among these damage categories, the health impacts caused by air pollu-

tion contribute to most of the estimates of external costs [7,8]. Public health experts 

linked air pollution inevitably to worsening morbidity (especially respiratory and car-

diovascular diseases) and premature mortality (e.g., Years of Life Lost) [9,10]. 

Due to the current high levels of pollutants concentration in cities, the problem of 

outdoor air quality is becoming particularly relevant in the urban context. Indeed, an-

thropogenic activities, which are the main sources of pollutants, are more concentrated 

in urban areas, rather than rural ones. Moreover, according to future projections, almost 

two-thirds of the world population will live in cities by 2050 [1]. The significant weight 

of the consequences of atmospheric pollution on people's health, combined with in-

creasing urbanization, requires the identification and development of suitable tools to 

quantify and estimate the social costs associated with the pollutants emissions on health 

[11]. In particular, among the anthropogenic causes of outdoor air pollution, the build-

ing sector is recognized as one of the main ones, especially considering the heating 

sector [12]. Indeed, at European level, heating systems alone represent about 30% of 

total PM10 emissions [13]. This is because space heating and domestic hot water pro-

duction end-uses cover almost 80% of total final consumption, and a significant portion 

of this energy is still met by using fossil fuels [14].  

In line with this, the study intends to provide scientific outcomes for decision-mak-

ers, to support and guide a new form of urban planning, capable of putting people at the 

center, giving relevance to health and well-being aspects. In detail, the study aims to 

investigate the relationship between buildings, air pollutants, and people in urban envi-

ronments, examining the health impacts caused by the PM10 emissions associated with 

thermal uses of residential buildings. PM10 was selected for the analysis, as it was 

found to be among the most dangerous pollutants, being responsible for severe respir-

atory and cardiovascular diseases [15]. In addition, attention was also devoted to the 

quantification of the CO2 emissions caused by the residential sector, in line with the 

global attention on reducing greenhouse gas emissions and with the ambitious targets 

defined for the building sector at local, national, and international scales. These consid-

erations are also in line with the EU Green Deal, which aims to move the European 

Union towards a climate-neutral society by 2050, giving importance to satisfy the qual-

ity of life for current and future generations [16]. Moreover, the EU Green Deal recog-

nizes the building sector as promising for energy and economic savings [17].  
Given the complexity in the design and implementation of energy re-development 

strategies for buildings and the rigid constraints of financial resources, multiple objec-

tives related to energy saving and environmental compatibility must be pursued. In this 

perspective, a comprehensive view of costs and benefits is necessary [18-20]. To this 
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end, a multi-step methodological approach was proposed, and applied to the case study 

of the residential sector of the city of Turin, in the North-West of Italy. First, its urban 

residential stock was classified and characterized using the Reference Building (RB) 

approach [21]. The identified RBs allowed estimating the impact of the sector in terms 

of PM10 and CO2 emissions. Then, to investigate and quantify the relationship between 

air pollutants and health effects, the social costs associated with emissions from the 

residential sector in its current state were estimated using the Cost of Illness (COI) 

method to translate the health impacts related to PM10 emissions from buildings in 

monetary terms [22]. By associating the energy analysis with the socio-economic one, 

a multi-domain Key Performance Indicator (KPI) was identified, named Social Cost 

Index, able to estimate the total social cost generated by each unit of emitted PM10. To 

investigate the effects of different retrofit strategies on the overall social health costs 

for the case study, a scenario analysis was proposed, to study possible renovation path-

ways for the residential sector, able to guarantee a reduction of its energy and environ-

mental impact, as well as an increase of the associated social benefits, guaranteed by a 

lowering of air pollution.  

The paper is structured as follows: after the conceptualization of the methodological 

framework in Section 2, Section 3 is dedicated to the description of the case study and 

the main assumptions; Section 4 shows the main results of the application, while section 

5 draws the main conclusions, illustrating the possible future perspectives.  

2 Methods 

This section aims to describe the multi-step methodological approach exploited to in-

vestigate the impact of the residential building stock in terms of health-related social 

costs, as well as to explore possible renovation pathways for it, to both reduce its air 

pollutant emissions and increase the social benefits for the community. The methodo-

logical approach couples the energy and environmental assessment of the residential 

building stock in its current state (developed using the archetype modeling approach) 

with the socio-economic quantification and estimation of the health-related social costs 

associated with PM10 pollution. Going into detail, based on the current state analysis, 

a multi-domain KPI, named Social Cost Index (SCI), was defined to couple the energy 

and the socio-economic dimensions, allowing to develop an analytical tool able to iden-

tify the total social costs associated to the PM10 emissions generated by the building 

sector. Then, by developing a scenario analysis, diverse renovation pathways are com-

pared and assessed using the developed KPI, to investigate the strategies able to reduce 

the environmental impact of the sector (in terms of air pollutants emissions reduction) 

and to increase the social benefits for the community (in terms of social cost reduction) 

with respect to the current state. 

2.1 Energy and environmental assessment of the current state 

This section focuses on the estimation of the energy and environmental impact of the 

residential sector in its current state. Due to the difficulty in individually modeling all 

the buildings within the stock, the RB approach was used. This term is used to indicate 
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a real or statistically determined typical building, which can be considered representa-

tive of a portion of the building stock [21]. The archetype modeling allows estimating 

the energy consumption of a specific RB, which can be then scaled up to estimate the 

energy consumption of the whole portion of building stock the RB is representative of, 

by means of appropriate multiplicative factors (e.g., the total floor area of the portion 

of building stock represented by the RB or the number of buildings represented by the 

RB) [21]. 
In line with this, once the RBs were fully characterized in energy terms, it was pos-

sible to estimate the Total Energy Consumption (TEC) of the building stock, as in Eq. 

(1):  

 𝑇𝐸𝐶(𝑗) [
𝑘𝑊ℎ

𝑦
] = ∑ 𝐸𝐶(𝑖, 𝑗) ∙ 𝑆𝐹(𝑖)𝑁

𝑖=1  (1) 

where j represents the j-th energy vector (e.g. natural gas, oil, biomass, electricity) used 

to provide the energy service, 𝐸𝐶(𝑖, 𝑗) represents the annual specific energy consump-

tion of the j-th energy vector of the i-th RB (expressed in kWh/(m2·y)), N is the total 

number of RBs used to represent the whole residential stock, and 𝑆𝐹(𝑖) represents the 

total stock floor area represented by the i-th RB (expressed in m2).  

Then, using appropriate emission factors for each j-th energy vector, it was possible 

to estimate the Total Pollutants Emissions (TPE) generated by the building stock, ac-

cording to Eq. (2):  

 𝑇𝑃𝐸(𝑧) [
𝑘𝑔

𝑦
] = ∑ 𝑇𝐸𝐶(𝑗) ∙ 𝐸𝐹(𝑗, 𝑧)𝑗  (2) 

where z represents the pollutant under investigation (e.g., CO2, PM10, etc.), 𝑇𝐸𝐶(𝑗) 

represents the total energy consumption of the j-th energy vector (expressed in kWh/y), 

as resulting from Eq. (1), and 𝐸𝐹(𝑗, 𝑧) represents the emission factor of the z-th pollutant 

under investigation for the j-th energy vector (typically expressed in kg/kWh or 

g/kWh). 

2.2 Socio-economic evaluation of health-related social costs 

To estimate the health-related social impacts caused by the air pollutants emissions 

from the residential sector, it is necessary to correlate the emissions with the social costs 

[23]. The estimation of the social costs was developed using the COI method, which 

allows estimating the economic burden that an illness imposes on the entire society, 

according to Eq. (3): 

 𝐶𝑂𝐼 =  𝐷𝐶 + 𝐼𝐶 + 𝐼𝑁𝐶 (3) 

where 𝐷𝐶 represents the direct costs, 𝐼𝐶 the indirect costs and 𝐼𝑁𝐶 the intangible costs. 

The former represents all the healthcare and non-healthcare costs due to treatment and 

care, which are usually estimated based on market values. Indirect costs, instead, are 

those associated with productivity losses, as a consequence of workers' absence from 

workplaces due to the occurrence of the disease. Finally, intangible costs, which are the 

most difficult to estimate, represent all the costs associated with more subjective factors 

(e.g., quality of life, pain, and suffering perceptions, etc.) [22].  



5 

In order to estimate the total costs associated with air pollution effects, two methods 

were exploited: the Human Capital Approach (HCA), which was used to estimate the 

tangible costs (both 𝐷𝐶 and 𝐼𝐶) and the Willingness to Pay (WTP), which was deployed 

to quantify the intangible costs (𝐼𝑁𝐶). On the one side, the HCA approach is based on 

the loss of productivity, which is estimated as the total amount of time from the moment 

of the pathological event occurrence for the worker and his/her return to work [24]. 

According to this approach, direct costs are computed by taking into account all the 

hospitalization and healthcare costs (e.g. ticket visits, exams, medications, etc.) poten-

tially associated with air pollution diseases (e.g. respiratory diseases, cancers, cardiac 

diseases, etc.). Instead, indirect costs were assumed based on the Work Lost Days 

(WLD) metric, which is defined as the total number of days during which a worker is 

unavailable for working [25].  

On the other side, the WTP method allows the estimation of non-marketed goods 

and the measurement of the amount of money that an individual is willing to pay to 

reduce his/her probability of illness or premature death [24]. This approach estimates 

the intangible costs, quantified in terms of the Years of Lost Life (YLL) metric, which 

represents the total years of potential life lost due to premature deaths correlated to 

PM10 emissions [26].   

2.3 Definition of the multi-domain KPI 

Based on the results coming from Sections 2.1 and 2.2, the environmental impact of the 

building stock and the associated health-related social costs were calculated. To couple 

the energy-environmental analysis with the socio-economic assessment, a multi-do-

main KPI was developed, named Social Cost Index (SCI), aiming to estimate the total 

social costs associated with each PM10 unit emitted by the building stock under inves-

tigation. The indicator was calculated according to Eq. (4): 

 𝑆𝐶𝐼 [
€

𝑡 ∙𝑝𝑒𝑟𝑠𝑜𝑛
] =

𝐶𝑂𝐼 [
€

𝑝𝑒𝑟𝑠𝑜𝑛∙𝑦
]

𝑇𝑃𝐸𝑃𝑀10 [
𝑡

𝑦
]
 (4) 

where 𝐶𝑂𝐼 represents the total annual health-related social costs per person (expressed 

in €/(person·y)), computed using the COI approach, while 𝑇𝑃𝐸𝑃𝑀10 corresponds to the 

total annual PM10 emissions caused by the building stock (expressed in t/y). 

2.4 Definition and assessment of retrofit scenarios 

With the scope of exploring the potential for reducing the environmental and socio-

economic impacts of the residential building stock, different retrofit scenarios were hy-

pothesized, all assuming to intervene on the sole HVAC system, by substituting the 

existing thermal generators. The scenarios allowed to investigate the capability of the 

renovation strategies to reduce the environmental impact of the analyzed buildings, in 

terms of reductions of CO2 and PM10 emissions. Moreover, by keeping fixed the SCI 

metric calculated in Section 2.3 (Eq. (4)), and, thus, keeping fixed the ratio between the 

socio-economic and the environmental impact in the different scenarios, depending on 

the changes in PM10 emissions, it was possible to estimate the potentiality of the di-

verse retrofit scenarios in reducing the total social costs.  
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3 Application  

The methodological framework was applied to the residential sector of the city of Turin 

(886837 inhabitants [27]), located in the Piedmont Region, in the North-West of Italy. 

According to the last national census [28], Turin has 63764 buildings, 98% of which 

are occupied. The analysis described in this paper focused on the residential sector, 

which represents approximately 57% of the total occupied buildings. In particular, the 

study was devoted to the assessment of the impact of the thermal uses (space heating 

and domestic hot water) on urban emissions, since these end-uses represent the most 

relevant voice of energy consumption in residential buildings and are still mostly based 

on combustible fuels. Indeed, in Turin, almost 80% of residential buildings use natural 

gas for thermal uses and less than 1% of the residential stock is equipped with renewa-

ble energy systems (e.g., solar thermal collectors, photovoltaic systems, etc.) [28]. 

3.1 Energy and environmental assessment of the current state 

As previously mentioned, to estimate the energy and environmental impact of the resi-

dential building stock, the RB approach was used [21]. RBs were derived from the 

outcomes of the European project “Typology Approach for Building stock energy As-

sessment (TABULA)”, conducted between 2009 and 2012 [21]. The project aimed to 

create a well-defined database of residential building typologies in Europe, including 

Italy [21]. According to the TABULA project, 32 typologies of buildings were identi-

fied for Italy (and mainly for the Piedmont Region), sub-divided in terms of building 

typology (apartment block (AB), multi-family house (MFH), terraced house (TH) and 

single-family house (SFH)) and period of construction (before 1900, 1901-1920, 1921-

1945, 1946-1960, 1961-1975, 1976-1990, 1991-2005 and after 2005) [29]. Within the 

project, each RB was fully characterized in terms of geometry, envelope thermal prop-

erties, and space heating (SH) and domestic hot water (DHW) systems characteristics 

(i.e., type of generator, type of distribution system, type of emission system, and asso-

ciated efficiencies). Per each RB, SH and DHW energy needs and primary energy con-

sumptions were computed.  

In this paper, the whole set of TABULA RBs was considered as representative for 

the residential stock of Turin, and information on the total stock floor area of Turin 

households in each construction period identified by TABULA was gathered. Per each 

RB under investigation, starting from the energy needs for SH and DHW and knowing 

the efficiencies of the installed sub-systems (generation, distribution, emission, stor-

age), the specific energy consumption associated with each RB (𝐸𝐶(𝑖, 𝑗) of Eq. (1)) 

was computed. Moreover, according to the distribution of the total stock floor area, the 

total energy consumption per each j-th energy vector was calculated (see Eq. (1)). Fi-

nally, using appropriate emission factors for the energy vectors used to satisfy SH and 

DHW needs [30, 31], CO2 and PM10 emissions were assessed for the entire residential 

stock (Eq. (2)).  
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3.2 Socio-economic evaluation of health-related social costs 

To estimate the health-related social costs due to PM10 emissions, the COI approach 

was considered and the HCA and WTP methods were used to compute the different 

cost voices. Specifically, HCA was used to compute the tangible costs (both direct and 

indirect). Direct costs were calculated as the sum of hospitalization and medication 

costs for cardiovascular and respiratory system diseases, using statistical values from 

[32-34]. Regarding the indirect costs, which are typically computed based on the WLD 

metric, the value of a single working day (equal to 130.73 €) was estimated as the ratio 

between the average value of an employee's annual salary [27] and the number of an-

nual productivity days [35]. Total indirect costs were then calculated by multiplying 

the daily cost by WLD [36]. Finally, WTP was used to estimate the intangible costs. 

The method is usually exploited by submitting surveys to the concerned population, in 

order to estimate the value they give to a year of life; due to time constraints, a reference 

value equal to 145320 €/y was derived from [26] and used as an estimation of the YLL 

metric.  

Based on the results of Section 3.1 (in terms of total PM10 emissions generated by 

the residential sector) and on the obtained COI estimations, SCI was computed for the 

current state, allowing to quantify the total social costs associated with each PM10 unit 

emitted by the building stock under analysis.  

3.3 Definition and assessment of retrofit scenarios 

To explore the potential social benefits associated with the renovation of the residential 

building stock of Turin, different retrofit scenarios were hypothesized. Specifically, two 

scenarios were defined for the residential buildings under investigation, assuming to 

retrofit only SH and DHW generation systems, by substituting the original RB energy 

systems, without intervening on the envelope. Assuming not to retrofit the most recent 

buildings (built after 2005) and the oldest category (built before 1945) due to retrofit 

restrictions for historical or artistical reasons, retrofit scenarios were applied only to 

buildings built between 1946 and 2005, which represent approximately 75% of the ur-

ban residential stock. 

The developed System Retrofit (SR) scenarios differ in the alternative technological 

options considered eligible for retrofit. Specifically, the first SR scenario (SR1) consid-

ered the substitution of the original generation system of the RBs with either a condens-

ing gas boiler, a biomass boiler, or an electric heat pump. The distribution of the tech-

nologies among the RBs to retrofit was done based on the available information of the 

total number of incentive requests in Italy in 2018 for the three considered technologies 

[37]. Moreover, in order to highlight the impact of the biomass source in terms of local 

air pollution, the second SR scenario (SR2) assumed to have at disposal for the substi-

tution of the original RB system only condensing gas boilers and electric heat pumps.  

For both SR1 and SR2 scenarios, four diverse renovation rates were considered, as-

suming to intervene on the 25%, 50%, 75%, and 100% of the portion of building stock 

to be potentially retrofitted (i.e. 75% of the residential building stock, as previously 

mentioned).  
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4 Results and discussion 

From the energy-environmental standpoint, according to the RB-based modeling of Tu-

rin residential building stock in its current state, a total of approximately 1735 kt/y of 

CO2 emissions and 12 t/y of PM10 emissions was obtained. Moving to the socio-eco-

nomic analysis and focusing solely on PM10 emissions (due to their well-known impact 

on people's health), an overall social cost of 1192 €/(person·y) was obtained, in accord-

ance with the COI approach. In particular, based on the HCA method, a social cost of 

492 €/(person·y) was attained, regarding the sole direct and indirect costs, while, ac-

cording to the WTP method, a value of 700 €/(person·y) was correlated to the intangible 

costs. Based on these results, the multi-domain KPI was calculated to show the link 

between the PM10 emissions generated by the residential buildings and the associated 

social costs estimated according to the COI method. A SCI value of approximately 98 

€/(t·person) was obtained, meaning that ton of PM10 emissions caused a total social 

cost of almost 100 € per person. 

The scenario analysis allowed, on the one side, to estimate the potential environmen-

tal benefits of the assumed renovation strategies, assessing both global (CO2) and local 

(PM10) emissions reductions. On the other side, socio-economic benefits (or costs) as-

sociated with the retrofit scenarios can be estimated, based on the developed SCI multi-

domain metric.  

According to the first topic, Fig. 1 and Fig. 2 summarize the results obtained for SR1 

and SR2 scenarios, respectively, in terms of CO2 and PM10 emissions for the four con-

sidered renovation rates. Both scenarios guarantee improvements in terms of CO2 emis-

sions, obtaining approximately 27% and 24% reductions with respect to the current 

state for SR1 and SR2 scenarios, respectively, considering the 100% renovation rate. 

In particular, the presence of the biomass source in SR1 (see Fig. 1a) guarantees a 

higher reduction of CO2 emissions, due to the lower emissions generated by biomass 

boilers with respect to the other alternative solutions (due to lower emission factors for 

biomass). Conversely, when moving to PM10 emissions trends, an opposite result is 

visible; indeed, the SR1 scenario provokes an increase of PM10 emissions (see Fig. 2a), 

being the biomass option the highest PM10 emitter among the considered alternatives; 

moreover, biomass generators efficiencies are lower with respect to the other techno-

logical options, for both SH and DHW. For this reason, when moving to the biomass-

free SR2 scenario, indeed, a decrement of PM10 emissions is visible (see Fig. 2b), 

reaching a 30% reduction with respect to the current state, for the 100% renovation rate. 

Clearly, the renovation rate influences the results; as mentioned, both scenarios were 

built assuming different renovation rates, varying from 25% to 100%, to simulate strong 

retrofit uptakes. As expected, the higher the renovation rate, the higher the associated 

emissions reductions are.  
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Fig. 1. CO2 emissions trends for the current state (CS) and the four renovation rates (25%, 50%, 

75%, 100%), for SR1 (a) and SR2 (b).  

 

Fig. 2. PM10 emissions trends for the current state (CS) and the four renovation rates (25%, 50%, 

75%, 100%), for SR1 (a) and SR2 (b).  

Furthermore, the scenario analysis allowed to estimate the social benefits (or costs) 

induced by the variations of PM10 emissions per each scenario and renovation rate. 

Fig. 3 shows the obtained environmental benefits, in terms of avoided PM10 emissions 

(expressed in t/y) and the health-related social benefits (expressed in €/(person·y)) for 

SR1, while Fig. 4 summarizes the same results for SR2. In both figures, a negative 

value for the emissions corresponds to an increment of buildings-related emissions with 

respect to the current state, while a negative value for the net social benefits represents 

a cost (i.e., increment of social costs compared to the current state). 

As expected, the SR1 scenario provokes an increase in social costs with respect to 

the current state, due to the increment of PM10 emissions. As reported in Fig. 3, an 

economic loss of 3351 €/(person·y) is visible for the lowest renovation rate (25%), 

which increases up to approximately 13406 €/(person·y) for the 100% renovation rate 

case. Conversely, when considering the SR2 scenario, a socio-economic benefit is high-

lighted; in particular, the highest renovation rate of 100% allows achieving a social 

benefit of 351 €/(person·y). 
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   Fig. 3. Net avoided PM10 emissions (a) and net social costs/benefits (b) for SR1 scenario. 

 

 Fig. 4. Net avoided PM10 emissions (a) and net social costs/benefits (b) for SR2 scenario. 

5 Conclusions and future perspectives 

Nowadays, outdoor air quality is a challenge for the urban environment, especially con-

sidering the impact that air pollutants have on people's health. This topic needs to be 

carefully addressed and introduced in new urban energy planning, aiming to put peo-

ple's well-being, health, and satisfaction at the center, and to transform cities into safer 

and healthier environments. In the future energy transition of cities, the role of the 

building sector is crucial, due to its still high environmental impact, mainly associated 

with the use of heating systems, which are still mostly based on fossil fuels.   

The paper fits with this background, aiming to explore the relationship between the 

air pollution caused by the residential building sector (and mainly by thermal uses) and 

the health-related social costs for the community, using the city of Turin as case study. 

Moreover, thanks to the definition of a multi-domain KPI, named Social Cost Index, 

the work allowed to estimate the social cost due to the PM10 emissions generated by 

the building stock under investigation. The social cost estimation was developed using 

the Cost of Illness approach, coupling two evaluation methods (Human Capital Ap-

proach and Willingness to Pay). 
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Starting from the energy and socio-economic assessment of the current state, the 

work developed a scenario analysis, evaluating the capability of diverse retrofit strate-

gies for the heating systems substitution to reduce the environmental impact of the sec-

tor, and, thus, to obtain benefits for the entire society. The results brought out that the 

use of biomass can produce a negative local environmental effect, increasing PM10 

emissions with respect to the current state; on the other side, when biomass is excluded 

from the renovation strategies, a 30% PM10 emission reduction can be achieved. Based 

on the SCI metric, the social costs related to the developed retrofit scenarios were esti-

mated, allowing to compute the possible benefits achievable thanks to the renovation 

of the building stock. As a consequence of the environmental considerations, only the 

SR2 scenario (which does not consider the possible exploitation of biomass boilers in 

urban environments) permits to obtain some benefits for the society, clearly increasing 

with the increment of the renovation rate.  

In conclusion, the obtained results have shown the impact of residential heating on 

outdoor air quality, allowing to estimate the health-related social costs associated with 

PM10 emissions, which is a major theme today. For this reason, the outcomes of the 

work can be used to support the urban planning decision-making process, giving value 

to the need to reduce the health impacts of urban air pollution.  

The study opens the way to future work in this field. On the energy side, the paper 

concentrated on traditional technologies (i.e., condensing gas boiler, biomass boiler, 

electric heat pump) and without intervening on the envelope. Future work will be de-

voted to the assessment of additional retrofit scenarios focusing on the improvement of 

the envelope, to evaluate how energy demand reduction could further boost the outdoor 

air quality improvement in cities. Moreover, other technologies could be included in 

the analysis, among which also renewable energy sources and district heating. Finally, 

concerning the socio-economic assessment, future work can be deployed to estimate 

the local WTP, by submitting ad-hoc surveys to the population of Turin. 
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