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Summary

Nowadays, buildings play a central role in the clean energy transition for both
their ability to save energy and reduce emissions, and their potential to promote
health and well-being of occupants. Specifically, taking action on the building
sector has become a priority to align with the net zero emissions scenario by 2050,
as it accounts for 30% of global final energy consumption and 28% of energy-
related CO» emissions worldwide. Simultaneously, as people usually spend more
than 90% of their time indoors, ensuring satisfactory indoor air quality (IAQ)
represents a key measure in the design of future buildings that should be not only
smart, able to monitor and manage energy optimally, but also healthy, able to
positively influence the health and well-being of their occupants.

These features are the focus of this Ph.D. dissertation as it is set in a specific
historical period, which includes the Covid-19 pandemic emergency in 2020 and
the Russia-Ukraine war in 2022. Therefore, ensuring an adequate IAQ in the
indoor environment for human health and well-being in response to the pandemic,
as well as improving energy efficiency in buildings through end-use electrification
in response to rising energy prices, are identified as the two main pillars in the
design and operation of the building of the future and the main frameworks of the
two case studies.

In the light of the above, building technology is widely recognised as the key
instrument in improving the energy efficiency and reducing the CO2 emissions,
while ensuring a good IAQ in buildings. This Ph.D. thesis addresses the challenge
faced by industrial companies in introducing their technologies and make them
competitive in the current building energy market despite the high investment
costs that may prevent consumers from investing in them. Therefore, the Ph.D.
dissertation aims to guide and support industrial companies in the launch of
advanced technological solutions, which play a key role in the design and
operation of the building of the future, in the current building energy market.
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Two applications are presented and discussed, aiming to address the
aforementioned challenges. Starting from the first application, in line with the
main targets of ensuring adequate IAQ and promoting human health-related status
following the spread of Covid-19, great focus is put on the role of air filtration
technologies in reducing the airborne transmission of indoor contaminants.
Specifically, this application aims to valorise the benefits offered by the
implementation of innovative biocidal and photocatalytic filtration technologies in
air handling unit configuration compared to the use of traditional filtering
solutions in different school building typologies. The need to economic-financial
metrics in the assessment and comparison of alternative technological solutions
was demonstrated through the application of the Cost-Benefit Analysis
methodology. This tool has proven to be effective in supporting investment
decision-making process of industrial companies enabled to demonstrate that the
high investment costs associated with the use of innovative filtration technologies
can be totally repaid by energy savings and socio-economic benefits (e.g., health
and learning performances) in the long-term.

Moreover, the second application of this Ph.D. dissertation, in line with the
main challenges of ensuring long-term energy security and achieving a clean
energy transition, focuses on the electrification of end-use building energy
consumption through the use of renewable energy sources. For this reason, the
adoption of heating and cooling systems that rely on a carrier that is no longer gas
has led to heat pumps being considered as the key technology for increasing the
overall energy efficiency of the system and reducing the environmental impact of
the building sector. Contrary to the previous analysis, this study does not rely on
economic-financial assessments as the high investment costs of heat pumps are
covered by the introduction of financial incentives (e.g., the Superbonus 110% in
Italy) that promote their market penetration. Therefore, this application aims to
demonstrate the benefits, in terms of energy savings and CO» emissions reduction,
offered by air-to-water heat pump technologies as an alternative to conventional
condensing boilers in typical Mediterranean residential buildings. The
development of a step-by-step methodological approach, which includes the
definition and computation of specific key performance indicators through the
application of a quasi-steady-state simulation, has proven to be effective in
supporting industrial companies. In fact, this approach allows to demonstrate the
energy and environmental benefits of this technological replacement in both new
and existing buildings.

To conclude, this Ph.D. dissertation is the result of a collaboration during
these years with an external industrial company with expertise in this field. The
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research activity has allowed to identify potential methodological approaches to
assess the energy, environmental, and socio-economic benefits of implementing
advanced technological solutions in the Heating, Ventilation and Air-
Conditioning system. Specifically, the main results of the two applications
allowed to support the industrial company to launch its advanced technologies in
the building energy market, demonstrating to consumers that the high investment
costs were totally repaid by the multiple benefits.

The originality of this Ph.D. dissertation lies in the first application, in which
a widely-used evaluation technique was applied within a rarely-explored domain,
specifically the energy sector, to assess the overall IAQ and its impacts on
occupants’ health and well-being. Additionally, another interesting aspect relates
to the replicability of the proposed methodology for other emergencies in the
future. While the second application addresses a current issue, by providing
interest insights into local and non-local energy policies.



Acknowledgment

Looking back on this long journey as a Ph.D. student, I think it was one of the
greatest challenges of my life. Despite the difficulties I have encountered over the
past years, I have never given up. Today I am gratified to have embarked on this
Ph.D. path, which has allowed me to grow professionally and personally, as well
as to meet and collaborate with respectable people. I would like to express my
gratitude to all the people who have shared these years and this research project
with me.

First of all, I would like to thank my supervisor, Prof. Stefano Paolo
Corgnati, for giving me the opportunity to get in touch with the world of research
and for guiding me along this path with valuable advice. I would also like to thank
my co-supervisors, Prof. Cristina Becchio, for the valuable time and for her
constant availability and openness to discussion over all these years, and Prof.
Marta Carla Bottero, for her collaboration and for sharing her knowledge in the
world of financial-economic valuation. A mention also to Sara Viazzo, for her
availability and guidance in the use of the simulation software.

To the researchers and industrial partners, I had the privilege of working
with during my Ph.D., I would like to express my gratitude. In particular, a
personal thanks to Rhoss S.p.A, especially to Leonardo Prendin and Micaela
Ranieri for the extensive work over the past few years, which allowed me to
develop the case studies presented in this Ph.D. dissertation. Thanks also to
Martina Tornabene and Michele Babuin for their constant availability to
discussion and debate.

I would like to express my sincere gratitude to all of my colleagues who
have shared this journey with me. Thanks to Giulia C., Giulia V., Ilaria, Maria
Cristina, and Maria Valentina for their constant support and for always
encouraging me during the difficult times I encountered along the path with
valuable advice. I thank them because from a working relationship it became a

VI



true friendship. Also, thanks to Federico for his support and collaboration during
these years.

A special thanks to all my “BIG” family for always supporting me. I am
particularly grateful to my mum, a woman I hold in high esteem and who I would
like to thank for always believing in me and supporting me to achieve my goals.
Thanks to Davide, not only my brother but also my best friend, for his valuable
advice and life lessons.

Last but not least, thank you Giovanni, for being a part of my life and for
sharing with me the happiest and the darkest moments during these years. Thanks
also to my son, Leonida, for filling my life with joy and happiness.

VI



“To the loves of my life,
always and forever”

To Giovanni and Leonida.

VIII



Contents

1. Setting the context 1
1.1 THe DI PICTUTC...ccviieeiiieeiiee ettt ettt e e e e e aaeeensaeas 1
1.2 Overview of the energy and emissions trends in the building sector.....3

1.3 The regulatory and policy framework for buildings energy efficiency..6

1.3.1 The European CONtEeXt .........ccverreruierienieeniienieeiieeseeenreesvesseeseneenns 8
1.3.2 The Italian national CONLEXL ........cevveeeiieriieriieiieerierie e 15
1.4 Problem Statement ..........c..cccueeeeiieeiiieeiee et 17
1.5 PhD Objective and research qUESIONS .........ccueeveveeeiierieeeiieenieeieenneennn, 18
1.6 Roadmap and thesis StruCtUIE .........cceevcvierieeiieie et 21
2. Towards the building of the future 23
2.1 OVEIVIEW ..ottt ettt ettt sttt s 23
2.2 The pre-Covid-19 building targets .........cccceevueerieiiienieeienieeieeeee 24
2.3 Implementation of NZEB targets ..........cccoeceeeiienieniieniieceieeeee 27
2.3.1 TAQ-resilient building for human health and well-being................ 27
2.3.2 The path through building decarbonisation ............cccceevveeeeveenneen. 31
2.4 Technological pathways to support the building of the future............. 34
2.4.1 Health-related technologies in HVAC systems ...........ccccceeeviennee. 34
2.4.2 Electric and renewable technologies for space heating .................. 35
3. Decision-support tool in the energy field 39
3.1 OVEIVIEW ittt ettt ettt ettt 39
3.2 Decision-making methods applied in energy investment..................... 40
3.3 From cost-optimal methodology to Cost-Benefit Analysis.................. 43
3.4 Valuation techniques to measure and monetise co-impacts.................. 44
3.4.1 Financial valuation techniques for costs estimation ....................... 44
3.4.2 Economic evaluation methods for non-market benefits estimation ...
.................................................................................................................... 45
3.5 Benefits and co-benefits related to building energy performance
TTIEASUTES ..eveenvreenteeureenteenueeeteesuteebeeesteeseesateebeeeaseenbeesaneenseeenseenseesaneenneeenne 46
3.6 Key performance indicators in CBA .........cc.ccoooiiiiiieiiiiieeeeee, 49

IX



4. TAQ and occupant health and well-being 52

4.1 OVETVIEW ..ttt ettt ettt ettt sttt et e st et e et e bt e eateenaeeenee 52
4.2 BaCKEIOUNG. ....ccviiiiieiieiieeieeiee ettt et 53
4.3 MethOdOlOZY ......ccocuiiieiiieciie ettt e eae e e 55
4.3.1 Financial impacts estimation .............cceevvveeeieenieeiieeneeeieeneeeneeens 56
4.3.2 Health-related impacts estimation ............cccceeeerieerveeenieeeeiee e 57
4.3.3 Learning performance impacts estimation............ccccceeeeveeeenveeennnen. 58

4.4 CaSe STUAY ...veeeviieeiieeeiieeeite et e ste e e ste e e ae e st e e s te e e ereeesareeenareeenaeeennes 59
4.4.1 Financial valuation............cccccvveeiuiieeiieeeeeeciee e e 62
4.4.2 Health benefits evaluation ..........c.ccccceeverienienenienceeeeseeee 64
4.4.3 Students’ learning performance evaluation ............c.cccecvevveenennen. 70

4.5 Results and diSCUSSION ........eeecviieriiieeiiiee et e eieeeeiee e e e 70
4.6 Conclusions and future developments...........ccceevveeeciieeecieeeniee e, 75

5. Energy efficiency and electrification in buildings...........ccccceevvuereveeicnnenenne 77
ST OVEIVIEW .ottt ettt st 77
5.2 Regulations and standards for implementing reversible heat pump
EECHNOIOZY ..eivvieiiicie ettt ettt e eene 78
5.3 BaCKEIOUNd.......oooiiiiiiiieiieeie ettt 82
5.4 MethodOlOY .....ccouiieiiiieeiieece e e 83
5.5 Case StUAY ....eeeiieiie e 85
5.6 Results and diSCUSSION ........ccceieiiieiiieiieeieee e 92
5.7 Conclusions and future developments...........cccccecverienenieneinenicneenne. 99

6. Concluding remarks 101
Nomenclature 108
ReEfErenCes.....uccueiiveiiniiiniitiintinitintiinnisteiseessesssesssesssssessessssessssssssssssasens 112
Appendix A......cocoeeicnsnicssnnicnns .. 142
Appendix B.......ccoveicrseiensnnienns ..145
Appendix C......cocevercsvnercssanccnns ..156




List of Tables

Table 1: Definitions of resilient buildings. From [76]. .......cccccoeoieiiiniiennne 28
Table 2: Different school typologies and related parameters. From [220]. ....61

Table 3: AHU configurations data from real systems. From [220]. ............... 62
Table 4: AHU operating hours for each school typology. .........c.ccccveveuvennnnne. 62
Table 5: Costs related to each air filter technologies. From [220].................. 63

Table 6: Real data used to calculate direct health costs per patient associated
with Covid-19 disease. From [220].......cccoiiiiiiiiiieiiiieeeeee e 64

Table 7: Real data used to calculate direct health costs per patient associated
with bacterial and viral CAP. Elaboration from [167]........ccccceeviiiiiiiiennne 67

Table 8: Incremental BCR outputs: C vs. PC configuration. From [220]....... 74

Table 9: Minimum requirements and reference conditions for electric
reversible heat pump for heating service. From [272]. .......cccceiiiiniiniinnnne 80

Table 10: Building classification scale based on the overall non-renewable
global energy performance INdeX. .......cccoecvveeriiiieniiieeriie e 84

Table 11: Geometric characteristics of models S and L.........cc.ccoceveeiinnnnne. 86
Table 12: Thermophysical properties of building envelope A components. ..88
Table 13: Thermophysical properties of building envelope B components....88
Table 14: Thermophysical properties of building envelope C components....88
Table 15: Thermophysical properties of building envelope D components. ..88

Table 16: Input data related to the three different climate zones. ................... 89

XI



Table 17: Monthly average outdoor temperatures for Turin, Rome and
Palermo respectively. From [273]....cccioiiiiiiiiiiiieieeeeeeee et 89

Table 18: Nominal thermal power and COP of one-section air-to-water heat
pumps considered in the simulated models............cccoevevieevciiieciieie e, 90

Table 19: Nominal thermal power and COP of two-section air-to-water heat
pumps considered in the simulated models............ccoeeviievciiieciiecie e, 91

Table 20: Characterisation of the building envelope energy performance of

the simulated models. Elaboration from [273].........cccoviiiviiiiiiiieieeeiee e, 91
Table 21: Heat pump typologies for each simulated model............................ 92
Table 22: Total costs and benefits associated to the C configuration in pre-
SCHOOL EYPOLOZY . .ooeeviiniiieiiieiiece ettt et eene 146
Table 23: Total costs and benefits associated to the PC configuration in pre-
SCHOOL EYPOLOZY . .ot 147
Table 24: Incremental BCR outputs: C vs. PC configuration in pre-school
12 8101 (0] o 20O PSPPSRSO 148
Table 25: Total costs and benefits associated to the C configuration in primary
school, junior high, and high school typologies..........c.cccceevvieviieniernirennnnnne. 149
Table 26: Total costs and benefits associated to the PC configuration in
primary SChOOl tyPOlOZY....ccviiiiiiiiiieeiee e e 150
Table 27: Incremental BCR outputs: C vs. PC configuration in primary school
EYPOLOZY et 151
Table 28: Total costs and benefits associated to the PC configuration in junior
high SChOOl tyPOIOZY. .c..eirviiiiiiiiiiiie e 152
Table 29: Incremental BCR outputs: C vs. PC configuration in junior high
SChOOL tYPOLOZY. .eveieiiiieiie et e e e 153
Table 30: Total costs and benefits associated to the PC configuration in high
SChOOL tYPOLOZY. .eveeeiiieeiie ettt e e ens 154
Table 31: Incremental BCR outputs: C vs. PC configuration in high school
127 101 (o - 20O RPN 155
Table 32: Characterisation of the external wall layer in envelope A. ........... 156
Table 33: Characterisation of the floor layer in envelope A. .........c.cccceenee. 156
Table 34: Characterisation of the roof layer in envelope A. ..........cccccvenee. 157

XII



Table 35: Characterisation of the external wall layer in envelope B. ........... 157

Table 36: Characterisation of the floor layer in envelope B. ...................... 157
Table 37: Characterisation of the roof layer in envelope B. ..........c.ccc......... 157
Table 38: Characterisation of the external wall layer in envelopes C and D.
....................................................................................................................... 158
Table 39: Characterisation of the floor layer in envelopes C and D. ............ 158
Table 40: Characterisation of the roof layer in envelopes C and D. ............. 158

Table 41: Non-renewable primary energy indicator for each energy service
offered in new building application. ..........ccecceeeeierieeiiienieeieerie e 159

Table 42: Non-renewable primary energy indicator for each energy service
offered in existing building application. ...........cccveevrevieerieeiienieeieeeie e 161

Table 43: Energy delivered by energy carriers to assess the CO2 emission
indicator in new building application...........ccccceeeieniiiiiiniiiiiee e 162

Table 44: Energy delivered by energy carriers to assess the CO2 emission
indicator in existing building application. .........c.ccceeceeeiiiiiiiiienieiieieeee 164

Table 45: Energy- and environmental-related benefits for all the simulated
models in new building application. ..........ccceecueerieriiienieeiienie e 165

Table 46: Energy- and environmental-related benefits for all the simulated
models in existing building application. .........c.cceccveeeviieniiieniieeiee e, 167

XIII



List of Figures

Figure 1: The big picture of the Ph.D. dissertation. ...........ccceceevveriienieeneennee. 3
Figure 2: Share of total final energy consumption by sector in 2022.
Elaboration from [14]......ccoviiiiuiiieee et e 4
Figure 3: Energy consumption in buildings by fuel, 2010-2022. Elaboration
TTOM [ 14 ] et e e e e et e e e ab e e e e e enraea s 4
Figure 4: Share global energy and process emissions by sector in 2022.
Elaboration from [14]......coouii et e 5
Figure 5: COz emissions in buildings, 2010-2022. Elaboration from [14]........ 6
Figure 6: European and Italian national energy and climate policy actions for
buildings energy effiCIency. .......ccceevveriiiiriiiiiieiieceeee e 7
Figure 7: Graphical synthesis of the Ph.D. dissertation: problem statement,
objective, and research QUESTIONS. ......c.ueeevieeeiiieeeiieeeieeeriee e ereeeeee e ens 20
Figure 8: Ph.D. thesis Structure. ...........ccccovieiiiiiiiiiiiniceceeeeeeeee 21
Figure 9: Structure of Chapter 2...........cooeiiiiiiiiiiiiiieceeeeee 23
Figure 10: Graphical representation of the nZEB definition according to the
EPBD recast. Elaboration from [77]. ....ccccoeoiieiiiniieieieeeeeeeeseeee 25
Figure 11: Definitions of nearly, net, and positive energy buildings.
Elaboration from [82]......ccccuiiiiiiiiiiii e e 26
Figure 12: Different ZEB ambition levels. Elaboration form [123]. .............. 32

Figure 13: Number of heat pumps sold in 2022 per EU country. Elaboration
TTOM [I57] oottt eetre e e e e eaees 36

X1V



Figure 14: Various heat pumps typologies and distribution terminals.

Elaboration from [159].....cc.oiiiiiiiieccee e e 38
Figure 15: Structure of Chapter 3..........cccevviieiiiiiieieieeeeee et 39
Figure 16: CBA methodology Steps. ......cccvieeiieeeiiiecieeeie et 44
Figure 17: Benefits and co-benefits of energy efficiency measures in
buildings. Elaboration from [160]. .......cc.cccovvieiiiiiiiiieeieeee e 49
Figure 18: Structure of Chapter 4........c.cooovieeiiieeieecieeeee et 52
Figure 19: Covid-19 AHU configuration. From [220]........ccccceevievierriiennnnnne. 59
Figure 20: Post-Covid-19 AHU configuration. From [220]. ........cccceevvennnnnn. 61

Figure 21: Direct and indirect cost associated to Covid-19 disease for the
different SChool typOIOZIES. .....ccveeiuiieiiieiieiiece e 66

Figure 22: Direct and indirect cost associated to CAP disease for the different
SChOO] LY POLOZIES. ...ttt 69

Figure 23: Total costs per year related to C (green) and PC (red) AHU
CONTIGUIATIONS. ..ttt ettt ettt ettt et e et ee s be e st e eabe e st e sabeenneeenne 71

Figure 24: Electricity consumption referred to the operational of the different

school typologies. From [220]. ......coovveriiiiiiiiiieiierie et 72
Figure 25: Energy-, health- and performance-related benefits referred to the
operational of the different school typologies. From [220]. ........cccceovvveennene 73
Figure 26: Structure of Chapter 5........cocoveriiiiiiiniiiiieccececee 77

Figure 27: Overview of the European Directives, Italian national legislation
and Piedmont Regulations relating to energy efficiency and renewable

sources. Elaboration from [272].......cccooviieiiiiiiiiieie et 79
Figure 28: Floor plant of model S (out of scale). .......ccceoeriiniininiiniincnene 86
Figure 29: Floor plant of model L (out of scale)........ccoceeveiiiiniiinicnninene 87

Figure 30: Energy- and environmental-related benefits for SA models. From
(273 ] ettt 94

Figure 31: Energy- and environmental-related benefits for SB models. From
(273 ] e et 94

Figure 32: Energy- and environmental-related benefits for LA models. From
(273 ] et 94

XV



Figure 33: Energy- and environmental-related benefits for LB models. From
(273 ] ettt st 95

Figure 34: Energy- and environmental-related benefits for SC models. From
(273 ettt b et ettt b nes 97

Figure 35: Energy- and environmental-related benefits for SD models. From
1220 SRS 97

Figure 36: Energy- and environmental-related benefits for LC models. From
(273 . ettt ettt e ht e bttt nae e 98

Figure 37: Energy- and environmental-related benefits for LD models. From
(273 ettt 98

XVI



Chapter 1

Setting the context

“The building sector is crucial for achieving the

EU’s energy and environmental goals. At the same time,
better and more energy-efficient buildings aim to
improve the quality of citizens’ life and alleviate energy
poverty while bringing additional benefits, such as health
and better indoor comfort levels, and green jobs, to the
economy and society”

European Commission [1]

1.1 The big picture

This section provides an overview of the context in which the Ph.D.
dissertation is developed, with the aim of clarifying the choice of topics that will
be covered within the following chapters. In particular, the summary includes the
main historical events and their key missions from the years before 2019 to the
present.

Therefore, until 2019 the fight against climate change was at the forefront
of all the political debates in the European Union (EU). In fact, the Kyoto
Protocol, which was adopted in 1997 and entered into force in 2005, set the first
binding targets for reducing greenhouse gas (GHG) emissions at the international
level [2]. Subsequently, the adoption of the first universal Paris Agreement in
December 2015 [3], as the main regulatory instrument for the global response to
climate change, marked the EU’s challenge to keep the global average
temperature increase below 2°C (aiming to limit it to 1.5°C compared to pre-
industrial levels). Finally, the fight against climate change was also the key
mission of the European Grean Deal introduced in 2019, which aims to make
Europe the first climate neutral continent in the world by 2050 [4].



The year 2020 marked a paradigm shift due to the spread of Covid-19
pandemic, declared as a Public Health Emergency of International Concern
(PHEIC) by the World Health Organization (WHO) [5]. The EU’s mission has
shifted from fighting against climate change to prioritising human health and
well-being in indoor environments. Therefore, providing a healthy and
comfortable indoor environment for people, who are required to stay in the same
confined spaces for an extended period of time, becomes the primary purpose of
buildings in a pandemic emergency. Already in 2018, with the amendments to the
Energy Performance of Building Directive (EPBD) [6], a “human-centric
approach” for new buildings and renovations of existing ones is encouraged. In
addition, to emphasise the key role of occupant in building, the Directive
2018/844/EU introduced the concept of a Smart Readiness Indicator (SRI) to
assess how smart a building is also in terms of satisfying the needs of occupants
(e.g., health, comfort, well-being, etc.) [6]. Subsequently, with the spread of
Covid-19 emergency, ensuring a good indoor air quality (IAQ) and promoting
human health-related status become the priority in the design of buildings and in
the renovation of existing ones. Moreover, ensuring health and well-being of
building users has become a fundamental requirement of many Standards and
guidelines introduced in 2020 to support the pandemic response (e.g., the WELL
Building Standard v.2 [7]).

In 2022, the strong impact on the energy market following the war
between Russia and Ukraine, led to a sharp increase in energy prices and, thus,
necessitated strategic changes in EU policy [8]. The 2022 energy crisis has led to
the new challenge of energy security, which is at the heart of the European
Commission’s agenda. Thus, to face the challenge of ensuring long-term energy
security in 2023 in order to achieve a clean energy transition, the EU needs to
reduce energy consumption, improve energy efficiency, accelerate the deployment
of renewable energy, increase gas supply diversification, and strengthen its
strategic energy autonomy [9]. For this reason, by focusing on the building sector,
the main objective of the new EU policy actions is to improve the energy
efficiency of buildings. In particular, the electrification of end-use consumption,
through the adoption of renewable energy sources (RES), represents the key
driver to accelerate the energy transition and decarbonisation of buildings, leading
to increased energy efficiency [10]. Among the EU strategies adopted to respond
adequately to the energy crisis, the REPowerEU plan [11], launched by the
European Commission in May 2022, sets out a series of measures aimed at
achieving energy savings, diversifying energy supply, as well as accelerating the
deployment of renewable energy in order to rapidly reduce dependence on
Russian fossil fuels in buildings.

In the light of the above, Figure 1 presents a simplified graphical
representation of the general framework of the thesis with the aim to show the
historical period in which the Ph.D. dissertation is developed.
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Figure 1: The big picture of the Ph.D. dissertation.

As shown in Figure 1, this Ph.D. dissertation is set in a specific historical
period, which is marked by the spread of the Covid-19 pandemic emergency in
2020 and the Russia-Ukraine war in 2022. The characterisation of each periods
described above helps to explain the choice of topics discussed in the following
chapters. Therefore, the attention to ensure an adequate IAQ in the indoor
environment for human health and well-being in response to the pandemic, as
well as the improvement of energy efficiency in buildings through end-use
electrification in response to the energy crisis, are the key objectives to boost the
building of the future (Chapter 2) and the main frameworks of the case studies
application (Chapter 4 and Chapter 5).

1.2 Overview of the energy and emissions trends in the
building sector

The building and construction sector is well-recognized as the primary source
of energy consumption and GHG emissions [12]. As it plays a key role in
achieving the EU’s energy and environmental targets, this section aims to provide
an overview of its total final energy consumption, as well as its operational
energy-related carbon dioxide (COz) emissions trends.

The 2022 Global Status Report for Buildings and Construction [12] states that
the year 2020 marked the largest decrease in CO, emissions in the last decade due
to the spread of the Covid-19 pandemic. The changes in home and workplace
practices, due to the imposed lockdown restrictions, had a significant impact on
both energy and emissions trends of the global building sector. In particular,
global energy demand in buildings decreased by 1% in 2020 to around 127
exajoule (EJ), while COz emissions from building operations fell 10% in 2020 to
around 8.7 gigatons of carbon dioxide (GtCOz), down from around 9.6 GtCO: in
2019 [13]. In 2021, construction activities returned to pre-pandemic levels and,
due to the reopening of workplaces, there is an increase in energy use. As a result,
building energy demand has seen the largest increase over the last 10 years, rising
by about 4% from 2020 to around 135 EJ [13]. As far as CO> emissions from
building activities are concerned, they increased by about 5% compared to 2020,
to 10 GtCO», and by 2% compared to the previous peak in 2019 [13]. In detail, the
global building sector (residential and non-residential) is responsible for almost
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30% of the total final energy consumption (for space heating and cooling,
lighting, cooking, etc.) [14]. To the operational energy demand is added the
energy used in buildings to produce concrete, steel, and aluminium, which
accounts for a further 4% of the final energy demand [14], bringing buildings
energy demand to 34% in 2021. Figures 2 and 3 show the share of total final
energy consumption by sector in 2022 and the breakdown of building energy
consumption by fuel (e.g., biomass, natural gas, electricity, renewables, etc.) from
2010 to 2022, respectively.

Other
6% ¢ Residential
* 21%
Non-residential
e 9%
Transport
26% & °
Buildings
34 (yo construction —

concrete,
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Other building
construction
Other industry industry
31% ° e 3%
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Figure 3: Energy consumption in buildings by fuel, 2010-2022. Elaboration from
[14].

Figure 3 shows that electricity accounted for 35% of the total energy
consumption in buildings in 2022, which represents a 30% increase from 2010.
Despite the ongoing transition from traditional fossil fuels to alternative energy
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sources (e.g., electricity and renewables), the use of fossil fuels in buildings has
increased at average annual growth of 0.5% since 2010. According to the
International Energy Agency (IEA), achieving the Net Zero Emissions (NZE)
scenario will require a significant reduction of about 25% in energy consumption
in buildings and a significant decrease of over 40% in the use of fossil fuels by
2030 [14].

As mentioned before, in 2021, CO> emissions from building operations
increased by 5% compared to 2020 levels. In detail, the building sector, which
include the residential and non-residential buildings, is responsible for about 28%
of operational energy-related CO> emissions [14]. Direct use of fossil fuels in
buildings accounts for about 9% of these emissions, while the remaining 19% is
due to electricity use (indirect emissions). The operational energy-related CO-
emissions are supplemented by emissions from the concrete, steel, and aluminium
used in building construction, which account for an additional 6% of global
emissions [14]. Which means that in 2021 buildings account for approximately
34% of global operational CO; emissions related to energy and processes [12].
Figures 4 and 5 show the share of global energy and process emissions by sector
in 2022 and the CO; emissions in buildings from 2010 to 2022, respectively.
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Figure 5 shows that in 2022, buildings emitted 3 GtCO», while indirect
emissions increased to almost 6.8 GtCO,. In detail, direct emissions from
building-related activities show a year-on-year reduction in 2022, in contrast to
2015-2021 trend, where they recorded an average annual increase of nearly 1%. In
contrast, indirect emissions related to building activities show a growth of about
1.4% in 2022. According to the IEA, in order to meet the NZE scenario, emissions
will be reduced by 9% annually until 2030, followed by a reduction of over 50%
by the end of that decade [14]. In this context, increasing both the rate and depth
of building renovation plays a key role in achieving the 2050 target.

As shown in the projected scenarios in [15], increasing the annual
renovation rate to 3%, with deep renovation accounting for 70% of the total,
would achieve climate neutrality by 2050. In fact, renovation of existing buildings
could reduce the total EU energy consumption by 5-6% and CO> emissions by
about 5% [16]. However, nowadays about 75% of the EU building stock is energy
inefficient, and on average, less than 1% of the national building stock is
renovated each year (with rates varying between 0.4% and 1.2% in the different
Member States) [16].

In the light of the above, regulations and policy instruments play a key role
in introducing ambitious energy saving measures to improve the energy efficiency
of buildings, as well as to reduce GHG emissions by promoting the renovation of
the existing building stock. The following section aims to summarise the main
energy and climate initiatives and regulations adopted at European and Italian
national level for the energy efficiency of buildings.

1.3 The regulatory and policy framework for buildings
energy efficiency
As mentioned in section 1.2, to reduce GHG emissions and, thus, to achieve

the climate neutrality by 2050 and to support the global energy transition of the
building sector, a series of energy and climate policies are introduced at European
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and Italian national level. Figure 6 shows a roadmap of the main European and
Italian energy and climate policies for energy efficiency in buildings to guide the
reader within the following sections 1.3.1 and 1.3.2.
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1.3.1 The European context

The first major EU policy on energy efficiency improvements in the building
sector was adopted on September 13, 1993. The Directive 93/76/EEC [17], also
known as “SAVE” Directive, aimed to limit CO> emissions, and promote the
rational use of energy by requiring Member States (MSs) to implement their
energy efficiency measures.

With the adoption of the 1% commitment period of the Kyoto Protocol [1]
on December 11, 1997 (entered into force on February 16, 2005), which
established the EU target of 8% reduction in GHG emission reduction during the
period 2008-2012 compared to the 1990 levels, a comprehensive set of energy and
climate policies were developed to promote energy efficiency. As stated from
Claude Turmes [18]: “energy efficiency must be place at the heart of EU energy
policy if we are to have any change of addressing Europe’s energy crisis and we
welcome that the Commission has recognised this in the Energy Efficiency Action
Plans”.

In the light of the above, since 2000, the European Commission (EC) has
published several Energy Efficiency Action Plans (EEAPs) with the aim to
reduce energy consumption by improving energy efficiency in buildings. The
2000 Action Plan [19] emphasised the need to amend the SAVE Directive by
defining reinforced actions and strengthening existing measures. Furthermore, this
plan played a key role in the development of the first Energy Performance of
Building Directive (EPBD, 2002/91/EC). In 2006, the 2™ Energy Efficiency
Action Plan [20] was published by the European Commission with the aim to
outlie a framework of policies and measures to achieve the goal of saving 20% of
the EU’s annual primary energy by 2020.

In 2007, following the 2006 Action Plan, the Commission proposed a
legislative package, known as 2020 Climate and Energy Package (2007-2009)
[21]. The package aimed to help the EU in achieving its climate and energy
targets by 2020. It includes the so-called “20-20-20 targets”, as follows:

e a GHG emission reduction of 20%, compared to 1990 levels;
e an increase in EU energy from RES to 20%;
e an improvement in energy efficiency by 20%.

In 2011, with its "Roadmap for moving to a competitive low-carbon
economy in 2050" [22], the European Commission set out a plan to achieve the
long-term goal of reducing domestic GHG emissions by 80% to 95% by 2050,
compared to 1990 levels. The roadmap provided a gradual and effective
transition, requiring a national GHG emission reduction of 40% by 2030 and 60%
by 2040 [23]. In March 2011, the 3™ Energy Efficiency Action Plan [24] was
adopted by the Commission with the aim to encourage energy renovations in the
private and public sectors by requiring Member States to renovate at least 3% of
public buildings each year [25].

On December 8, 2012, the 2" commitment period of the Kyoto Protocol
[26] was adopted, running from 2013 to 2020. In line with the “20-20-20 targets”,
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introduced in 2007, EU countries agreed to achieve a 20% reduction in GHG
emissions by 2020 compared to 1990 levels.

In 2014, the European Union established energy and climate targets for the
year 2030. The 2030 Climate and Energy Package [27] outlined the following
goals to be achieved in the period 2020-2030:

e a GHG emission reduction of 40% compared to 1990 levels;
e anincrease in EU energy from RES to 27%;
e an improvement in energy efficiency by 27%.

In February 2015, the Energy Union strategy [28] was adopted with the aim
to ensure secure, sustainable, competitive, and affordable energy for all the EU
citizens. Specifically, the strategy was based on the following five dimensions: (1)
increasing the energy security; (2) strengthening the internal energy market; (3)
improving energy efficiency; (4) reducing GHG emissions and (5) supporting
research and innovation in the energy sector. This strategy was resulted in the
development of several legislative measures, initiatives, and policy packages,
among which the Clean Energy for All Europeans (Clean Energy) package
[4], which was considered the most important legislative measure for energy
efficiency. The package, launched by the Junker Commission (2014-2019) in
November 2016 and adopted from 2019, updated the following EU targets for
2030:

e a GHG emission reduction of 40% compared to 1990 levels;
e anincrease in EU energy from RES to 32%;
e an improvement in energy efficiency by 32.5%.

In addition, the package included eight different legislative acts aimed to
accelerate the transition to cleaner energy sources in Europe. Specifically, the
main set of directives and regulations for enhancing energy efficiency in the
building sector included the Energy Performance of Buildings Directive
(2018/844/EU), the Energy Efficiency Directive (2018/2002/EU), the Renewable
Energy Directive (2018/2001/EU), and the Regulation on Governance
(2018/1999/EU). This section provides a detailed discussion of the
aforementioned directives and regulations, which were updated with the
introduction of the Fit-for-55 package in 2021.

Among several key initiatives to guide and assist EU strategic priorities for
2019-2021 period, the European Green Deal [29] represents the most important
one. It was a set of policy and initiatives proposals which includes the Renovation
Wave strategy and the Fit-for-55 package. Introduced on January 2019 by the
European Commission, it was a roadmap to drive the EU towards a sustainable
and climate-neutral economy by 2050.

As part of the European Green Deal, the Renovation Wave strategy [30] for
Europe was published by the European Commission in October 2020. This
strategy aimed to improve the energy performance of existing buildings by
encouraging their energy retrofit. Renovating public and private buildings was
recognized as a key strategy to drive the decarbonisation of the building sector
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and to align with the EU’s sustainability targets set for 2050 [31]. As stated by the
Commissioner for Energy, Kadri Simson [32]: “the green recovery starts at home.
With the Renovation Wave we will tackle the many barriers that today make
renovation complex, expensive and time consuming, holding back much needed
action. We will propose better ways to measure renovation benefits, minimum
energy performance standards, more EU funding and technical assistance
encourage green mortgages and support more renewables in heating and cooling.
[...].”. In fact, more than 75% of the EU's existing buildings were characterised
by low energy performance [33] and only 11% was renovated each year with a
lack of attention to energy saving, upgrading of technical building systems and
installation of renewable energy systems [30]. The Renovation Wave action plan
aimed to achieve the at least 55% emissions reduction target by 2030 by reducing
“the buildings' greenhouse gas emissions by 60%, their final energy consumption
by 14% and energy consumption of heating and cooling by 18%” [30], and by
doubling the annual renovation rate in the next ten years [32].

The Fit-for-55 package [34], which was adopted in July 2021, aimed to
translate the climate ambitions of the Green Deal into legislation. This plan
replaced the Clean Energy for all European Package, which was initiated by the
Juncker Commission (2014-2019), to optimise the European climate policy
framework and make it more effective in achieving the 2030 targets. In fact, the
overall target of this strategy was to reduce the GHG emissions across all sectors
by at least 55% by 2030 [34]. Focusing on the energy sector, the revision of the
2030 targets, which were already approved with the Clean Energy for All
Europeans package, included:

e a GHG emission reduction of 55% compared to 1990 levels;

e anincrease in EU energy from RES to at least 40%;

e a reduction of final energy consumption by 36% and primary energy
consumption by 40%.

On May 18, 2022, the European Commission published the REPowerEU
strategy [11] in response to the global energy market disruption and the increase
in energy prices caused by the war between Russia and Ukraine. The plan aimed
to rapidly reduce dependence on Russian fossil fuels and accelerate the green
transition, while increasing the resilience of the EU energy system. Specifically,
the REPowerEU strategy has planned three actions planned to appropriately
respond to the energy crisis [35]: (1) achieving the energy saving through
behavioural changes of European citizens; (2) diversifying the energy supply by
focusing on alternative sources to gas, oil, and coal; (3) replacing fossil fuels by
accelerating the European transition to clean energy through the use of
renewables. Among the measures related to renewable energy and energy
efficiency, the REPowerEU plan included [36]:

e anincrease in EU energy from RES to 45%;
e an increase in the energy efficiency target from 9% (proposed by Fit-for-
55 package) to 13%, compared to the 2020 reference scenario.
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As mentioned above, the following paragraphs aim to provide a detailed
overview of the directives and regulations related to energy efficiency in the
building sector, from their entry into force to their latest updates and proposals.

Energy Performance of Buildings Directives

The Energy Performance of Buildings Directives represent a key policy
instrument for the EU buildings sector to increase the renovation rate of the
existing building stock. The first EPBD was adopted in December 2002 (Directive
2002/91/CE [37]) by introducing a common methodology for the building energy
performance calculation. Specifically, the Directive provided the definition of
minimum energy performance requirements (Articles 4 and 5), and the
introduction of energy performance certificates (EPC) for new and existing
buildings (Article 7). In May 2010, the EPBD 2002/91/EC was replaced by the
Directive 2010/31/EU [38] which aimed to ensure that minimum energy
performance requirements adopted by MSs were harmonized in terms of energy
savings and reductions of GHG emissions. This Directive introduced the concept
of nearly Zero Energy Building (nZEB) in Article 9 and the cost-optimal
methodology in Article 5. The 2018 amendments to the EPBD (Directive
2018/844/EU [6]), as part of the Clean Energy for All Europeans package, aimed
to accelerate the decarbonisation of the existing EU’s building stock by 2050 by
setting strategic national plans for their renovation, which were defined as Long-
Term Renovation Strategies (LTRS). Section 1.3.2 focuses on the Italian strategy
for the energy requalification of the national building stock. In December 2021,
the European Commission proposed a recast of the EPBD as part of the Fit-for-55
package, approved by the European Parliament on March 14, 2023 (EPBD IV
recast [39]). The main goal was to reduce buildings’ GHG emissions in order to
achieve a zero emission building stock by 2050. In particular, the 2023 revised
directive increased the European energy efficiency target, requiring EU countries
to collectively guarantee a further reduction in energy consumption of 11.7% by
2030, compared to the 2020 reference scenario. Therefore, the total EU energy
consumption by 2030 should not exceed 992.5 million tonnes of oil equivalent
(Mtoe) for primary energy and 763 Mtoe for final energy [40]. The last EPBD
introduced main targets for the building sector, which were summarised in the
following bullet list:

o the definition of Zero Emission Building (ZEB), characterised by very
high energy performance, in which the low amount of energy consumption
is entirely covered by renewable energy sources. ZEB should become the
standard for new buildings from 2027 for non-residential and public
buildings, and from 2030 for all others (Article 2);

e for existing buildings, residential buildings would have to achieve at least
class E by 2030 and D by 2033; while non-residential and public buildings
would have to achieve the same classes by 2027 and 2030, respectively
(Article 9);
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e Jong-term renovation strategies are strengthened towards building
renovation plans (Article 3);

e from January 2024, the purchase and installation of fossil-fuelled
generators and the use of fossil-fuelled systems for new buildings and
major renovations will no longer be eligible for incentives;

e from 2035, all heating systems currently fuelled by traditional fuels will
have to be completely replaced.

On December 7, 2023, the Council and the European Parliament reached a
provisional political agreement to revise the new EPBD [41]. The final version
presents several changes compared to the text approved by the European
Parliament in March 2023. The following bullet list summarised the main changes
introduced by [41] :

e EU Member States will have to ensure that residential buildings reduce
average energy consumption by 16% by 2030 and 20-22% by 2035. For
non-residential buildings, the required reduction is 16% by 2030 and 26%
by 2033;

e From 2030, all new buildings will have to be zero emission. For public
buildings, this obligation will apply from 2028. The entire existing
building stock will have to reach the zero emission standard by 2050;

e The end of fossil fuel heating systems in homes has been postponed from
2035 to 2040. In addition, subsidies for autonomous boilers are scheduled
to end by 2025.

On January 15, 2024 the European Parliament's Industry, Research and
Energy (ITRE) Committee confirmed the agreement on the revision of the energy
performance of buildings directive [42].

Energy Efficiency Directives

The Energy Efficiency Directives (EED) represent a set of policies in the EU
aimed to improve energy efficiency. The first EED entered into force in
December 2012 (Directive 2012/27/EU [43]) by introducing a set of measures to
achieve the 20% energy efficiency target by 2020. Specifically, MSs were
required to establish their own national level energy efficiency targets to
contribute to the overall EU target. In November 2018, the EED was revised to
establish a legal framework for the 2030 energy efficiency targets. As part of the
Clean Energy for All Europeans package, Directive 2018/2002/EU aimed to
increase the energy efficiency target to 32.5% by 2030 [44]. MSs were required to
implement measures to achieve an average annual reduction of 4.4% in their
energy consumption by the year 2030 [45]. The revised Energy Efficiency
Directive 2023/1791/EU [46], published in the Official Journal in September
2023, represents an important step in the EU's commitment towards energy
efficiency. The Directive 2023/1971 was the result of a first revision in July 2021
[47], as part of the Fit-for-55 package, which was subsequently strengthened by
an additional proposal in May 2022, within the framework of the REPowerEU
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plan [35]. Specifically, with the first recast in 2021, the European Commission
required MSs to double their annual energy savings commitments from 2024, as
well as to achieve 9% more energy savings [48]. Subsequently, the Commission's
proposed amendment in 2022, as part of the REPowerEU plan, called for 13%
more energy savings by 2030 [48]. Among the changes introduced by the new
Directive 2023/1971/EU, in respect to the previous Directives 2018/2002/EU and
2012/27/EU, the main goals were summarised as follow:

e setting a legally binding EU target to decrease the EU’s final energy
consumption by 11.7% by 2030, compared to the 2020 reference scenario.
This means that the total EU’s energy consumption should be limit to
992.5 Mtoe for primary energy and 763 Mtoe for final energy;

e achieving an average of 1.49% of annual energy savings for the period
between 2024 to 2030, equivalent to an annual increase in energy savings
from 0.8% to 1.3% (2024-2025 period), at least 1.5 (2026-2027 period)
and 1.9% in 2028-2030;

¢ introducing an annual target for reducing energy consumption in the public
sector, set at 1.9%;

e renovating at least 3% of the total surface area of public buildings each
year.

Renewable Energy Directive

The Renewable Energy Directives (RED) aim to support the EU’s policy
framework for the production and promotion of renewable energy. The Directive
2009/28/EC [49] (also known as RED I) was adopted in April 2009, as part of the
2020 climate and energy package, to assist the EU in achieving its 20% renewable
energy target by 2020. National targets were introduced in RED I for all Member
States to increase the use of renewable energy sources (RES) in the EU's energy
consumption from 12.5% in 2010 to 21.8% in 2021 [50]. In 2016, the European
Commission proposed a full recast of RED I, which did not enter into force until
June 2018. The Directive 2018/2011/EU [51] (RED II), as part of the Clean
Energy for All Europeans package, established a new binding renewable energy
target for the EU of at least 32% by 2030. On July 14, 2021, the European
Commission proposed an amendment to RED II [52], as part of the Fit-for-55
package, to increase the 2030 target from 32% to 40%. This means doubling the
current renewable energy share of 19.7%. Focusing on the building sector, Article
15a of the proposed Directive, sets a new renewable energy target of 49% share
of RES in heating and cooling of buildings by 2030 [53]. Subsequently, as part of
the REPowerEU plan in 2022, the European Commission proposed an additional
revision of RED II to further increase the renewable energy target to 45% by
2030 (above the 40% RES target proposed in July 2021) [35]. In September 2023,
the European Parliament (EP) presented its final adopted position on the new
Directive, amending the previous Commission’s proposal targets. As reported in
[54]: “Member States shall collectively ensure that the share of energy from
renewable sources in the Union’s gross final consumption of energy in 2030 is at

13



least 42.5 %. Member States shall collectively endeavour to increase the share of
energy from renewable sources in the Union’s gross final consumption of energy
in 2030 to 45 %”. Finally, in October 2023 the Directive 2023/2413/EU (RED III)
[55] was published in the Official Journal of the European Union and it will come
into force on November 20, 2023. RED III outlined various innovative approaches
for promoting and increasing the share of renewable energies in the Union's
energy mix, providing guidance for Member States [55].

Regulation on Governance

In December 2018, the Regulation on Governance of the Energy Union
and Climate Action (Directive 2018/1999/EU [56]), which amended several
Directives and repealed the Regulation 2013/525/EU on the mechanisms for
monitoring and reporting greenhouse gas emissions, entered into force as part of
the Clean energy for all Europeans package. The Governance Regulation
represents the main instrument through which the EU aimed to achieve its 2030
energy and climate targets. Each MS must comply with the following
requirements:

e the development of an integrated National Energy and Climate Plan
(NECP) for each ten-year period, starting with the period from 2021 to
2030 [57]. NECPs set out the strategic path envisioned by national
policymakers for the forthcoming decade, aiming to plan how each
country intends to address energy efficiency, renewable energy and GHG
emission reductions, as well as how it means to achieve the national
targets;

e by 2020 and every ten years, the submission of a National Long-term
Strategy (NLTS), with a perspective of at least 30 years, aiming to fulfil
their commitments under the Paris Agreement and align with the
objectives of the Energy Union [58]. The Governance Regulation also
calls for the development of an EU Long-term Strategy (EU LTS) by the
European Commission for the reduction of GHG emissions [59];

e by 2023 and every two years thereafter, the development of an integrated
national energy and climate progress report, with the aim of reporting to
the European Commission on the status of implementation of its national
energy and climate plan [57];

The Governance Regulation required revision in 2021 due to the higher levels
of ambition and stricter requirements for energy and climate policies proposed by
the Fit-for-55 package and the REPowerEU plan. In July 2021, the EU published
the European Climate Law (Regulation 2021/1119/EU [60]), which sets the EU’s
overall target of achieving the climate neutrality by 2050 and the interim target of
reducing GHG emissions by at least 55% by 2030. On June 30, 2021, the
European Climate Law came into effect, amending Regulation 2018/1999/EU on
the Governance of the Energy Union and Climate Action.
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1.3.2 The Italian national context

In accordance with the EU energy and climate policy framework described in
the previous section 1.3.1, the main goal of Italy’s energy policy was to reduce
carbon emissions in the energy sector by promoting the adoption of renewable
energy sources and by increasing the energy efficiency.

In July 2021, the Italian National Recovery and Resilience Plan (Piano
Nazionale di Ripresa e Resilienza, PNRR) was established by the European
Council, as part of the Next Generation EU (NGEU) programme for the period
2021-2026 [61]. It was adopted in response to the Covid-19 pandemic crisis, with
the aim to make Italy a more equitable, environmentally sustainable, and inclusive
country. The plan was developed along three strategic axes: digitisation and
innovation, ecological transition, and social inclusion. It included several financial
measures for energy efficiency, in particular for the renovation of the existing
building stock and the strengthening of the Ecobonus and Sismabonus tax
deductions. The PNRR invested over 15 billion € in the following four measures
to improve the energy efficiency of buildings:

e cnergy and seismic renovation of residential buildings, including social
housing, and transformation of the national building stock into nZEB;

e intervention in 290,000 m? of offices, courts, and judicial citadels, making
48 structures more efficient;

e construction of about 195 school buildings, reducing energy consumption
and cutting annual GHG emissions;

e support the development of 330 km of new efficient district heating
networks.

To meet the EU targets, each MS was required to draft a 10-year National
Energy and Climate Plan. As mentioned in section 1.3.1, the NECPs were
introduced by the Regulation 2018/1119/EU on Governance of the Energy Union
and Climate Action. In Italy, the Integrated National Energy and Climate Plan
(Piano Nazionale Integrato Energia e Clima, PNIEC), as part of the Clean energy
for all Europeans package, represented a fundamental instrument that marked the
beginning of a strategic change in the Italian energy and climate policy towards
decarbonisation, for the period 2021-2030 [61]. The plan aimed to achieve and
exceed the EU targets for energy efficiency, energy security, the use of renewable
energy sources, the development of the internal energy market, and
competitiveness. In [61], the main Italy’s 2030 energy and climate targets were
shown as follows:

e the production of energy from renewable sources accounting for 30% of
gross final energy consumption by 2030;

e a43% reduction in primary energy consumption and 39.7% in final energy
consumption;

e a reduction of 33% in GHG emissions not covered by the EU Emissions
Trading System, compared to 2005.
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In section 1.3.1, it was mentioned that the EPBD required Member States to
establish strategic policy instruments aimed to renovate their existing residential
and non-residential buildings into a decarbonised and highly energy-efficient
building stock by 2050. In March 2021, Italy presented its own strategy called the
Italian strategy for the energy requalification of the national building stock
(Strategia italiana per la riqualificazione energetica del parco immobiliare
nazionale, STREPIN) [63]. The PNIEC revealed that the building sector is
accountable for 45% of the final energy consumption and 17% of CO; emissions
in our country [63]. The STREPIN have to identify proper ways to ensure
adequate financial sources, including the use of tax deductions, and to provide
period targets for 2030, 2040 and 2050, as well as progress indicators specifying
their functionality with regard to the energy efficiency targets set out in the
PNIEC. The Italian LTRS aimed to renovate the private building stock using key
financial instruments, such as tax deductions. Specifically, the Italian government
launched the so-called Superbonus 110% to promote economic recovery and
energy efficiency in the building and construction sector following the Covid-19
pandemic emergency. It was introduced on May 20, 2020, by the Relaunch
Decree (Decree-Law 34/2020 [64]) with the aim to encourage specific
interventions related to energy efficiency, reduction of seismic risk, installation of
photovoltaic systems and installation of infrastructure for recharging electric
vehicles in buildings. As reported in the Relaunch Decree, article 119, the energy
efficiency measures covered by the Superbonus 110% concern: (1) the thermal
insulation of vertical, horizontal, and inclined opaque surfaces of the building
envelope with an incidence of more than 25% of the building's gross dispersion
area, (2) the replacement of existing winter air-conditioning systems with
centralised heating, and/or cooling and/or domestic hot water supply (among
which the installation of heat pump technology). Moreover, to benefit from the tax
deduction, it was necessary that the interventions comply with the minimum
requirements (set out by the Ministerial Decrees of 19 February 2007 [65] and
Ministerial Decrees of 11 March 2008 [66]), as well as ensure the improvement of
at least two energy classes or the achievement of the highest energy class. This
condition must be demonstrated by an EPC, issued before and after the
intervention, by a qualified technician. On July 18, 2020, the Relaunch Decree
was converted into Law no. 77 of 17 July 2020 [67]. Subsequent regulations and
measures, among which the 2022 Budget-Law (Law 234/2021 [68]), introduced
substantial changes regarding the extension of the tax deduction. Another
important change was introduced by the last 2023 Budget-Law (Law 197/2022
[69]), which provided a reduction in the tax deduction from 110% to 90% for
expenses incurred by condominiums from January 2023. More details on
Superbonus 110%-related interventions are provided in Chapter 4.
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1.4 Problem statement

As described in section 1.3, the current context is characterised by the post-
Covid-19 recovery and the global energy transition process. This scenario has led
to a growing attention on two main pillars to be integrated in the design of the
building of the future: (1) indoor environmental quality (IEQ) issues with the aim
of ensuring occupants’ health and well-being in the built environment, as well as
(2) the role of energy efficiency and electricity in the building sector to achieve
the Zero Emission Building target by 2050. The need to achieve these two pillars
is discussed in Chapter 2.

On the one hand, the Covid-19 pandemic, declared as a Public Health
Emergency of International Concern on 30 January 2020 [5], emphasised the key
role of IEQ in promoting human health and well-being. In particular, since the
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is identified as
the cause of the infectious disease as well as it is mainly transmitted airborne,
there is the urgency to improve IAQ due to its significant impact on human
health-related status in indoor environments [70]. Even before the pandemic
people are used to spend more than 90% of their time indoors [71]; now, with the
changes of people habits and the practice of employees working remotely from
home due to the lockdown, they are required to stay in the same enclosed space
for an extended period of time. With the spread of the Covid-19 pandemic, the
attention to the indoor built environment as well as the need to ensure occupants’
health and well-being have become key targets for the design and operation of
future buildings that will be not only smart - able to monitor and manage energy
optimally - but also healthy — able to positively impact the health, well-being, and
productivity of its occupants [72]. According to [73], a healthy building can be
characterised by the so-called "9 fundamentals of a healthy building", which
includes all the criteria needed to build an indoor environment able to guarantee
human health. Among them, IAQ represents a predominant factor since the indoor
pollutant concentration is twice high than outside, thus causing a range of health
issues such as adverse short-term health effects (e.g., sick building syndrome
symptoms such as headaches, nausea, fatigue, etc.), and long-term consequences
(e.g., respiratory and heart disease, cognitive deficit, cancer, etc.) [74]. Already in
2018, with the EPBD 2018/844/EU [6], a “human-centric approach” for new
buildings and renovations of existing ones is encouraged by shifting the focus
from building energy efficiency to the occupants’ health inside building.
Subsequently, with the spread of Covid-19 emergency, ensuring a good IAQ and
promoting human health-related status become the priority for the transition
towards healthy and resilient building design. To reach this goal, long-term
strategies, among which innovative air filtration technologies installed in Heating
Ventilation and Air Conditioning (HVAC) systems, are crucial to mitigate the
transmission of SARS-CoV-2 virus or other contaminants in the indoor
environment.

On the other hand, the main goal of the global energy transition to reduce the
use of primary energy and to increase the use of renewable sources, is pushing the
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EU’s building energy market towards the electrification of final energy
consumption and, thus, towards incentivising the use of renewable technologies
[10]. Specifically, the war between Russia and Ukraine had a strong impact on the
energy market, leading to a sharp rise in energy prices and, thus, necessitating
strategic changes in EU policies. In response to the ongoing global energy crisis,
the European Commission presented in 2022 the REPowerEU strategy with which
EU intends to take important and stronger measures in the short- and medium-
term [36]. The plan sets out a series of measures to rapidly reduced dependence
from Russian fossil fuels and accelerated the “green” transition through the use of
renewable, more economically and environmentally sustainable sources. Another
key policy instrument adopted in 2023, as part of the Fit-for-55 package, was the
last recast of the EPBD [39]. It plans: “EU countries should ensure that the use of
fossil fuels in heating systems, [...] should be totally phased out by 2035 in order
to achieve the ZEB target by 2050 [75]. In addition, to support the energy
transition of the building sector and, thus, to encourage energy retrofitting
investments in buildings, several financial mechanisms are introduced. Focusing
on the Italian context, the Relaunch Decree [64] is adopted with the aim of
relaunching the country’s economy affected by the Covid-19 emergency. The
Decree introduces an incentive mechanism, the so-called Superbonus, which
increased the tax deduction for building interventions from 50-65% to 110% [64].
It involves a significant amount of actions, including the installation of renewable
solutions, among which heat pump technologies, with the aim of encouraging
their installation in new buildings or to replace existing heating systems still
powered by fossil fuels. In this context, the European and national energy policy
framework is driving the current building energy market towards the adoption of
all-electric solutions for space heating and cooling.

In the light of the above, it is evident the key role played by technologies in
achieving the main European and Italian national targets to boost the building of
the future. In both cases, the main problem encountered by industrial companies
concerns the high investment costs of such advanced technological solutions,
which might prevent consumers to invest on them.

1.5 PhD Objective and research questions

The previous section summarised how the current context, characterised by
the post-Covid-19 recovery and the global energy transition, has highlighted the
key role played by technologies in achieving the main European and national
targets to promote the building of the future. For this reason, this Ph.D.
dissertation stems from the strong demand from industrial companies to enhance
their technologies in order to make them competitive in the current building
energy market. As mentioned in section 1.4, the high investment costs are a major
concern for industrial companies, which may deter consumers from investing in
their technologies. Therefore, the Ph.D. dissertation aims to guide and support
industrial companies in the launch of advanced technological solutions, which

18



play a key role in the design and operation of the building of the future, in the
current building energy market.

In the light of the above, the following four overarching research questions
characterised the whole literature review presented in Chapters 2 and 3:

e RQI: Which are the key targets to be included in the design and operation
of the building of the future?

e RQ2: Which advanced technological solutions being driven by the current
context to achieve the targets of the building of the future?

e RQ3: Which instrument can be used to launch an advance technological
solution, making it competitive in the current building energy market?

Then, for each case study application presented in Chapters 4 and 5, research
questions 4 and 5 are addressed:

e RQ4: How to demonstrate that the introduction of innovative air filtration
technology in HVAC systems can lead to multiple benefits in term of
occupant health and performance?

e RQ5: How to demonstrate that the introduction of heat pump technology
in heating and cooling systems can lead to more energy efficiency in
buildings?

Figure 7 shows a graphical synthesis of the Ph.D. dissertation to guide the
reader within the thesis structure showed in the following section. As shown in the
figure, the flow of the whole dissertation was characterised by two pillars: IAQ
and occupants' health and well-being (on the left), and energy efficiency and
electrification in buildings (on the right). These pillars represent the main context
of the case studies discussed in Chapters 4 and 5, respectively.
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Figure 7: Graphical synthesis of the Ph.D. dissertation: problem statement,
objective, and research questions.
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1.6 Roadmap and thesis structure

This section aims to guide the readers within the Ph.D. dissertation. After an
introduction section that provides an overview of the research topic, the problem
statement, the research objective and the research questions, Chapters 2, 3, 4 and
5 represent the main core of the thesis aimed to address to research questions
highlighted in the previous section. Figure 8 summarises a graphical
representation of the Ph.D. thesis structure.

,,,,,,,,,,,,,,,,,,, SETTING THECONTEXT e
INTRODUCING / * Problem stat.em'ent
. * Research objective
Chapter 1 | .
. * Research questions
TOWARDS THE BUILDING OF THE FUTURI

* Targets to be implemented in the design and
/ operation of the building of the future \
| * Technological solutions in healthcare and energy
efficiency field to support the building of the future

* Cost-Benefit Analysis \\\
! * Evaluation approaches to monetize non-market goods |
' * Benefits and co-benefits related to energy efficiency /

measures

Case study: Impacts of different AHU configurations on
health and students’ performance in Italian schools in RQ4
post-pandemic era

ENERGY EFFICIENCY AND ELECTRIFICATION IN BUILDINGS

Case study: Air-to-water heat pumps: energy and
L environmental assessment in Mediterranean residential w
building sector

,// * Key findings
- « Limitation
\\\ + Future perspectives

Figure 8: Ph.D. thesis structure.

Specifically, Chapter 2 provides a detailed examination of the main targets
and technological solutions for designing and operating future buildings, in line
with the current European and Italian national contexts. The chapter is divided
into three main sections, in addition to a brief section providing an overview of
the chapter:

e section 2.2 shows the building targets before the spread of Covid-19
pandemic emergency;

e section 2.3 addresses RQ 1, highlighting the importance of integrating
two new fundamental aspects into future building design. These pillars
are represented by achieving good IAQ for the health and well-being
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of occupants, as well as by electrifying final energy consumption in
buildings (sections 2.3.1 and 2.3.2, respectively)

section 2.4 aims to answer RQ 2 by providing an overview of the main
technological solutions in the healthcare and energy efficiency fields,
driven by the current context. Specifically, section 2.4.1 deals with
solutions for the healthcare sector, while section 2.4.2 deals with
technologies for energy efficiency in buildings.

Then, in order to answer to the RQ 3, Chapter 3 highlights the need for
research into new decision-support tools in the energy field. In addition to a brief
overview section, it is divided into the following five main sections:

section 3.2 provides an overview of the most used tools in the energy
investment decision-making process, with the aim of identifying
among them the optimal one in response to RQ 3;

section 3.3 presents the objective and methodological steps of the
Cost-Benefit Analysis (CBA);

section 3.4 reviews the main economic evaluation approaches used to
measure and monetise costs and benefits;

section 3.5 aims to classify the direct and indirect benefits related to
energy efficiency measures in the decision-making framework;
section 3.6 summarises the economic key performance indicators
(KPIs) used to provide a final judgment on the performance of the
project.

Chapters 4 and 5 deal with the case study applications, providing to
answer RQ 4 and RQ 5, respectively. Specifically, both chapters offer an
overview of the background, a detailed methodology description, and the main

findings. Finally, the conclusions and future developments are summarised at the
end of each section.

To conclude, Chapter 6 summarises the main findings and limitations of
the whole research, addressing each of the research questions presented above.
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Chapter 2

Towards the building of the future

“In 10 years, the buildings of Europe will look

remarkably different. Buildings will be the microcosms of a
more resilient, greener, and digitalised society, operating in
a circular system by reducing energy needs, waste
generation and emissions at every point and reusing what is
needed (...). Buildings will be less energy-consuming, more
liveable, and healthier for everybody”

European Commission, COM(2020)662 [30]

2.1 Overview

RQ1

Which are the key targets to be included in the design and

operation of the building of the future?
1
I
1
1

1
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Figure 9: Structure of Chapter 2.
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This chapter presents a literature review on the main targets and technological
solutions for the design and operation of future buildings, driven by the current
European and Italian national context. Specifically, section 2.2 introduces the pre-
Covid-19 building targets. Then, section 2.3 provides a definition of IAQ-resilient
building (section 2.3.1), as well as outlines the decarbonisation pathway of the
building sector (section 2.3.2) by aiming to answer to RQ 1: “Which are the key
targets to be included in the design and operation of the building of the future?”
Finally, section 2.4 examines the main health-related technologies in HVAC
systems (section 2.4.1), as well as the electric and renewable technologies for
space heating (sections 2.4.2) driven by the current context to support the design
of the building of the future. The last two section aim to address the following
research question: “Which advanced technological solutions being driven by the
current context to achieve the targets of the building of the future?”

Keywords: indoor air quality; [AQ-resilient building; energy efficiency.

Declaration: The topics described in sections 2.3.1 and 2.4.1 were previously
published in the following publication:

e Lingua, C.; Crespi, G.; Becchio, C.; Corgnati, S.P. Designing [AQ-
Resilient Post-Pandemic Buildings. Sustainability (2023), 15, p. 2187.
DOI: 10.3390/sul15032187 [76].

2.2 The pre-Covid-19 building targets

Reducing energy consumption in new and existing buildings was the most
important goal to be achieved before the Covid-19 pandemic emergency.
Improving energy efficiency and achieving high energy performance in buildings
was, therefore, at the heart of the main European and national strategies to meet
future climate and energy policy objectives. In this context, a key measure to
reduce energy consumption in buildings was the nearly Zero Energy Building.
The concept of nZEB was introduced by the recast of the EPBD (Directive
2010/31/CE [38]) as the new standard for new buildings occupied by public
authorities from 2018, while all new buildings from 2020. According to the EPBD
recast (Article 2), an nZEB is: “a building that has a very high energy
performance, as determined in accordance with Annex I. The nearly or very low
amount of energy required should be covered to a very significant extent by
energy from renewable sources, including energy from renewable sources
produced on-site or nearby” [38]. In particular, Annex I defines that “the energy
performance of a building shall be determined on the basis of the calculated or
actual energy that is consumed in order to meet the different needs associated
with its typical use and shall reflect the heating energy needs and cooling energy
needs to maintain the envisaged temperature conditions of the building, and
domestic hot water needs” [38]. A graphical interpretation of the nZEB definition
as set out in Article 2 of the EPBD recast is shown in Figure 10.
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Figure 10: Graphical representation of the nZEB definition according to the
EPBD recast. Elaboration from [77].

The EPBD recast did not prescribe a minimum or maximum requirement (i.e.,
primary building energy use expressed in kWh/(m?y)), neither a detailed
calculation method of the energy consumption for nZEBs, due to the different
climatic conditions and local characteristics in each EU’s Member State. For this
reason, as established by the EPBD recast (Article 9), MSs were required to
provide their own nZEB definitions in accordance with their national context and
climate, to develop specific requirements related to the use of energy from
renewable sources, as well as to establish national strategies for increasing the
number of nZEBs among new construction or renovation of existing buildings.
According to D’Agostino and Mazzarella [78], the MSs had the possibility to
define some aspects in the definition of nZEB, such as “building category,
typology, physical boundary, type and period of balance, included energy uses,
renewable energy sources, metric, normalization, and conversion factor”. The
freedom given to each EU country by the EPBD has led to a variety of terms
being used to characterise very low energy buildings with the overall aim of zero
energy. Specifically, according to [79], the term “net zero” means that the total
amount of energy used by the building over a year is equal to the amount of
energy from renewable sources produced on-site. Recently, the term “net zero”
was replaced by “zero energy” for greater clarity and easy communication with
the audiences [79]. In addition, the term “zero emergy ready” is increasingly
being used to refer to buildings with low energy requirements and suitable
structural and electrical infrastructure, without the need to install photovoltaic
(PV) systems at the time of construction [79]. Furthermore, some European
countries go beyond the ‘“zero energy” term by targeting “energy positive”
buildings, also known as PlusEnergy or “Plusenergiehaus” in Germany and as
“Batiments a énergie positive” in France [79]. There is no official definition of
Positive Energy Building (PEB) at European level. However, according to [80],
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which investigated on the PEB concept, “a positive energy building is an energy-
efficient building that produces more energy than it uses via renewable sources,
with high self-consumption rate and high energy flexibility, over a time span of
one year. A high-quality indoor environment is an essential element in the PEB,
maintaining the building occupants’ comfort and well-being. The PEB can also
integrate future technologies like electric vehicles with the motivation to maximise
the onsite consumption and share the surplus renewable energy”. As reported in
[81]: “Technically, a PEB is a Net ZEB with an increased capacity of the
renewable energy generation inside the boundary of the building in order to
surpass the annual equality of the net energy balance”. Figure 11 illustrates the
different definitions of nearly zero energy, net zero energy, and energy positive
buildings, mentioned above.

Zero Zero
Energy Energy

Positive
Energy

A very high energy A very high energy A very high energy
performance building with performance building performance building
renewable energy with renewable energy with renewable energy
generation covering most generation covering all generation exceeding
of its annual requirements its annual requirements its annual requirements
¥ A g
! % Annual energy consumed @ Annual energy generated or exported !

Figure 11: Definitions of nearly, net, and positive energy buildings. Elaboration
from [82].

In Italy, the Decree Law 63/2013, converted into Law No. 90 of 3 August
2013 [83], which transposed the European EPBD recast, introduced for the first
time a definition of an nZEB as “a building characterised by a very high energy
performance in which the very low or almost no energy demand is covered by
energy from renewable sources produced within the system boundary (in situ)”.
Regarding the main requirements for an nZEB, they were set out by the
Ministerial Decree of 26 June 2015 (D.M. 26/06/2015 [84]), the so-called
Minimum Requirements. It introduced the concept of reference building, defined
as a building with the same shape, orientation, and basic systems as the real one,
and meets all the criteria of the prescriptive compliance method [84]. Therefore,
to be classified as an nZEB, a number of requirements must be checked in relation
to the reference building. In addition, as established by the Legislative Decree No.
28 of 3 March 2011 [85] on the promotion of the use of RES, the thermal energy
system of an nZEB must be designed to cover 50% of the primary energy
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provided for domestic hot water (DHW), as well as 50% of the sum of the primary
energy provided for heating, DHW and cooling, using energy from renewable
sources.

2.3 Implementation of nZEB targets

As described in the previous section, the nZEB is a building that
established energy efficiency requirements very well, but this is no longer
sufficient to respond the new needs. In fact, the future buildings will need to
integrate new aspects in order to meet the current targets.

On the one hand, the spread of the Covid-19 pandemic emergency has
highlighted the importance of ensuring occupant health and well-being in the built
environment. On the other hand, the conflict between Russia and Ukraine and
subsequent increase in energy prices has shifted attention towards the adoption of
heating and cooling systems that rely on alternative carriers to gas. Thus, the
current European and national context has led to two fundamental aspects to be
integrated into nZEBs: achieving good IAQ for human health and well-being and
electrifying end-use energy in buildings. For this reason, the following sections
aim to provide a definition of the IAQ-resilient building (section 2.3.1), as well as
to outline the decarbonisation pathway of the building sector (section 2.3.2).

2.3.1 IAQ-resilient building for human health and well-being

As mentioned above, a key aspect to be considered in the design and
operation of the building of the future is the need to ensure optimal conditions for
occupants’ health and well-being in the built environment. While the 2018
amendments to the EPBD [6] had already emphasised this need (as described in
section 1.3.1), with the spread of the Covid-19 pandemic emergency the urgency
of improving IAQ in enclosed spaces as a transition to healthy and resilient
building design is well recognised. It is important to mention that IAQ has long
been a major concern and that, similar to the SARS-CoV-2 virus, various
pathogens and contaminants (e.g., viruses, bacteria, etc.) can pose risks to human
health [86]. However, while existing IAQ standards have traditionally protected
individuals against normal contaminant levels, resulting in reduced healthcare
expenses and productivity losses, the Covid-19 crisis has highlighted that
“buildings designed to such standards lack the resilience to protect occupants
effectively during infectious disease outbreaks™ [87]. As shown by several studies,
crowded and poorly ventilated environments were associated with a faster spread
of the SARS-CoV-2 virus [88],[89],[90]. Therefore, as reported by the WELL
Building Standard [7], ensuring a good level of IAQ for the health and well-being
of end-users was identified as a crucial target for post-Covid-19 building
construction. In this context, rethinking the built environment by proposing a
paradigm based on IAQ-resilience to airborne infections, which can ensure
healthier and more adequate living spaces, has become a priority in the design of
future buildings. To investigate the implications of an [AQ-resilient building for
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future transitions, a state-of-the-art literature review was conducted to answer the
following two questions: “(i) what does the resilience of the built environment
mean?” and “(ii) How can the existing resilience definitions and features be
extended to IAQ?”. While previous literature was predominantly focused on the
impacts of extreme weather conditions and catastrophic natural events (e.g.,
earthquakes, high winds, floods, and fires), there was a notable lack of knowledge
on resilient responses to pandemic Covid-19 in the built environment, which is the
main focus of this review. The literature was collected from various search
platforms, such as Google Scholar, Science Direct, and PubMed, as well as from
journals, books, and conference papers. More insights into the methodology used
for this literature review are presented in [76].

Since the early 1900s, the concept of resilience was applied across several
fields, including organizational, social, economic, engineering domains. As shown
by [91], the term resilience represented the “capacity to persist in the face of
change, to continue to develop with ever-changing environments”. Another
definition reported in [92] explained the resilience as “a system’s readiness in
reacting towards disruptive events”; similarly, it is defined as “the ability of a
system to recover from adversity” [93]. Focusing on the energy domain, the IEA
[94] reported a detail definition of the concept of resilience as “the capacity of the
energy system and its components to cope with a hazardous event or trend, to
respond in ways that maintain its essential functions, identity and structure as
well as its capacity for adaptation, learning and transformation. It encompasses
the following concepts: robustness, resourcefulness, recovery”. Table 1 shows a
summary of various definitions of built environment resilience.

Table 1: Definitions of resilient buildings. From [76].

Reference Definition

[95] “A resilient built environment as one designed, located, built,
operated, and maintained in a way that maximizes the ability of
built assets, associated support systems (physical and
institutional) and the people that reside or work within the built
assets, to withstand, recover from, and mitigate the impacts of
threats”

[96] “Buildings resilience could be seen as an ability to withstand
the effects of earthquakes, extreme winds, flooding and fire, and
their ability to be quickly returned after such event”

[97] “A building’s ability to withstand severe weather and natural
disasters along with its ability to recover in a timely and
efficient manner if it does incur damages”

[98] “The capacity of the city (built infrastructure, material flows,
etc.) to undergo change while still maintaining the same
structure, functions and feedback, and therefore identity”

[99] “A single building is resilient if it has the ability to quickly
adapt to changes in conditions and continue to function
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smoothly”

[100] “The building is defined to be resilient if it is able to prepare
for, absorb, adapt to and recover from the disruptive event”

[101] “A resilient building is a building that not only is robust but
also can fulfil its functional requirements during a major
disruption. Its performance might even be disrupted but has to
recover to an acceptable level in a timely manner in order to
avoid disaster impacts”

[102] “A resilient built environment will ensue when we design,
develop and manage context sensitive buildings, spaces and
places that have the capacity to resist or change in order to
reduce hazard vulnerability, and enable society to continue
functioning, economically, socially, when subjected to a hazard
event”

[103] “Resilience in buildings [...] is framed as the ability of the
building to serve the occupants’ needs in times of crisis or
shocks. [...] The capacity of a building to sustain atypical
operating conditions in disaster situations, rather than
succumbing to building failure, is the critical measure of its
resilience”

[104] “The ability of a building to prepare for, withstand, recover
rapidly from, and adapt to major disruptions due to extreme
weather conditions”

The concept of resilience in the built environment is understood
as “the ability of any urban system, with its inhabitants, to

OS] ngineain continuity through all shocks and stresses, while

positively adapting and transforming toward sustainability”

According to [106], Table 1 shows that there is still no common definition of
resilience in the built environment. From the above literature review is evident
that the resilience of buildings to various dangers, including natural disruptive
event (e.g., earthquakes, extreme winds, floods, fire, etc.) and “atypical operating
conditions”, was generally related to the concepts of adaptation, recovery, and
resistance. Furthermore, the increasing impact of natural disasters has brought
resilience to the forefront of attention, highlighting its close relationship with
sustainability in building design. In fact, the concept of resilience was
increasingly discussed in literature as a paradigm that should be adopted alongside
sustainability [107],[111]. As reported in [107], the impact of climate change has
led to the adoption of both sustainability and resilience paradigms in the built
environment. As highlighted by the authors, the difference between the two
concepts was that “whereas sustainability encourages reduced impacts on the
environment to avoid changes, resilience encourages adaptation to change”
[107]. In addition, another definition of the two concepts was shown by [112].
The authors suggested that “sustainability focuses on future stability, while
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resilience represents readiness for the potential disasters of the dynamic and
unpredictable future”. While the literature mainly associates the concept of
resilience in the built environment with natural hazards, it is important to note that
other types of disruptions, such as air pollution and pandemics, can also impact on
the resilience of a building [113],[114]. Specifically, the spread of the Covid-19
pandemic has increased people's awareness on the health risks they are exposed to
in the indoor environment (e.g., pathogens such as viruses and bacteria, indoor
pollutants, etc.).

Therefore, the second part of this literature review focuses on expanding the
concept of resilience to include IAQ and health-related concerns. The goal is to
address the second question and provide guidance on how to design future
buildings to be resilient to IAQ issues. As reported by [109], Covid-19 pandemic
emergency required new targets in the design and renovation of resilient
buildings, among which guaranteeing health and safety, reducing energy
consumption and environmental impact, ensuring occupants’ comfort and well-
being. According to [90], the authors suggested a more “human-centred design”
for future buildings in order to preserve occupants’ health from future epidemics.
Therefore, to face epidemics or other type of emergencies in the future, it was
crucial to increase the resilience of post-pandemic building design [115].
Focusing on IAQ resilience related to the Covid-19 pandemic’s disruptions, [111]
assessed the resilience of residential buildings and their ability to “withstand
future pandemics’ social, economic, and health-related challenges”. They defined
specific pandemic-resilient sustainability indicators to evaluate buildings'
readiness to face potential future health-related threats [111]. Among the several
pandemic resilient indexes identified by the authors, air quality indicators (e.g.,
efficiency of air filtration systems against pathogen, monitor and control indoor
air pollution, control the airflows in micro spaces, and level of natural ventilation)
played a crucial role in the health of occupants during lockdowns [111]. Similarly,
[116] developed and applied a new quantitative assessment framework for IAQ
resilience in a school building. The framework resulted in a resilience score
metric that integrates all resilience aspects, such as absorptivity, recovery, and
impact, with the main pollutants relevant to the built environment (e.g., COa,
VOCs, PMa2s, PMjg) [116]. The authors in [117] referred to the concept of
infection-resilient environments, which involved constructing buildings that can
minimise the risk of disease transmission to support public health during and
beyond the Covid-19 pandemic. In addition, as reported by [117], mitigating the
risk of infection and achieving a more resilient building design required long-term
improvements in buildings able to “create indoor environments that support our
health and well-being” in the face of various possible airborne diseases (e.g.,
epidemics, pandemics, seasonal flu, etc.).

To summarise the main findings of the above literature review, an IAQ-
resilient building can be defined as a building able to provide healthier and more
suitable living spaces, while at the same time adapting to the new needs of
occupants (e.g., the practice of working from home arising from Covid-19
pandemic). Specifically, the main focus of an [AQ-resilient building design
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should be the development of an IAQ management plan for the built environment.
This includes giving significant importance to passive measures, ventilation and
filtration requirements, as well as to the control and regulation of indoor humidity
and temperature in order to safeguard occupants from the risk of airborne
infection. It is important to note that improving IAQ may result in increased
energy consumption in buildings. Therefore, it is essential that the new IAQ-
resilient design and operation strategies are aligned with sustainability goals and
climate change mitigation efforts, finding the right balance between IAQ and
energy consumption. For this reason, [AQ-resilient buildings require the adoption
of suitable engineering and architectural solutions, which can effectively reduce
the risk of airborne diseases and ensure high levels of TAQ, while meeting the
energy efficiency criteria. These aspects are further explored in section 2.4.1.

2.3.2 The path through building decarbonisation

As mentioned above, in addition to ensuring optimal conditions for
occupants' health and well-being in the built environment, the design and
operation of future buildings must also consider the crucial role of electrification
in the decarbonisation of the building sector. The term “decarbonisation” is used
to define the process of reducing or eliminating GHG by replacing the use of
fossil fuels with renewable energy sources (e.g., solar, wind, geothermal energy)
[118]. In particular, the decarbonisation of the building sector represents a key
driver in the Europe energy transition process since, as said by the Commissioner
for Energy Kadri Simson [119]: “buildings are the single largest energy consumer
in Europe, using 40% of our energy, and creating 36% of our greenhouse gas
emissions. That is because most buildings in the EU are not energy efficient and
are still mostly powered by fossil fuels”. A series of legislative initiatives, among
which the REPowerEU strategy introduced in 2022, were adopted by the
European Commission to reach the target of reducing GHG emissions of at least
55% by 2030 compared to 1990, with the overall aim of achieving climate
neutrality by 2050 [11]. With the introduction in 2023 of the Energy Performance
of Building Directive recast (EPBD III [39]), the European Commission upgrades
the European building stock from nearly Zero Energy Building, which represents
the current building standard from 2011, to Zero Emission Building set as the
future building target by 2030 in order to reach the global climate neutrality goal.
In detail, as established by Article 7, all new public buildings and new buildings
must be zero emission from 2027 and 2030, respectively; while all existing
buildings by 2050 [39]. According to the Directive, a ZEB is “a building with a
very high energy performance, where the very low amount of energy still required
is fully covered by energy from remnewable sources generated on-site, from a
district heating and cooling system” [39]. Due to a lack of internationally agreed
official definition of ZEB, as well as since the requirements to achieve carbon
neutrality in the building sector are not evident, MSs referred to a variety of terms
used to characterise zero or very low emissions buildings. Different definitions of
“zero emission” was arisen from literature; in [121], authors referred to zero
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emission building as “an energy-efficient building with on-site renewable energy
generation that can export enough energy to compensate for the carbon footprint
of the building’s own energy and material consumption in a life-cycle
perspective”. While, at the Research Centre on Zero Emission Buildings [122],
Zero Emission Building was defined as “a building that produces enough
renewable energy to compensate for building’s GHG emissions over its life-
cycle”. In detail, the study illustrated the five ZEB ambition levels defined on the
number of phases of a building's life cycle that were considered (Figure 12).

As ZEB-COM, but also considers
ZEB-

As ZEB-OM, but also considers emissions relating to
the construction “C” phase (include also transport of
materials to the building site and installation processes,
but excluding end of life processes of replaced
materials)

Emissions related to all energy use for operation “O”
plus embodied emissions from materials “M”, shall be
compensated for with renewable energy generation
(scenarios related to the production of materials for
replacement, excluding transport, installation and end
of life process)

Emissions related to all energy use for operation “0”,
shall be compensated for with renewable energy
generation

Emissions related to all energy use for operation “O”,
excluding energy use for equipment and appliances
ZEB-0+EQ (EQ), shall be compensated for with renewable energy
generation

S

Figure 12: Different ZEB ambition levels. Elaboration form [123].

Another term used to define low emission buildings was “net zero emission”.
In [124], the authors explained the aim of a net zero emission building as follow:
“the overall goal of a net zero emission building (NZEB) is that all emissions
related to the energy use for operation as well as embodied emissions from
materials should be offset by on-site renewable energy generation”. In their
definition, they specify that “the addition of the word “net” indicates that energy
can be exported from and imported to the building, and that the net energy or
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emission balance is calculated over a specific period of time, usually a year”
[124]. The term “zero carbon” was used to define a building in which the
“building-incorporated services include all energy demands or sources that are
part of the building fabric at the time of delivery, such as the thermal envelope
(and associated heating and cooling demand), water heater, built-in cooking
appliances, fixed lighting, shared infrastructure and installed renewable energy
generation” [125]. Two different definitions of “net zero carbon” were shown by
[126], according to the type of intervention. For new buildings and major
renovations, the term “net zero” meant that “the amount of carbon emissions
associated with a building’s product and construction stages up to practical
completion is zero or negative, through the use of offsets or the net export of on-
site renewable energy”; instead, for all building in operation, it meant that “the
amount of carbon emissions associated with the building’s operational energy on
an annual basis is zero or negative. A net zero carbon building is highly energy
efficient and powered from on-site and/or off-site renewable energy sources, with
any remaining carbon balance offset” [126]. Finally, the term ‘“zero-carbon-
ready” was increasingly used to refer to highly energy efficient buildings that use
renewable energy sources or rely on energy provide by sources (e.g., electricity or
district heating) that will be completely decarbonised by 2050 [127]. As reported
by IEA [127]: “a zero-carbon-ready building will become a zero-carbon building
by 2050, without any further changes to the building or its equipment”. In order to
avoid the delay that affected the implementation of nZEB definition in the EU
Member States, the methodological framework that should characterise the ZEB
definition (e.g., the system boundaries, the calculation methods and timeframe,
the main indicators and metrics) was identified and presented by [128].

Among the different strategies for reducing energy-related CO2 emissions,
electrification was the key driver to achieve decarbonisation goals. Specifically, as
reported by [129], “electricity is an important pillar of building sector
decarbonisation”, as well as it led to other multiple benefits including an
affordable and reliable energy system thanks to electricity produced from RES, an
increased efficiency in energy use, and an improved air quality due to reduced
pollutant emissions in energy end-uses [130]. According to IEA, electrification
meant “replacing technologies or processes that use fossil fuels, like internal
combustion engines and gas boilers, with electrically-powered equivalents, such
as electric vehicles or heat pumps” [131]. In the building sector, electrification of
space heating was considered one of the main contributors to CO> emission
reductions [131], as almost half of the global energy use in buildings was used for
space heating [132]. Therefore, heat pumps were recognised as the key
technology for achieving sustainable heating in buildings, replacing fossil-fuel-
based boilers. They were also the main driver for reducing emissions in the Net
Zero Emissions (NZE) scenario by 2050 [133]. The key role of this electric
technology is further discussed in section 2.4.2.
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2.4 Technological pathways to support the building of the
future

Once the key characteristics of the future building were defined, such as high
energy efficiency, all-electric and autonomous features, low CO> emissions, and
able to meet the needs of end-users while ensuring IAQ-resilience for the health
and well-being of occupants, this section explores the main technological
solutions that can support the design of such a building in achieving the targets
outlined in the previous section 2.3.

2.4.1 Health-related technologies in HVAC systems

As mentioned in section 2.3, the spread of Covid-19 pandemic emergency has
emphasised the urgency to improve IAQ for ensuring health and well-being of
occupants who spend most of their times in indoor spaces. To increase TAQ
resilience of indoor environments with the aim of designing and operating
buildings to be healthier and more IAQ-resilient for the future, it was crucial to
consider long-term strategies able to mitigate the spread of contaminants (e.g.,
SARS-CoV-2 virus) [109]. According to [90], the main strategies to improve IAQ
included “source controlling, designing ventilation systems, and air cleaning”.
Several studies have shown that the design of a building's ventilation system and
the use of cleaning and purifying technologies were crucial in controlling and
limiting the transmission of the SARS-CoV-2 virus, thereby improving IAQ
[115],[134],[135]. This aspect was also emphasised by the U.S. Environmental
Protection Agency (EPA) [136], which recommended improving indoor air
ventilation and filtration systems in buildings as fundamental components to
prevent the spread of Covid-19. In particular, proper ventilation strategies (e.g.,
natural ventilation through window opening or mechanical ventilation using
HVAC systems) were the most effective for diluting and removing indoor air
contaminants [137], as well as for ensuring occupants’ health and well-being in
the built environment [107].

Focusing on various mechanically ventilated building studies in the literature
[137],[138],[139], the key role of air filtration systems (e.g., mechanical filtration
or biofiltration technologies) and other air purification techniques (e.g.,
Ultraviolet Germicidal Irradiation (UVGI) system and bipolar ionization) properly
installed in HVAC system was emerged with the aim of ensuring a healthy IAQ
for occupants and protecting the Air Handling Units (AHUs) from viruses or
bacteria by reducing their transmission in the indoor environment. Specifically,
mechanical filtration was widely used in HVAC systems to improve [IAQ through
the installation of high efficiency particulate air (HEPA) filters [140]. This type of
filter was recommended in buildings due to its high efficiency to remove at least
99.97% of airborne particles (e.g., pollen, mould, bacteria, etc.) with a size less
than 0.3 pm [141]. While HEPA filters were effective in improving IAQ, they can
also become a source of contamination due to microorganisms surviving and
proliferating on the filter media [142],[143]. As demonstrated by [144], air filters
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were identified as the main source of contamination among the components of a
ventilation system. To solve this problem, as well as in response to the spread of
the Covid-19, the demand for antimicrobial filtration technologies able to reduce
the microbiological growth on the filter media was increased. As shown by [145],
the use of a tungsten trioxide (WO3)-based photocatalyst placed on a filter’s
media, combined with visible LED light, enabled the elimination of harmful
agents, including the SARS-CoV-2 virus. Specifically, the experimental results
showed that the infectious load of SARS-CoV-2 was reduced by 100% after 30
minutes of treatment. Similarly, [146] and [147] demonstrated that the use of a
titanium dioxide (TiO2) photocatalyst, combined with ultraviolet (UV) lighting,
was an effective antimicrobial agent for the inactivation of SARS-CoV-2. As
mentioned before, biofiltration technology is becoming increasingly popular
among air filtration systems due to its economic, environmental, and social
benefits [115]. Thanks to its ability to absorb CO2, NO>, and SO», this type of
filter was especially used in polluted environments to increase occupants’ health
and performance [148].

Air purification was another effective method for improving IAQ and
preventing the spread of airborne viruses. It was defined as a system that “can
inactivate the germicides as well as remove the pollutants with high efficiency”
[134]. Among the various techniques, UVGI appliances and bipolar ionization
were the most common used in enclosed spaces [149]. The UVGI technology
used Type C ultraviolet light (UV-C) to inactivate bacteria and viruses [150].
Several studies in the literature shown the efficiency of direct UV-C against the
SARS-CoV-2 virus; in [151], the authors demonstrated that the Covid-19 could be
inactivated by a small dose of UV-C irradiation (about 3.7 mJ/cm?). Similarly, as
shown by [152], UV-C sources were able to inactivate more than 90% of the
SARS-CoV-2 virus in indoor environment. Despite its evident advantages, it was
important to note that this technology, which was based on UV light, may posed
potential hazards to human health. Finally, bipolar ionization (also called
needlepoint bipolar ionization) was another air purification technique that can be
installed in HVAC systems. This system effectively reduced airborne
contaminants from the air using electrostatic force [153].

2.4.2 Electric and renewable technologies for space heating

As mentioned in section 2.3, improving the energy efficiency of buildings is a
key objective of current European policy actions towards achieving climate
neutrality and decarbonising the building sector. Specifically, the role of
electricity and, therefore, the adoption of heating and cooling systems that rely on
a carrier that is no longer gas have a growing attention. Heating in buildings was
responsible for 4 gigatonnes of CO> emissions per year, equal to 10% of global
emissions [154]. Fossil fuels accounted for 63% of global energy used for
building heating, among which natural gas was the most widely used energy
source, accounting for 42% of the heating energy demand in 2022 (around 40% in
the European Union) [132]. To align with the NZE scenario, substantial changes
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were required. This transition entailed reducing the current share of fossil fuels for
heating, aiming to bring it down to around 45% by 2030 [132]. Achieving this
objective will require a transition towards electric and renewable heating
technologies. In this context, heat pumps were considered the central technology
to meet decarbonisation in the current energy transition process. In fact, thanks to
their power supply from low-emission electricity, heat pumps were recognized as
promising technologies for increasing the overall energy efficiency of the system
as well as for reducing the environmental impact of the building sector [133].
According to [155], the deployment of heat pumps could reduce the energy-
related emissions of buildings by 10-15%. In addition, as reported by the IEA
“heat pumps have the potential to reduce global carbon dioxide emissions by at
least 500 million tons in 2030 [154]. Despite their long-term savings, the high
initial investment costs of heat pumps can discourage consumers. However, in
recent years, the heat pump market has experienced a strong growth thanks to the
introduction of financial incentives (e.g., the Superbonus 110% in Italy) to
promote their installation in buildings. Therefore, the global heat pump sales
increased by 13% in 2021 compared to 2020 level [154], and by 11% in 2022
compared to the previous year [133]. The European Union represented the most
rapidly expanding market globally for this technology, with an increase of 34% in
2021 and almost 40% in 2022 (around 3 million installations) [156]. Figure 13
shows the number of heat pumps sold in each EU country in 2022.
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Figure 13: Number of heat pumps sold in 2022 per EU country. Elaboration from
[157].

As shown in the figure above, the leading European markets for heat pumps
in 2022 were France (621,776 units sold), Italy (513,535 units sold), Germany,
(75,697 units sold), Sweden (215,373 units sold), and Poland (207,992 units sold).
This surge in heat pump sales played a key role in reducing the demand for
natural gas in 2022. As part of the REPowerEU plan to reduce the EU's
dependency on imported fossil fuels, the European Commission called for a
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doubling of the rate of heat pump deployment in buildings with the goal of
reaching 10 million heat pumps installed by 2027 and a fourfold increase in the
number of heat pumps by 2030 [132]. To conclude, as said by the IEA Executive
Director Fatih Birol: “heat pumps are an indispensable part of any plan to cut
emissions and natural gas use, and an urgent priority in the European Union
today” [154].

After an introduction to the European heat pump market, the main
characteristics of these technologies are presented. A heat pump was a highly
efficient system as it used energy from renewable sources (e.g. air, water, ground)
and drastically reduces CO; emissions compared to a traditional appliance (i.e.
gas or boiler) [133]. Thanks to the possibility of reversing its cycle, it can be used
both for winter and summer air conditioning as well as for DHW production
[158]. According to the type of thermal source used, heat pumps can be classified
as aerothermal, geothermal or hydrothermal, depending on whether they use air,
ground or water respectively [158]. Specifically, according to IEA [132], the main
characteristics of the above heat pumps are shown:

e The aerothermal heat pump is the most popular type of heat pump
thanks to its low investment cost. However, the efficiency of this type of
heat pump depends on the outside air temperature. In addition, on the basis
of the type of exchanger, it is divided into air-to-air, if the distribution
terminals use air (split or fan coils), and air-to-water, if the exchange
medium is water (radiators or radiant panels).

o The geothermal heat pump, also known as ground-to-water heat pump,
uses the ground's heat as its primary source of energy. Its advantage over
the aerothermal heat pumps is the constant temperature. This also gives
control over the efficiency of the machine and, therefore, over
consumption and running costs, which are much less susceptible to
climatic variations.

e The hydrothermal heat pump is also called water-to-water heat pump
because it uses water as both the heat source and the heat transfer fluid.
This type of heat pump is less affected by fluctuations in air temperature
and, therefore, provides more reliable performance. However, it has a
higher initial investment cost. These machines can be used for both air
conditioning (summer and winter) and DHW production.

Finally, it is necessary to combine a heat pump with a suitable distribution
system able to transport and remove heat within rooms. Depending on the
distribution fluid used in the room (i.e. air or water), different distribution
terminals are required. The main advantages and disadvantages of each
distribution terminal are listed below:

e Radiators with a water inlet temperature of 70°C and an outlet temperature
of 50°C are the most common heat distribution system in the home.
Nowadays, the use of low-temperature radiators, which allow the water
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temperature to be raised to 55°C, is increasing. However, radiators do not
provide summer cooling.

e Fan coil is a water-to-air heat exchanger which uses a fan to draw air from
the room, filter it and return it to the room after heat exchange with the
water circulating in the system. They require a water temperature of
around 45/40°C in the winter and 7/12°C in the summer. In addition, these
type of distribution terminals allow individual control of the room
temperature.

e Radiant panels consist of plastic or copper pipes that are usually installed
under the floor. The large surface of the panel means that it can use water
at much lower temperatures than radiators. Typically, the water supply
temperature is around 35°C in winter and 18 to 20°C in summer.

Figure 14 provides an overview of the various typologies of heat pumps and
distribution terminals described above.
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Figure 14: Various heat pumps typologies and distribution terminals. Elaboration
from [159].
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Chapter 3

Decision-support tool in the energy
field

3.1 Overview

RQ3

Which instrument can be used to launch an advanced
technological solution, making it competitive in the current
building energy market?

l

- SECTION 3.2 -

Figure 15: Structure of Chapter 3.

This chapter highlights the need for research into new decision-support tools
in the energy field. Specifically, section 3.2 provides an overview of the most
used tools in the energy investment decision-making process, with the aim of
identifying among them the optimal one in response to RQ 3: “Which instrument
can be used to launch an advanced technological solution, making it competitive
in the current building energy market?”. Once the Cost-Benefit Analysis has been
identified as the most suitable method, section 3.3 presents the main implications
of the tool, its objectives and methodological steps, highlighting the need to move
from a cost-optimal methodology to a Cost-Benefit Analysis to combine the
financial and the economic dimensions. Then, section 3.4 provides an overview of
the main economic evaluation approaches used to measure and monetise non-
market impacts. In section 3.5, the direct and indirect benefits related to energy
efficiency measures are classified in the decision-making framework. Finally,
section 3.6 presents the main key performance indicators used in the CBA.
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3.2 Decision-making methods applied in energy
investment

According to  the literature [161],[162],[]163], Life  Cycle
Assessment (LCA), Cost-Benefit Analysis and Multi-Criteria Analysis (MCA)
were recognised as the most frequently methods used in the planning and
management of energy-related decision problems. Therefore, by considering their
different evaluation criteria, the aforementioned tools can support the decision-
making process of an investment project. Specifically, as further described in
section 3.3, contrary to financial methods (e.g., the cost-optimal methodology),
CBA and MCA can include co-benefits in their assessment [164]. For this reason,
this section focuses on the explanation of the most used tools in energy
investment decision-making process, the Cost-Benefit Analysis and the Multi-
Criteria Analysis, highlighting their application in various studies in the literature.
Specifically, this section aims at identifying among them the optimal solution in
response to RQ 3.

The Cost-Benefit Analysis is a key tool for measuring the effectiveness of an
investment decision, as it can translate all the impact categories into monetary
values [161]. Specifically, the evaluation allows the combination of financial
(e.g., the impact on the main actors involved in the investment) and economic
(e.g., the impact on society as a whole, including environmental impacts, health,
well-being, etc.) analysis. In this way, the CBA can identify the “actions with the
lowest social cost or the highest net social benefit” [161]. As presented in section
3.6, different economic performance indicators are available in the literature to
perform the final judgement of an investment decision. In addition to the Net
Present Value (NPV) and the Internal Rate of Return (IRR) indicators used in
conventional financial analysis, the Benefit-Cost ratio (BCR) is “the most widely
used indicator of the social profitability of a project” [165]. In addition, as
reported by [166], CBA can be used at different scales of analysis, including “at
the technological component level, at the building level and at district/city level”.
At the technological component level, [167] applied the BCR indicator to
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demonstrate the benefits of installing an antibacterial filter for AHU units in office
building. Specifically, the authors shown that the higher investment and
maintenance costs of this innovative filtering technology can be fully repaid by
the benefits in terms of increased worker productivity and reduced healthcare
costs [167]. Similarly, in [168], the authors found that the additional investment
costs of higher filter efficiency could be repaid by monetising the health-related
benefits. At the building level, according to [166],[169], a multi-dimensional
approach of the CBA was used to advice a building manager to the possible
impact of air quality on human health and well-being. In addition, a study
conducted in a Beijing residential area applied the CBA methodology framework
to assess the economic sustainability of energy efficiency retrofit in existing
buildings [170]. Finally, at the district scale, an evaluation approach based on
CBA was proposed by [162], with the aim of addressing the energy
requalification of a new Net Zero-Energy District (NZED) located in Italy. The
CBA allowed to combine the energy and the socio-economic performance (e.g.,
GHG emission reduction, green jobs creation, real estate valorisation) impacts in
this evaluation project. As demonstrated by [171], the CBA represents a suitable
tool for the assessment of a project from a social and economic perspective. In
this study, the CBA was applied with the aim of assess the efficiency of proposed
smart city solutions.

This preliminary literature review shows that the main limitations of the CBA
methodology relate to the monetary valuation of costs and benefits. Therefore, it
is difficult to express all benefits in monetary terms, especially those related to
non-market goods (e.g., environmental impacts, health, well-being, etc.). For this
reason, as stated by [161], “the analysis is often restricted to only monetized
aspects such as capital, operation and maintenance costs”. On the other hand, the
CBA has proven to be a key tool in the decision analysis between different
alternatives by providing a single criterion as an output that is easy and
comprehensible to decision makers. A more detail description of the
methodological steps involved in the CBA framework will be explained in the
following section 3.3.

The Multi-Criteria Analysis, also known as Multi-Criteria Decision-Making
(MCDM) or Multi-Criteria Decision Analysis (MCDA), aims at defining the best
alternative by considering multiple qualitative and quantitative criteria
simultaneously in the decision-making problems [172]. In [173], with the aim of
helping professionals select and deploy 4.0 technologies for energy sustainability,
the authors used a behavioural approach with MCDA. In another study, a
composite index of territorial resilience was developed by combining MCDA and
dynamic modelling to assist decision-makers in planning and managing resilient
territorial systems [174]. According to the literature [162],[175],[176], MCDA
approaches can be grouped into the following three theories proposed by
[177],[178]: (i) utility function, (ii) outranking relation and (iii) sets of decision
rules. The utility-based theory involves methods that unify information into a
single parameter, and it was developed in the 1970s by [179]. Among these
methods, the Multi Attribute Utility Theory (MAUT) was applied by [180] to
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compare different alternative of energy generation technologies in Turkey based
on four groups of criteria (i.e., economic, technical, environmental, and socio-
economic). In addition, the Analytical Hierarchy Process (AHP) is an alternative
method to the previous one, belonging to the family of utility-based theory. This
methodology was used in [181], for estimating and ranking the economic, social,
political, technical, administrative and geographic barriers to develop renewable
energy sources in rural areas of Nepal. Similarly, in Germany, the AHP approach
was adopted to establish neighbourhoods at high risk of fuel poverty [182]. The
second theory, also known as the outranking relation theory, includes methods for
checking whether "alternative a is at least as good as alternative b", based on
comparisons between pairs of options [183]. This family group is widely used in
the energy decision-making process, and it includes the ELimination Et Choix
TRaduisant la REalit¢ (ELECTRE) method and the Preference Ranking
Organization METHod for Enrichment of Evaluations (PROMETHEE). The latter
method was used by [184] to evaluate different energy retrofitting scenarios at the
district scale. Similarly, in [165], the PROMETHEE methodology was adopted to
compare four alternative scenarios of electricity generation technologies in
Greece. With regard to ELECTRE, it is a widely used decision-making method
among the MCDA. At the building level, ELECTRE III method was applied in
[185] to help the decision-maker find the best cost/energy compromise between
multi-energy alternative sources in a family house. The decision was based on
“economical, energetically and environmental criteria” (i.e., costs, energy
consumption and CO; emission). According to the literature, ELECTRE III was
also used in various applications at the district [186] and technological
components scale [187]. Finally, the decision rule theory develops a “preference
model in the form of rules derived from examples” [188] (i.e., Dominance-based
Rough Set Approach (DRSA)).

To summarise the main advantages and limitations with respect to the CBA,
the output of the MCDA is expressed in terms of a performance score rather than
a monetary value. In addition, as the MCDA method does not provide a single
indicator, the results are more difficult to understand. In contrast, with the
application of the MCDA, it is possible to integrate various perspectives from the
different stakeholders participating in the decision-making process.

The literature review explored in this paragraph allows to identify the optimal
solutions in response to RQ 3. Specifically, the CBA has proven to be the most
suitable decision-making tool to launch an advanced technological solution
making it competitive in the current building energy market. In fact, as
demonstrated through the application case study in Chapter 4, CBA provides a
single economic indicator that can be easy and comprehensible to decision-makers
who are not expert in the energy field.
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3.3 From cost-optimal methodology to Cost-Benefit
Analysis

According with the transition towards a more “human-centred” approach to
building design and operation, the 2018 amendments to the EPBD introduces a
new SRI [6]. The purpose of this SRI is to assess the ability of buildings to use
advanced technological solutions to ensure occupant satisfaction [6]. As these
technologies require a significant initial investment cost by the building owner or
the building manager, it is essential to explore new decision-support tools (section
3.2) that are able to consider not only their financial aspects, but also to include
externalities (e.g., health-related and performance benefits) in their evaluation.

The cost-optimal methodology, introduced by Directive 2010/31/EU [38],
allows the evaluation of different energy efficiency solutions and packages
considering not only energy-architectural variables but also financial ones (e.g.,
investment costs, maintenance costs, etc.). Specifically, the concept of cost-
optimality is defined in Article 2.14 of the EPBD as: "the energy performance
level which leads to the lowest cost during the estimated economic lifecycle" [38].
In order to assess the financial performance (global cost) of the selected package
combinations, the European standard EN 15459-1:2017 [189] is proposed as a
reference. The global cost formula is shown in Equation 1:

Co() = €+ LB (Cas) X Ra@D) = V(D] [€] (1)

where, C, (1) is the global cost referred to the initial year 7, [€], C; is the initial
investment cost [€], C,;(j) is the annual cost for component j at year i [€/y]
(including running costs and replacement costs), R;(i) is the discount rate for
year i [-], Vs -(j) is the final value of component j at the end of the calculation
period [€] (referred to the initial year 7).

As shown by the equation above, the total cost considers the initial
investment cost of implementing the energy efficiency measures, to which are
added the running costs, i.e., the annual costs (energy costs, ordinary and
extraordinary costs related to maintenance, replacement costs) over the life of the
investment until the end of the analysis, when the intervention itself can assume a
residual value.

As explained above, the cost-optimal methodology is based only on
financial analysis, so it is not suitable for this purpose. Therefore, there is a need
for the implementation of an economic analysis which is sensitive to both positive
and negative externalities of different types [190]. As stated by the European
Commission in [191], “socio-economic benefits should be included in the
objectives and evaluation of a project”. In this way, in accordance with the results
from section 3.2, the Cost-Benefit Analysis was found to be an effective method
to support the investment decision-making process from a social perspective
thanks to its ability to combine the financial and the economic dimensions,
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quantifying all the disadvantages (costs) and advantages (benefits) of a project
[192]. In detail, the CBA methodology includes the following six steps, as shown
in Figure 16.
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Figure 16: CBA methodology steps.

The following sections aim to present the main methodological steps of the
CBA as shown in Figure 16. Specifically, section 3.4 presents different valuation
support techniques to monetise the economic disadvantages (direct and indirect
costs) and advantages (market and non-market benefits) of a project. Then,
section 3.5 identifies the main benefits and co-benefits for different beneficiaries
related to energy re-qualification operations in buildings. Finally, the economic
key performance indicators used to provide a final judgment on the performance
of the project are summarised in section 3.6.

Regarding the definition of step five, there is no established scientific
standard for the selection of the discount rate (e.g., 5%, 7%, 10%, etc.) or the time
frame to be included in the analysis (e.g., 15, 20, 30 years, etc.) [193].

3.4 Valuation techniques to measure and monetise co-
impacts

The key objective of a CBA is to define all the economic impacts (costs or
market and non-market benefits) associated with a project, by quantifying them in
monetary terms. Specifically, the CBA methodology considers both direct and
indirect costs and benefits. The next sections aim to provide an overview of the
main financial valuation techniques for assessing costs (section 3.4.1) and the
economic evaluation techniques for estimating non-market benefits (section
3.4.2).

3.4.1 Financial valuation techniques for costs estimation

According to [194], the evaluation of the costs associated with a project is
based on a financial analysis that considers investment, maintenance, operational,
replacement, and disposal costs. For this reason, the Life Cycle Cost (LCC)
technique is considered the main financial valuation approach for estimating
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direct costs. It is defined by ISO 15686-5:2008 [195] as a tool to support the
decision-making process during the design phase. As reported by [196], LCC is
“an approach for quantifying short/long term costs and benefits (these last usually
represented by savings), along the whole life cycle of alternative design solutions”.
The main objective of LCC is to assess alternative options with different
investment, operational, maintenance, and replacement costs. Equation 2 shows
the LCC formula, distinguishing between the cost items mentioned above:

RS T S

where, C; is the investment cost, C, the operational cost, C,, the maintenance
costs, t is the year when the cost incurred, N represents the numbers of years of
the period considered, r is the discount rate, and V. is the residual value of the
components.

Various techniques were emerged around this primarily financial concept,
aiming to incorporate sustainability considerations into the assessment. These
methods include Life Cycle Assessment, Life Cycle Sustainable Assessment
(LCSA), and Social Life Cycle Assessment (SLCA). These recent advances have
facilitated a shift in the assessment of energy systems, moving from a focus on
energy efficiency to a broader perspective towards socio-economic efficiency.

According to [197], the first step in conducting a LCC analysis involves the
identification and quantification of all the initial investment costs (e.g., design and
development costs, costs for material, testing and packaging costs, etc.) associated
with alternative options. The second step is to define all the future operating costs
on an annual-based (e.g., energy consumption of various plant systems). The third
step involves the inclusion of maintenance costs (i.e., money required to maintain
the original performances of a building or system), and repair costs (i.e.,
unanticipated expenditure required to extend the life of a building or system
without replacing it) of alternative solutions in the LCC. Finally, replacement
costs usually arise when a building system or component reaches the end of its
useful life (e.g., the replacement of a boiler to maintain the operational status of
the building). In addition, initial costs should be included in the overall LCC
analysis at their full value in the first year. On the other hand, it is essential to
discount operating, maintenance and replacement costs to their present value in
order to include them in the LCC.

3.4.2 Economic evaluation methods for non-market benefits
estimation

After the financial assessment, it is necessary to proceed to an economic
analysis to include the non-market impacts of a project. According to [72], the
quantification and monetisation of non-market impacts (e.g., health-related and
performance benefits) requires great effort. The most common economic
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evaluation methods used in the CBA analysis to quantify and monetise the non-
markets benefits can be divided into three main techniques: Stated Preference
(SP), Revealed Preference (RP), and Benefit Transfer (BT).

The Stated Preference approach employs survey techniques to assess the
preferences of people, typically within the environmental domain. Through the
development of a questionnaire, these techniques allow researchers to directly
inquire about individuals’ Willingness To Pay (WTP) or Willingness To Accept
(WTA) for a specific outcome. Among the stated preference techniques, the
Contingent Valuation Method (CVM) [198] and the Choice Modelling (CM)
[199],[200] are the most commonly used to value non-market goods in monetary
terms.

The Revealed Preference approach examines the choices of individuals,
assuming that consumers’ preferences are revealed by their actual purchasing
behaviour. Within the RP techniques, the Hedonic Pricing (HP) [201] and the
Cost of Illness (COI) [202] methods are the main evaluation techniques used to
examine individual choice. The COI approach is used in healthcare to calculate
health-related benefits in terms of avoided costs to individuals or society [167]. In
fact, this method allows the identification and measurement of all the costs
associated with a disease, including direct costs (e.g., medical care expenditures,
hospitalisations, etc.), indirect costs (e.g., absenteeism), and intangible costs (e.g.,
pain, emotional distress, etc.). The most widely used methods for estimating
indirect costs include the Human Capital Approach (HCA) [203], which assesses
the productivity lost when employees are absent from work due to the illness
occurrence, and the Friction Method (FM) [204], which assesses the time it takes
for another employee to replace the sick employee.

Finally, the Benefit Transfer method is used to estimate the economic value
of non-market impacts by transferring available information from completed
studies [205].

3.5 Benefits and co-benefits related to building energy
performance measures

The term co-benefits is often used in the context of energy efficiency
investments to refer to the full range of externalities (positive or negative) that
such investments may generate for different stakeholders. As explained by the
Intergovernmental Panel on Climate Change (IPCC), co-benefits are “the benefits
from policy options implemented for various reasons at the same time,
acknowledging that most policies resulting in GHG mitigation also have other,
often at least equally important, rationales™ [206].

In decision-making frameworks, the assessment of benefits and co-benefits
plays a key role. For this reason, this section focuses on classifying the main
direct and indirect benefits associated with building energy efficiency measures
(EEMs). In Figurel7, the benefits and co-benefits of energy efficiency measures
are grouped according to five main categories of beneficiaries identified by [207].
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The first category is represented by companies (utilities) involved in the
generation and distribution of energy, which may benefit from reduced energy
costs and insurance savings. The second beneficiary is the public finance and
government authorities, which can benefit from reductions in hospitalization
costs and tax revenues. The third actor is represented by the building occupants;
their benefits include lower energy consumption costs and improved IEQ and
health conditions. The fourth category encompasses society and environment,
whose benefits include a reduction in CO; emissions and an increase in urban
vegetation. Finally, the last beneficiary is the investor, who benefits from the
increase in the value of the property. The following paragraphs provide a detailed
description of some benefits and co-benefits shown in Figure 17 (e.g., reduced
GHG emissions, increased real estate value, improved IEQ and health conditions,
and introduced subsidies and incentives) related to EEMs in building energy
retrofit projects.

Reduced GHG emissions

Improving energy efficiency and achieving high energy performance in
buildings are at the heart of the main European and national strategies to achieve
the future climate targets related to GHG emissions reduction. The main GHG
emitted by human activities is CO», followed by methane (CH4) and other GHGs
such as nitrous oxide (N2O) and fluorinated gases (F-gases). To compare the
impact of different GHGs, the IPCC introduced the concept of Global Warming
Potential (GWP) by providing a common unit of measurement [208]. This
indicator quantifies how much a specific quantity of a greenhouse gas contributes
to global warming over a specified timeframe (typically 100 years) when
compared to the impact of CO> [208]. In this way, GHGs can be calculated as
COz equivalents (COz-eq), defined by as “the amount of carbon dioxide emission
that would cause the same integrated radiative forcing or temperature change,
over a given time horizon, as an emitted amount of a greenhouse gas or a mixture
of GHGs” [209]. For this reason, to estimate the emission costs for each energy
carrier, the amount of CO2 generated per unit of kilowatt-hour (kWh) consumed
should be multiplied by the cost value of a ton of CO2-eq [190].

Increased real estate value

A further benefit derived by EEMs in building energy retrofits is the increase
in real estate value. In fact, as reported by [210] and [211], retrofit measures
create a new property market in line with the current demands of the green
economy, leading to an increase in property value. There is evidence that both
individuals and companies are willing to pay higher rents for properties with
better energy performance [212]. In addition, investors and property owners need
to explore the value of green building certification in increasing the property
value, as well as stimulating the real estate market by increasing rents and sales
prices. This added value can be monetised according to the hedonic pricing
theory, which includes green value among the attributes that influence the market
price of real estate [213].

47



Improved of indoor environmental quality and health conditions

The IEQ in buildings has a major impact on the health, comfort, and work
performance of their occupants. Therefore, indoor air quality, thermal comfort,
acoustics, and daylight levels are crucial factors to consider in order to ensure the
quality of life and overall well-being of building occupants. As suggested by
[192], retrofitting measures to improve building performance are expected to
result in energy savings by reducing energy demand and increasing indoor
comfort. In addition, several studies in the literature have shown how to quantify
the benefits of improving IEQ. According to [214], the CVM was used to estimate
the expected WTP per decibel (dB) reduction in external noise exposure. The
CVM was also applied in [215] to estimate consumers’ WTP for reducing health-
related problems in homes. In another study related to the impact of cold homes
on health issues, the authors highlight the key role played by retrofit measures
(e.g., envelope insulation, heating system improvements) in improving occupants’
well-being and reducing respiratory and cardiovascular diseases [216]. Finally, as
reported by the IPCC [217], significant health benefits in terms of respiratory
disease and air pollution reduction can be achieved by improving the efficiency of
fossil fuel-fired systems in combination with RES. At the macroeconomic level,
the COI methodology helps to capture the positive health benefits by translating
them into savings to public finances through reduced hospitalisation and
pharmaceutical costs [218].

Introduced subsidies and incentives

Among the benefits for investors, government incentives and subsidies for
retrofitting buildings or for installing renewable energy technologies are crucial.
In fact, these incentives can help investors in overcoming significant initial costs,
thereby reducing the payback period, and allowing them to realise a return on
their investment more quickly. For example, in 2020, the Italian government
introduced a financial incentive, known as Superbonus 110%, to involve a
significant amount of actions including the installation of renewable solutions
(heat pump technologies) with the aim of encouraging their installation in new
buildings or replacing existing heating systems still powered by fossil fuels [64].
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Elaboration from [160].

BENEFITS AND CO -BENEFITS

Reduced generation costs

Reduced ancillary service costs
Reduced congestion costs

Utility insurance saving

Improved public image of the utility

Reduced unemployment subsidy
Reduced hospitalization costs
Reduced tax revenue

Improved energy security

Reduced cost related to energy consumptions
Reduced outages events

Reduced mortality and morbidity risks
Improved IEQ

Improved health conditions

Reduced GHG emissions

Reduced indoor and outdoor pollutants
Improved IEQ

Improved health conditions

Increased urban vegetation

Increased RES

Fuel poverty alleviation

Reduced global cost

Increased real estate value

Revenue from sale on-site electricity production
Subsidies and incentives

of energy efficiency measures in buildings.

3.6 Key performance indicators in CBA

In the previous section 3.4, all costs and benefits associated with a project or
technology are evaluated to establish the CBA. According to [192], only the initial
investment costs and benefits (e.g., increase in real estate value) are considered in
the first year, and then the maintenance, energy and operating costs and all other
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benefits (e.g., reduction in GHG emissions, indoor environmental quality, etc.) are
included from the second year. The CBA allows different economic indicators to
measure the performance of a project, such as the NPV, IRR and the discounted
BCR. According to [219], each indicator is shown in Equations 3, 4 and 5
respectively.

In calculating NPV, the estimation process of discounting cash flows
allows the equivalent value of flows to be determined at the start of an investment
across various periods. Therefore, the NPV is described in Equation 3 as follows:

VR 3
NPV—;(l_r)t Co &)

where n represents the analytic horizon (usually 30 years), t refers to the cash-
flow period, F; stands for the net cash inflow during period t, C, refers to the
initial investment costs, and r indicates the discount rate. If NPV is greater than
zero, the investment benefits surpass the corresponding costs, implying that the
project can enhance welfare.

As the NPV does not provide an indication of the capital invested as an
economic cost, the IRR is used as the discount rate to make the NPV equal to zero
and to balance the positive and negative flows. Equation 4 provides a description
of the IRR indicator:

t
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where n represents the analytic horizon, t refers to the cash-flow period, F; stands
for the net cash inflow during period t, Cy refers to the initial investment costs,
and IRR 1is the International Rate of Return. For the investment to be
economically feasible, the IRR must exceed or equal a specific threshold of
acceptance.

The discounted BCR indicator is evaluated to improve the assessment of
socio-environmental impacts. The BCR is calculated by discounting the value of
both benefits and costs, according to Equation 5:

B
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where n represents the analytic horizon, t refers to the cash-flow period, B; is the

benefit in period t, C; is the cost in period t, and r is the discounted rate. The

BCR is an economic indicator which quantifies the production of social benefits
for every euro spent. If the BCR is major than 1, the project is considered
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appropriate as the benefits exceed the costs. The higher the indicator, the greater
the benefits exceed the costs.
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Chapter 4

TAQ and occupant health and well-
being

4.1 Overview

RQ4

How to demonstrate that the introduction on innovative air
filtration technology in HVAC systems can lead to multiple
benefits in terms of occupant health and performance?

Economic-financial methods able to monetize non -market
impacts (health -related and performance benefits)

Figure 18: Structure of Chapter 4.

The following chapter aims to demonstrate, through an application case study
in educational buildings, the need of transitioning towards an integrated approach
rather than a financially driven assessment. In fact, this approach will enable the
quantification and monetisation of benefits in terms of energy savings and
reduction of negative impacts on student and teacher well-being and performance.
Specifically, Chapter 4 provides a detailed response to RQ 4: “How to
demonstrate that the introduction on innovative air filtration technology in HVAC
systems can lead to multiple benefits in terms of occupant health and
performance?”. The following structure is presented: section 4.2 provides an
overview of the main context and objective of the case study, while section 4.3
outlines the methodology used to answer RQ 4. In section 4.4, the characteristics
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of the case study are defined, followed by the presentation of the main fundings
and conclusions in sections 4.6 and 4.7, respectively.

Keywords: air filter, schools, healthy building, learning performances.
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4.2 Background

In recent years, there was an increased focus on the health of building
occupants. This was influenced by the recent Covid-19 pandemic, which
highlighted the inefficiency of HVAC systems and the need for buildings to be
prepared to respond to this challenge. As early as 1987, the WHO [223] estimated
that 50% of the indoor biological contamination originated from the HVAC
system. Furthermore, several studies have identified HVAC systems as a major
source of indoor pollution [224],[225],[226]. Then, with the Covid-19 widespread,
the inadequacies of existing AHUs were highlighted by putting a strain on the
HVAC system. In fact, while HVAC systems are typically managed to minimise
energy use in buildings, the focus during the outbreak was on providing the right
indoor conditions for the health and performance of users [227]. As the risk of
infection is higher in crowded and poorly ventilated spaces, these considerations
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are essential in public environments (e.g., offices, hotels, schools, commercial
buildings, etc.) [228]. In response to the global crisis and in order to identify
appropriate measures to minimise the risk of SARS-CoV-2 transmission indoors,
international and national building authorities and associations have issued
specific guidelines for the correct design, operation and management of HVAC
systems [72]. Among the various guidelines, common preventive measures
include: (i) extending the operating hours of the systems; (ii) proper settings of
relative humidity and temperature set-points; (iii) increasing the outdoor air rate
and improving ventilation airflow patterns reducing the proportion of recirculated
air to reduce the risk of virus transport and avoid cross-contamination; (iv) the use
of ancillary equipment, including air filters, ultraviolet germicidal irradiation
systems for disinfection and portable air cleaners [72],[229]. Although these
measures reduce the risk of airborne transmission, they have a significant impact
on energy consumption. For example, a 50% increase in heating demand was
measured when the ventilation rate was increased from 0 to 50 m?/(h-person)
[230]. Similarly, the cost of HVAC systems increases by 2% to 10% when the
outdoor air rate is increased from 2.5 to 10 L/(s-person) [231]. In addition, the
effect of extended HVAC schedules on energy consumption was investigated in
[229], revealing a 128% increase in energy consumption when comparing normal
and pandemic periods. Therefore, restoring conventional HVAC system operation
requires the implementation of innovative technological solutions that deliver
favourable outcomes in terms of energy efficiency, indoor air quality, and
occupant health and productivity.

This study aims to investigate the benefits of advanced biocidal and
photocatalytic filtration technologies installed in AHUs in non-residential
buildings, not only to improve IAQ control, but also to enable energy savings
through the use of conventional HVAC operating strategies. However, while the
adoption of such technology has potential benefits, its high investment costs may
deter consumers from investing in it. According to [72], “evidence-based
research” capable of quantifying the multi-domain impacts of these innovative
technologies (e.g., social, economic, and environmental consequences) is
required. Therefore, as energy investment decisions are still driven by financial
decisions, there is a need to include externalities (e.g., occupant health and
productivity) in their assessment. To this end, CBA has proven to be an effective
tool to support energy investment decisions, monetising the benefits of AHU
configurations equipped with innovative technological solutions and
demonstrating that their higher investment costs could be fully recouped in the
long-term by the energy and socio-economic benefits [166],[169]. While energy
benefits can be easily quantified by simulating or measuring energy use,
monetising health and performance benefits is more straightforward [72].
According to [232], the benefits associated with providing healthy indoor
environments can be quantified by focusing on three main aspects: the increase in
property value, the increase in occupant productivity, and the reduction in health-
related costs for either individuals or society. The authors in [168] examined air
filtration solutions and found that the increased cost of investing in higher filter
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efficiency can be balanced by monetising the associated health benefits. In a
similar study, [167] reported that the installation of antibacterial filters resulted in
increased employee productivity and reduced healthcare costs, which fully
covered the higher investment and maintenance costs.

School buildings are widely recognised as important sites for SARS-CoV-2
transmission due to their high occupant densities, seating arrangements and
frequent contact between occupants, coupled with long periods spent indoors
[227],[228]. Therefore, creating a healthy classroom environment must be a
priority to promote the health and performance of both students and teachers.
According to a study in Swedish schools [233], the authors show that poor indoor
air quality has a direct impact on teachers' and pupils' health, increasing “the
societal burden through health costs, absenteeism, poor academic performance
and productivity losses”. Furthermore, a study conducted by [234] found high
levels of COz> in the classrooms of three schools in Kuwait. This indicates poor
IAQ, which poses significant health risks to pupils and negatively affects their
academic performance. These findings were also confirmed by [235], which
showed that poor classroom air quality has a significant impact on students'
cognitive abilities and skill development. According to a Norwegian study on the
respiratory health of schoolchildren, children exposed to CO> levels above 1,000
parts per million (ppm) had a higher risk of developing a dry cough [236]. In
addition, the authors in [237] highlighted critical limitations of the previous
literature, indicating areas requiring future research; among them, “the socio-
economic consequences of the effects on children’s health and performance in
classrooms should be considered”.

In light of the above, the present study focuses on the Italian context, where
schools generally have an unsatisfactory IAQ. The originality of the study lies in
the application of a widely-used evaluation technique in a rarely-explored domain,
specifically the energy sector, to assess the overall IAQ and its impacts on the
health and well-being of occupants. Specifically, the aim of this study is to
develop a CBA to estimate the health and learning impacts resulting from two
AHU configurations installed in Italian schools. These configurations are
representative of both Covid-19 (C) and post-Covid-19 (PC) conditions. By
examining different cost-benefit monetisation methods, the study aims to
demonstrate the need to move from a financially focused analysis of alternative
solutions to a more comprehensive approach. This approach should include the
ability to evaluate, quantify, and monetise individual and societal advantages in
terms of energy savings and minimised negative impacts on student health and
performance.

4.3 Methodology

This section presents the CBA framework used for the evaluation of the
aforementioned AHU configurations and the techniques used to quantify costs and
benefits. As described in Chapter 3, CBA provides an assessment in monetary
terms of the advantages and disadvantages of a project or technology by
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integrating financial and economic components. In particular, the study presents
its fundings through the application of the BCR indicator, which allows the
comparison between different options and a reference scenario in order to
determine the most advantageous solution. Therefore, the ABCR between PC and
C configurations (the latter identified as the reference scenario) is calculated as
shown in Equation 6:

2iB()pc — XiB(),
2iC(pc — XiC()c

ABCR = (6)

where B(i)pc and B(i). represent the discounted benefits of the post-Covid-19
and Covid-19 i-th configurations, respectively [€/y]; C(i)pc and C (i) are the
discounted costs of the post-Covid-19 and Covid-19 i-th configurations,
respectively [€/y]. If the ABCR is greater than 1, this means that the incremental
benefit exceeds the incremental cost over the reference option.

4.3.1 Financial impacts estimation

Based on an LCC analysis, a financial evaluation is carried out to estimate
all the costs associated with the AHUs. These costs, which are standardised at a
constant interest rate, include investment, maintenance, disposal, and replacement
items. In addition, the energy impact assessment includes the electricity
consumption used by fans and the energy sources used by generators to provide
heating (e.g., heat pump) and cooling (e.g., chiller) for the AHU coils.
Specifically, the energy consumption of fans is calculated for both C and PC
configurations according to Equation 7:

Energy consumptionggns=SFP X Q, X h [kWh] (7

where SFP is the specific fan power of the air movement system [kW-s/m?]
obtained by dividing the total electrical power absorbed by the fans (Psupply +
Prewrn) by the airflow rate (Qy), Q,, is the airflow rate [m®/s], h represents the total
AHU operating hours.

For both C and PC configurations, Equation 8 shows the calculation of the
energy consumption of the hot and cold AHU coils:

Energy consumption ,;;s= M [kWh] (8)
gen

where Pyt (or cota) T€Presents the hot or cold coils power [kW], h is the total

AHU operating hours, while 74, is the efficiency of the generation system used

for heating and/or cooling applications.

Therefore, the overall energy consumption is evaluated by adding the
energy consumption of fans (Eq. 7) and coils (Eq. 8). Then, the total energy
consumption is converted into an energy cost by multiplying it by the unit price of
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the energy source (0.20 €/kWh). The difference between the resulting energy
costs for the C and PC configurations represents the energy impact. As mentioned
above, it is important to clarify that the use of the ABCR can lead to financial
impacts that are either costs (if higher than the reference scenario) or benefits (if
lower than the reference scenario).

4.3.2 Health-related impacts estimation

According to [238], the economic burden of a disease on society is
evaluated using the COI method, which identifies, measures, and evaluates the
costs associated with the disease. The COI methodology is used in this study to
calculate the healthcare-related benefits, specifically the avoided costs to
individuals and society [239]. As described in Chapter 3, the COI can be divided
into three categories: (i) direct costs; (ii) indirect costs; (iii) intangible costs.
According to [240], the first category involves both healthcare and non-
healthcare expenses related to the treatment of the illness; indirect costs include
the productivity losses due to the sick patient’s absence from work; while
intangible costs are related to psychological consequences.

Due to a lack of data, this case study focuses only on direct and indirect
costs excluding intangible ones. To calculate the direct costs (Cq) related to both
students and teachers, the following Equation 9 is used:

Ca = Cireatment X tireatment X U[€] )

where Cireqtment represents the healthcare costs for treating students/teachers
[€/day], tireatment 18 the duration of treatment [day], i is the average incidence of
the disease among students/teachers [%].

The HCA method [203] is used to calculate indirect costs (C;). In a study
conducted in a school setting, the authors report that student absenteeism from
school can be calculated in economic terms as a proportion of the educational
services provided by teachers that remain an unused resource by the student due
to illness [241]. In other words, the indirect costs are related to the teacher’s
educational output (in economic terms) that cannot be used by the student due to
illness. This share of unused educational services can be expressed in monetary
terms according to Equation 10:

Ci = ((IPA X nteachers)/ tschool/nstudents)' tereatment 1 [€] (10)

where Ip, represents the mean annual per capita income from Public
Administration employment, i.e., the average yearly salary of a teacher [€/y],
tschoor refers to the school duration [days/y], while ngygenes indicates the total
number of students in the case study, tireqrment 1S the duration of treatment,
which is equal to the days of absence from school [days], i is the average
incidence of disease among the students [%].
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After estimating the direct and indirect costs associated with the disease
infection, the proportion of social costs avoided due to the presence of filtering
solutions (providing health benefits for the PC configuration) is calculated using
Equations 11 and 12 for students and teachers, respectively.

Health benefitstudent = (Cd + Ci) X %inactivation X tambient,student [€] (1 1)
Health benefitteacher = Cd X %inactivation X tambient,teacher [€] (12)

where C; and C; represent the direct and indirect costs [€], Yinactivation denotes
the percentage of filter inactivation of a specific virus or bacteria, and
tambient.student ANA tampient teacher refer to the time spend by students and
teachers in the classroom, respectively [%].

Indirect costs are calculated only for students, without considering any
possible quota resulting from teacher absenteeism.

4.3.3 Learning performance impacts estimation

To assess the impact of classroom air quality on academic performance, a
correlation between IAQ and learning outcomes is required. Students' academic
performance is typically assessed based on their ability to successfully complete
typical school tasks. In particular, according to [242], measures such as the speed
and accuracy at which schoolwork is completed are commonly used as markers.

The present study investigates the correlation between indoor CO:
concentration and student performance levels, using a fixed air flow rate through
the analysed AHUs. Specifically, the estimated relationship between the CO»
concentration in the classroom and the speed of schoolwork is calculated using
Equation 13 [242]:

Rspeea = (1.5 X 107 X C¢p,%) - (0.0005 X Cep,) + 1.3002 [%] (13)

where Rgpeeq 18 the relative speed at which schoolwork is performed [%] and C¢o,
represent the indoor carbon dioxide concentration [ppm].

As shown in Equation 13, to assess the performance of schoolwork,
classroom CO:> concentration is required. It can be calculated according to
Equation 14:

(14)

C =C + (nstudents X GCOZ,student)"‘(nteachersXGCOZ,teacher)X106
CO, — “out [

QuX(Nstudentst Nteachers)

ppm]

where C,,; 1s the outdoor CO; concentration [ppm], Nstydents AN Neegchers are
the number of students and teachers in classroom, G¢o, stugent and Geo, teacherar®
the CO; generation rate per student and teacher, respectively [Lco./(person)], and
q,, 1s the fixed ventilation rate [Lai/ (s-person)].
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Then, once the relative speed for both the C and PC configurations has
been provided, Equation 15 is used to assess the students’ performance benefit for
each configuration:

. _ Nteachers
Performance benefitgygent = (Rspeed X Ipy X —nstudents) X Ngtudents €] (15)

where Rgp,eeq represents the performance of schoolwork in terms of relative speed
[%], Ip, is the annual average salary of a teacher [€/y], and ngygents ANd Neachers
are the number of students and teachers in classroom, respectively.

The learning performance benefit of students is improved thanks to the
presence of innovative filtering solutions within the PC configuration. This is
quantified by annual revenue based on the share of educational services provided
by teachers.

4.4 Case study

Applying the CBA methodology described in the previous section, the
performance of two AHU configurations installed in four different types of Italian
schools, including pre-school, primary school, junior-high and high school, was
assessed. The analysis compared the benefits of innovative air filtration
technologies installed in the AHU during normal condition with the management
of the AHUs during pandemic emergency. Figure 19 shows the Covid-19 AHU
configuration. It consists of two standard ISO Coarse 55% pre-filters [243], one
on external air (1), the other one on return air (2), while on the supply air it is
installed a standard ISO ePM1 50% filter (3) [243].
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o Standard ISO Coarse 55% prefilter on external air
o Standard ISO Coarse 55% prefilter on return air
Standard ISO Coarse 55% ePM1 filter on supply air

Figure 19: Covid-19 AHU configuration. From [220].
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To avoid any cross-contamination, the rotary heat recovery system was
deactivated, and the recirculation damper was closed, allowing the AHU to
operate at 100% outdoor air rate.

In contrast, as shown by Figure 20, the post-Covid-19 configuration
consists of two standard ISO Coarse 55% pre-filters [243], one on external air (1),
the other one on return air (2), a biocidal ISO ePM1 50% filter for supply air (3),
and a photocatalytic filter for recirculated air (4). In this scenario, the rotary heat
recovery system was in operation, with a 50% recirculation rate. As described in
[167], the biocidal filter included an additional decontamination process to
eliminate airborne microorganisms (e.g., bacteria, moulds, viruses, and algae)
from the air. The bactericidal capacity of the biocidal filter was evaluated for two
types of bacteria, namely Staphylococcus Aureus (Gram-positive) and Escherichia
Coli (Gram-negative) [244]. As demonstrated by [244], this filter was able to
reduce Staphylococcus Aureus by 98% within 24 hours, and Escherichia Coli by
53% within 16 hours, ultimately reaching 90% reduction after 24 hours of contact
with the filter. Furthermore, the nanoparticles in this filter exhibited an effective
reactivity towards gaseous substances. Within the group of gases, the biocidal
filter can reduce the concentration of CO: in indoor environments by
approximately 1%, NO> concentration by 5% and SO concentration up to 20%.

The photocatalytic filter within the PC configuration employed a
photocatalyst process consisting of tungsten trioxide (WQO3) and visible Light
Emitting Diodes (LED), eliminating the need for UV light [245] and the presence
of harmful agents in the air, such as the SARS-CoV-2 virus. As stated by [245],
the system required low energy usage and maintenance requirements. According
to laboratory testing, the photocatalytic filter was assumed to have the ability to
fully deactivate the infective charge of the SARS-CoV-2 virus within 30 minutes
[245]. Furthermore, the photocatalytic filter had the capability to detect bacteria,
including Staphylococcus Aureus and Escherichia Coli, with a 99% reduction rate
over 24 hours. It also showed a reduction of 33.3% against adenovirus within 8
hours. With regard to its capability for reacting against gaseous substances, the
photocatalytic filter had the ability to decrease the concentration of CO2 by
roughly 12.5% in 60 minutes. However, it was ineffective against other gases
(e.g., NO; and SO»).
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Figure 20: Post-Covid-19 AHU configuration. From [220].

Both the C and PC configurations were set up to serve 7 classrooms, each
measuring approximately 50 m?. Each classroom was occupied by 1 teacher and
24 students, with a fixed airflow rate of 7.9 L/(s-person), as reported in [246]. To
assess the variances in costs and benefits associated with each type of school, the
same analysis was performed for the four case studies presented in the following
table. Table 2 shows the main characteristics of the different school typologies
considered for this study.

Table 2: Different school typologies and related parameters. From [220].

Pre-school Primary Junior high High school
(3-5 years) school school (12-18 years)
(5-10 years) (10-13 years)

School days 186 days/year 205 days/year 205 days/year 205 days/year

Daily opening

hours 7 hours/day 5 hours/day 6 hours/day 6 hours/day

Table 3 provides data on the power required by fans and by heating and
cooling coils for air treatment. As can be seen from the data, the use of a
recirculated air system and heat recovery resulted in lower heat loads for the PC
configuration, as indicated by the data. Specifically, 50% of outside air and 50%
of recirculated air were considered during the calculations. In this case, only 50%
of the air flows through the heat recovery system, causing a significant pressure
drop that compensates for the presence of the photocatalytic filter in the exhaust.
In contrast, the C configuration did not include either element, in line with the
emergency countermeasures implemented during the pandemic.
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Table 3: AHU configurations data from real systems. From [220].

Fans absorbed power [kW] Coils requested power [kW]

Supply Return Heating Cooling
(Psupply) (Pretum) (Phot) (Pcold)
C configuration 1.44 0.96 42.1 44.9
PC configuration 1.05 0.80 4.70 27.7

For the calculation of the electricity consumption used by fans in both C
and PC configurations, a total airflow rate (Qy) of 5,000 m*/h (equal to 1.4 m?¥/s)
was considered for each case study typology.

Furthermore, it is crucial to specify for the AHUs comparison that the C
configuration was supposed to remain operational 24 hours per day, whereas the
PC configuration should only be activated during occupancy, with an extra two
hours for the AHU pre-activation phase. The following Table 4 aims to
summarise the total AHU operating hours per each school typology.

Table 4: AHU operating hours for each school typology.

Pre-school Primary Junior high High school
(3-5 years) school school (12-18 years)
(5-10 years) (10-13 years)
C configuration 4,464 h 4,920 h 4,920 h 4,920 h
PC configuration 1,714 h 1,505 h 1,647 h 1,647 h

Both configurations were fully electric, with the heating and cooling coils
served by a heat pump and a chiller using the average performance (1ger) of
commonly available technology markets. The Coefficient Of Performance (COP)
and Energy Efficiency Ratio (EER) were assumed to be equal to 4 [84].

To conclude, the CBA was developed over a period of 10 years. As
recommended by the European Commission [247], benefits and costs were
actualised using an annual discount rate of 3%.

4.4.1 Financial valuation

The financial analysis accounted for the annual energy consumption
expenses of C and PC configurations, as well as the investment, maintenance,
replacement, and disposal costs of each filter installed in both configurations. The
cost items related to the other components of the AHUs were not included as they
are the same for both configurations. Real market data was used for the
assessment of expenditure on AHUs and filters. Specifically, to assess the energy
costs linked to the AHU configurations, an electricity price of about 0.21 €/kWh
was used [248]. While the main costs associated with each filter technology are
shown in Table 5. The duration in brackets indicates the number of months the
filter will operate before maintenance or replacement is required.
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Table 5: Costs related to each air filter technologies. From [220].

Standard pre- Standard filter Biocidal filter

filerISO  ISOePMI  ISO ePMI Ph"t%‘;:fly“c
Coarse 50% 50% 50%
Investment cost 20 € 120 € 310 € 600 €
) 50 € 50 €
Maintenance cost (2 months) 0€ 0€ (2 months)
Replacement cost 20 € 120 € 310 € 600 €
P (4months) (8 months) (8 months) (40,000 h)
Disposal cost 05€ 05€ 05€ 05€

As shown in the table above, it is important to emphasised that the
investment cost of the biocidal filter ISO ePM1 50% is more than double that of
the standard filter ISO ePM1 50%. In contrast, the cost of the photocatalytic filter
is almost twice that of the biocidal filter. The total investment costs for the two
AHU s, including the filter costs shown in Table 5, are 15,700 € and 16,670 € for
the C and PC configurations, respectively. This cost item is exclusively accounted
for in the initial year of the CBA.

With regard to the pre-filter ISO Coarse 50%, both configurations include
two pre-filters (as shown in Figures 19 and 20). Therefore, considering that the
two pre-filter has to be serviced 3 times a year, because the other 3 times it is
directly replaced, the total maintenance and replacement cost is 300 € and 120 €
for each year, respectively. Consequently, as the two pre-filter require to be
replaced 3 times per year, the total disposal cost amounts to 3 € annually.

Furthermore, the maintenance costs of both the standard and biocidal filter
ISO ePM1 50% are equal to 0 € because no maintenance is done on these filters,
but they are directly replaced after 8 months of operation. Consequently, the
replacement cost related to standard and biocidal filter ISO ePM1 50% is 120 €
and 310 € in the first year, respectively. While in the second year they are
replaced twice resulting in replacement costs of 240 € and 620 €, respectively.
For the same reason, the disposal costs for both filters are equal to 0.50 € in the
first year and 1 € in the second year (the same pattern is repeated in the following
years for both maintenance and disposal costs).

Finally, as the photocatalytic filter requires maintenance 3 times a year,
resulting in a yearly maintenance cost of 150 €. Exceptions occur in the fifth and
tenth year, when the filter is replaced, and therefore maintenance is only required
twice at a cost of 100 € each time. A replacement cost of 600 € has to be
considered every five years of operation, as well as a filter disposal cost of 0.50 €.
Accordingly, replacement and disposal costs are considered only twice in the
CBA.
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4.4.2 Health benefits evaluation

To evaluate the health benefits for both students and teachers associated
with the presence of innovative filtering technologies in the PC configuration, the
COI method was applied by estimating the economic impact, in terms of direct
and indirect costs, associated with respiratory diseases caused by viruses
(including SARS-CoV-2 virus and Adenovirus), and bacteria (including
Staphylococcus Aureus and Escherichia Coli). In fact, as mentioned above, the
biocidal filter ISO ePM1 50% installed in the PC configuration was effective
against Staphylococcus Aureus and Escherichia Coli bacteria with a reduction
capacity of 98% and 90% in 24 hours, respectively [244]. The photocatalytic filter
in the PC configuration was capable of completely inactivating the infectious load
of the SARS-CoV-2 virus within 30 minutes, as well as detecting bacteria,
including Staphylococcus Aureus and Escherichia Coli, with a reduction rate of
99% over 24 hours [245]. It also showed a 33.3% reduction against Adenovirus
within 8 hours.

SARS-CoV-2 virus and Covid-19 disease

The SARS-CoV-2 virus was known to be the cause of Covid-19, the name
of the disease that was associated with the virus. A range of clinical
manifestations, from asymptomatic to critically ill, can occur in patients infected
with SARS-CoV-2 virus. According to [249], clinical manifestations can be
categorised as follows: (1) asymptomatic infection, mild and/or moderate disease,
including patients requiring home treatment to avoid hospitalisation; (2) severe
disease, including patients requiring hospitalisation and, if necessary, oxygen
therapy; and (3) critical disease, including patients requiring intensive care unit
(ICU) treatment [249]. Depending on the severity of the disease, different types of
treatment were recommended. For the first category, treatment was usually based
on three different types of medication: paracetamol, non-steroidal anti-
inflammatory drugs (NSAIDs) such as aspirin or ibuprofen, which were used for
fever or muscle pain, and monoclonal antibodies, which were only allowed for
patients over 12 years old [250]. Covid-19 required hospitalisation for an average
of 11.3 and 15 days for severe and critical diseases, respectively [251]. Table 6
summarises the main cost parameters used to calculate the direct healthcare costs
associated with Covid-19 disease.

Table 6: Real data used to calculate direct health costs per patient associated with
Covid-19 disease. From [220].

Direct costs per

patient Source
Cost of home treatment for patients with
mild/moderate disease:
- paracetamol 5.40€ [252]
- NSAID 16.90 € [252]
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- monoclonal antibodies 1,500 € [253]

Daily cost of hospitalization for patients with

severe disease 709.7€ [251]

Daily cost of hospitalization in ICU for

patients with critical disease 1,680.6 € [251]

For both students and teachers, the total direct costs associated with each
case study were calculated in the same way. First, the average weekly Covid-19
incidence by age group in Italy for 2021 was calculated using data from [254].
The incidence rate was resulted equal to 0.14% for students aged 3 to 9 and 0.19%
for students aged 10 to 19. These data were then used to estimate the average
annual Covid-19 incidence for students in the four case studies by multiplying
them by the number of weeks in a year. Specifically, considering 52 weeks in a
year, the average annual Covid-19 incidence rate is 7.4% for students aged 3 to 9
and 9.8% for students aged 10 to 19. Subsequently, based on data on the age
distribution of teachers in different school years [255], the average annual Covid-
19 incidence for teachers was estimated equal to be about 7% for all the case
studies. Furthermore, according to [254], the percentage distribution of students in
relation to the severity of the illness can be summarised as follows: about 99% of
cases were treated at home, hospitalization was required for 0.5% to 0.9% based
on student age groups, and approximately 0.02% received treatment in the ICU.
For those students who did not require hospitalisation, it was assumed that 70%
would require home treatment with paracetamol and 30% with NSAIDs. While
the percentage distribution of teachers was assessed according to [256], resulting
in 96% of cases treated at home, 3.5% hospitalised, and 0.5% required ICU
hospitalisation. For the percentage of teachers who did not require hospitalisation,
it was assumed that 68% would require home treatment with paracetamol, 30%
with NSAIDs and the remaining 2% would be treated with monoclonal antibodies.
Once the direct costs were estimated for each severity disease category according
to Equation 9, the sum of the costs derived from home treatment, hospitalisation,
and ICU hospitalisation for both students and teachers provided a comprehensive
view of the total direct costs associated with each case study.

Indirect costs were estimated using the average annual per capita income
from employment in the Public Administration, which is 28,351 € for school staff
[257]. According to Equation 10, the indirect costs were calculated by considering
the days of absence from school equal to the 21 days of quarantine. As mentioned
in section 4.2, the calculation of indirect costs was performed only for students,
not considering the quota potentially associated to teachers’ absence from school.
Figure 21 shows the direct and indirect costs associated with Covid-19 for both
students and teachers in each case study.
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Figure 21: Direct and indirect cost associated to Covid-19 disease for the different
school typologies.

Finally, the health benefits of the PC configuration in each case study were
assessed by calculating the proportion of costs avoided due to the presence of the
photocatalytic filter. According to Equation 11, to estimate the health benefits
related to students, the costs (direct and indirect) were summed and then
multiplied by the percentage of SARS-CoV-2 virus filter inactivation (100% due
to the presence of the photocatalytic filter in the PC configuration) and the
proportion of time that both students and teachers spend in the classroom (15% in
pre-school, 13% in primary school, and 12% in junior high and high schools,
based on the number of school days and the time spent inside daily, as shown in
Table 2). For the evaluation of the health benefit related to teachers, only the
direct costs were considered in accordance with Equation 12.

The overall health benefit of each case study in terms of cost reduction due
to the presence of the photocatalytic filter in the PC configurations comprise the
combination of health benefits for students and teachers (Figure 25).

Staphylococcus Aureus, Escherichia Coli, Adenovirus and Community-
Acquired Pneumonia disease

According to the National Institute of Health (NIH) [258], the pneumonia
was a respiratory infection that affects one or both lungs and is caused by bacteria
or viruses. Specifically, viral pneumonia accounted for about 30% of all
pneumonia cases in adults and 20% in children (aged from 0 to 18 years) [259].
Consequently, bacterial pneumonia accounted for the majority of pneumonia
cases in both adults (70%) and children (80%). According to epidemiological
criteria, pneumonia can be divided into Community-Acquired Pneumonia (CAP),
which occurred outside hospitals; Hospital-Acquired Pneumonia (HAP), which
occurred in the hospital environment and has clinical symptoms after 48 hours of
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hospitalisation; and Ventilator-Associated Pneumonia (VAP), which occurred 48
hours after endotracheal intubation [260]. In this study, the focus is on CAP, as
the school environment is the setting for all the research. According to [261], CAP
can be attributed to several bacteria and viruses divided as follows: Streptococcus
pneumoniae (10-60%), Chlamydophila pneumoniae (5-43%), Mycoplasma
pneumoniae (13-37%), Hemophilus influenzae (2-12%), Legionella (2-12%),
Staphylococcus Aureus (1-10%), Gram-negative (10%, e.g., Escherichia Coli),
and viruses (15-36%, e.g., Adenovirus). For the purpose of the analysis, only
Staphylococcus Aureus, Escherichia Coli and Adenovirus were considered, as
they were the main bacteria and viruses against which innovative filter solutions
in PC configuration were effective. Specifically, according to the percentages
above, the study considers Staphylococcus Aureus to be responsible for 6% of
CAPs, as well as Escherichia Coli and Adenovirus for 10% and 15%,
respectively.

According to [262], CAP was diagnosed by auscultating the lungs with a
stethoscope and reading the chest radiography (two chest x-rays are required for
the treatment of pneumonia, one at the beginning and one at the end of any type of
treatment). Depending on the organism responsible, antibiotics or antiviral drugs
were administered to the patient [262]. In detail, as reported by [263], clinical
manifestations can be categorised as follows: (1) low severity CAP, including
patients who require home treatment to avoid hospitalisation; (2) intermediate or
high severity CAP, including patients who require hospitalisation and, if
necessary, oxygen therapy. Depending on the severity of the disease, different
types of treatment were recommended. For patients who required home care, the
treatment varied according to the type of microorganism responsible for the
inflammatory process; bacterial CAP was usually treated with antibiotics (e.g.,
amoxicillina), while viral CAP treatment usually relied on two different types of
medication: paracetamol and NSAIDs (such as aspirin or ibuprofen) [262]. In this
category of patients, additional costs associated with outpatient management
should also be considered [264]. As mentioned above, the second category
included patients who required hospitalisation. For both adults and children, the
average hospital stay for CAP was about 10 days [265]. Table 7 summarises the
main cost parameters used to calculate the direct healthcare costs per patient
associated with both bacterial and viral CAP.

Table 7: Real data used to calculate direct health costs per patient associated with
bacterial and viral CAP. Elaboration from [167].

Direct costs per

. Source
patient
Cost of home treatment for patients with
bactericidal CAP:
- antibiotic 6.50 € [252]
Cost of home treatment for patients with viral
CAP:
- paracetamol 540 € [252]
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_NSAID 16.90 € [252]

Chest radiography ticket cost 31€ [266]

Cost for outpatient management 182 € [264]

Daily cost of hospitalization for adults with
complications @ 3,558 € [267]
(> 17 years old)

Daily cost of hospitalization for adults
without complications 2,291 € [267]
(>17 years old)

Daily cost of hospitalization for children

(< 17 years old) 1,948 € [267]

(D chest radiography ticket cost (15.50 €, to be considered twice)
@ complications include acute respiratory distress syndrome, lung abscesses, sepsis

For both students and teachers, the total direct costs associated with each
case study were calculated in the same way. First, the average annual incidence of
CAP by age group was calculated using data from [268]. This resulted in an
incidence rate of 1.85% for 2-5 years, 1.4% for 5-10 years, 0.95% for 10-13 years,
and 0.65% for 13-18 years. Subsequently, according to [269], the average annual
CAP incidence among teachers was estimated to be 0.9% for all the case studies.
Furthermore, the percentage distribution of students in relation to the severity of
illness was derived from [270]. The authors showed that 0.3% of the cases
required hospitalisation and, consequently, the remaining 99.7% were treated at
home. In the same way, the percentage distribution of teachers was assessed
according to [269], resulting in 8% of cases requiring hospitalisation and 92%
being treated at home. For the percentage of teachers requiring hospitalisation, it
was assumed that the hospitalisation rate for CAP with complications is 60%,
while the remaining 40% represents the hospitalisation rate for CAP without
complications [265].

Once the direct costs were estimated for each severity disease category
according to Equation 9, the sum of the costs derived from bacterial and viral
CAP home treatment and hospitalisation, for both students and teachers, provided
a comprehensive view of the total direct costs associated with each case study.

As for the estimation of indirect costs associated to Covid-19, the average
annual per capita income from employment in the Public Administration (28,351
€) was used to assess the indirect costs associated to CAP. According to Equation
10, the indirect costs were calculated by considering the days of absence from
school, which correspond to the average hospital stay (10 days). Figure 22 shows
the direct and indirect costs associated with CAP for both students and teachers in
each case study.
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Figure 22: Direct and indirect cost associated to CAP disease for the different
school typologies.

Finally, the health benefits of the PC configuration in each case study were
assessed by calculating the proportion of costs avoided due to the presence of the
biocidal and photocatalytic filters. Specifically, since both the biocidal and
photocatalytic filters were able to reduce the presence of Staphylococcus Aureus
and Escherichia Coli in the environment, the highest filtration capacity among the
filters presented in the PC configuration was considered, which correspond to
99% reduction of both bacteria thanks to the presence of the photocatalytic filter.
On the other hand, only the photocatalytic filter was effective against Adenovirus,
with a reduction of 33.3%. Each of these percentages was multiplied by the
percentage of responsibility of each bacterium or virus in causing CAP (6%
Staphylococcus Aureus, 10% Escherichia Coli and 15% Adenovirus) in order to
define the percentage of reduction of bacteria and viruses in all the case studies.
Then, according to Equation 11, to estimate the health benefits related to students,
the costs (direct and indirect) were summed and then multiplied by the sum of the
percentage of bacteria and virus reduction due to the use of photocatalytic filter
(equal to 20.3%) and the proportion of time spent by both students and teachers in
the classroom (15% in pre-school, 13% in primary school, and 12% in junior high
and high schools, based on the number of school days and the time spent inside
daily, as shown in Table 2). For the evaluation of the health benefits related to
teachers, only the direct costs were considered according to Equation 12.

The overall health benefits of each case study in terms of cost reduction
due to the presence of biocidal and photocatalytic filters in the PC configurations
included the combination of health benefits for students and teachers (Figure 25).
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4.4.3 Students’ learning performance evaluation

As reported in section 4.3.3, the present study investigates the correlation
between indoor CO> concentration and student performance levels in terms of
relative speed. Specifically, to evaluate the relative speed of schoolwork, it was
necessary to measure the CO> concentration in the classroom. According to
Equation 14, the CO; concentration for the C configuration was calculated to be
750 ppm, considering the CO> generation rate of 0.0039 L/(s-person) for students
and 0.0052 L/(s-person) for teachers [84]. Subsequently, the CO, concentration in
the C configuration was reduced based on the highest CO; filtration capacity
among the filters presented in the PC configuration, which was 12.5% due to the
presence of the photocatalytic filter, in order to evaluate the indoor CO2
concentration in the PC configuration. After calculating the CO: reduction
capacity in the PC configuration as 94 ppm, the vale obtained was subtracted from
the CO2 value in the C configuration, resulting in 656 ppm. Subsequently,
according to Equation 13, the relative speeds of each configuration were
calculated. The results showed that the students' performance increased by 3% in
the PC configuration compared to the C configuration. Finally, the student
performance benefit for each AHU configuration was calculated using Equation
15, considering the average annual salary of teachers (Ipa) which amounts to
28,351 € [223]. The benefit obtained for each AHU configuration was the same
for all the case study typologies.

Teachers' productivity was not evaluated in this study, as no link with
indoor CO; concentration was identified in the current literature.

4.5 Results and discussion

This section provides the results of the CBA application, starting with the
evaluation of the main costs associated with both C and PC AHU configurations,
as well as the quantification of the main impacts (either negative or positive).

According to section 4.4.1, the investment, maintenance, replacement, and
disposal costs of each filter installed in both C and PC configurations are
estimated. As the costs of the AHUs vary yearly depending on the characteristics
of each filter installed (Table 5), Figure 23 shows the annual total costs over a 10-
year period related to both C and PC AHU configurations.
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Figure 23: Total costs per year related to C (green) and PC (red) AHU
configurations.

The total costs associated with each AHU configuration are the same for
all case study typologies. As shown in the figure above, the costs are higher in the
PC configuration than in the C configuration due to the presence of both the
biocidal ePM1 50% and the photocatalytic filters which require higher
investment, maintenance, and replacement costs according to Table 5.

According to section 4.3.1, the energy impact assessment includes the
electricity consumption used by fans (Eq. 7) and the energy sources used by
generators to provide heating and cooling for the AHU coils (Eq. 8). For all the
case study typologies, Figure 24 shows the main results for the C and PC
configurations regarding electricity consumption. Specifically, the electricity
consumption of the fans is approximately 11,000 kWh/y and 3,000 kWh/y for the
C and PC configurations, respectively. While the coils consume approximately
51,000 kWh/y and 55,000 kWh/y in the C configuration for heating and cooling
purposes, respectively. In the PC configuration, the electricity consumption
related to hot and cold coils is around 2,000 kWh/y and 11,000 kWh/y,
respectively.
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Figure 24: Electricity consumption referred to the operational of the different
school typologies. From [220].

Therefore, the overall energy consumption for the C and PC configurations
is evaluated by adding the energy consumption of fans and coils. Then, the total
energy consumption for each case study is converted into an energy cost by
multiplying it by the unit price of the energy source (0.20 €/kWh [248]). The
results reveal that the energy cost associated with the C configuration is 22,450
€/y in pre-school and 24,750 €/y in primary, junior-high and high school. While
the energy cost related to the PC configuration accounts for 3,550 €/y in pre-
school, 3,120 €/y in primary school and 3,400 €/y in junior high and high school.
As mentioned in section 4.3.1, the ABCR can lead to financial impacts that are
either costs (if higher than the reference scenario) or benefits (if lower than the
reference scenario). In this application, as the C configuration is set as reference
scenario and the energy costs are lower in the PC configuration, the difference
between the resulting energy costs of the C and PC configurations represents the
energy benefits for the PC configuration.

Figure 25 shows the results in terms of energy-, occupants health- and
students’ performance-related benefits associated with both C and PC
configurations, comparing all case studies.
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Figure 25: Energy-, health- and performance-related benefits referred to the
operational of the different school typologies. From [220].

In the light of the above, there are no energy and health benefits for the C
configuration. Therefore, the energy costs are calculated as a benefit for the PC
configuration, resulting in a total of 18,898 €/y in pre-school, 21,620 €/y in
primary school and 21,330 €/y in junior high and high school.

Similarly, the health benefits are calculated using the COI method in terms
of cost savings associated with the use of the PC configuration, which amount to
483 €/y in pre-school, 325 €/y in primary school, 561 €/y in junior high school
and 600 €/y in high school. The results differ for each type of school, as they
depend on variations in the parameters associated with the children's age groups.
These parameters include the incidence rate of Covid-19, the distribution
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percentage of patients, as well as the duration of the school year and the amount
of time spent in the classroom.

With regard to the benefits in terms of student performance, they were
calculated for both the C and PC configurations, resulting in values of 200,357 €/y
and 205,735 €/y, respectively, for all case studies. For pre-schools, where children
aged 3-5 years do not perform typical school tasks, the value of the performance
benefit is zero and is therefore not considered.

The final step is to calculate the ABCR between the C and PC
configurations once the costs and benefits of each configuration are established.
Setting the C configuration as the reference scenario, the comparison between the
C and PC configurations shows that the PC configuration incurs higher costs in
terms of investment, maintenance, replacement, and disposal (due to the presence
of innovative filtering solutions). However, it offers significant benefits in terms
of energy efficiency, health and performance compared to the C configuration.
Subsequently, the difference in total costs (A total costs) and total benefits (A total
benefits) between the two scenarios (C and PC configurations) are assessed.
Specifically, costs include those associated with the lifecycle of system
components, while benefits are the sum of energy-, health- and performance-
related benefits. Finally, the A total costs and A total benefits are actualized for a
10-years period using a 3% annual discount rate, obtaining the ABCR (according
to Equation 6) for the four case studies, as shown in Table 8.

Table 8: Incremental BCR outputs: C vs. PC configuration. From [220].

A benefits A costs A BCR
Pre-school 165,329.1 € 5,524.9 € 29.92
Primary school 233,079.3 € 5,524.9 € 42.19
Junior high school 232,612.4 € 5,524.9 € 42.10
High school 232,949.6 € 5,5249 € 42.16

As shown in the table above, the ABCR exceeds 1 in all case studies,
indicating that despite the higher cost of the PC configuration, its greater
advantages in terms of energy efficiency, occupant health and student learning
performance make it a more favourable scenario. Furthermore, Table 5
demonstrates that the A benefits associated with pre-school are lower due to the
exclusion of student performance benefits. As shown by the results, the majority
of the A benefits are related to energy, highlighting the unsustainability of
implementing energy-intensive HVAC systems as a pandemic emergency
measure, as well as emphasising the importance of identifying solutions that
provide healthy indoor environments with minimal energy impact on buildings.
To conclude, the CBA allowed the consideration of additional externalities
beyond costs. Specifically, the innovative biocidal and photocatalysis-based
filtration technologies implemented in PC AHU configurations were assessed not
only financially, but also from a socio-economic perspective, considering
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advantages such as energy efficiency, improved occupant health and well-being,
and improved student performance.

All cost and benefit data used to develop the CBA for both C and PC
configurations are presented in Appendix B, organised by case study typology.

4.6 Conclusions and future developments

The Covid-19 pandemic highlighted the inadequacies of AHU’s
technologies and system management, raising attention on the ability of HVAC
systems to provide safe and healthy buildings for occupants. Specifically, the
management of mechanical ventilation systems in school buildings is critical for
reducing SARS-CoV-2 transmission, as they are considered critical hotspots due
to high population densities and extended school hours. In fact, mechanical
ventilation not only reduces the spread of the disease, but also contributes to the
creation of a healthy environment for student health and performance. This study
aims to identify proper methodological approaches able to quantify the benefits of
advanced biocidal and photocatalytic filtration technologies installed in AHUs of
non-residential buildings, not only to improve indoor air quality control, but also
to enable energy savings through the use of conventional HVAC operating
strategies. In fact, while the adoption of such technologies has potential energy
and socio-economic benefits, the high investment costs may deter consumers from
investing in them. For this reason, in order to support energy investment decision
making processes, this study identifies and applies the CBA methodology to
estimate the effects of two AHU configurations that accurately reflect Covid-19
and post-Covid-19 conditions. These configurations are installed in four
typologies that are representative of Italian schools (pre-school, primary, junior
high and high school) facing urgent intervention needs due to critical air quality
conditions. The results show that the introduction of advanced filtering
technologies in AHU configurations can significantly contribute to energy
savings, as well as to improve health and performance of teachers and students,
despite the high investment costs. Specifically, the CBA shows that the PC
configuration, featuring both biocidal and photocatalytic air filters, can ensure a
significant ABCR (approximately 30 for pre-school and over 40 for the other case
studies) when compared to the C configuration. Furthermore, the majority of the A
benefits are linked to the energy benefits achieved by the PC configuration. The
purpose of the study was to verify the methodology chosen to understand the
criticality of data collection. In fact, the study is not intended to provide
comprehensive results, but rather to suggest a methodology that can be applied to
other emerging technologies.

Future work will focus on the extension of the developed CBA
methodology to other public areas, such as offices, hotels, and commercial
buildings. In addition, statistical analyses (such as the coefficient of
determination, R?) will be developed to test the accuracy of the hypothesis. The
investigation and application of other evaluation methods, such as the MCDA
might be an interesting focus to explore. The MCDA is a tool for evaluating
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multiple qualitative and quantitative criteria simultaneously, considering the
various perspectives of decision makers involved in the process [271].
Specifically, this approach could be incorporated into the analysis to evaluate
additional benefits that are difficult to monetise. Furthermore, it would be
interesting to extend the present analysis performed in typical school buildings
located in Italy, to other countries and climatic zones.
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Chapter 5

Energy efficiency and
electrification in buildings

5.1 Overview

RQ5

How to demonstrate that the introduction of heat pump
technology in heating and cooling systems can lead to more
energy efficiency and environmental benefits in buildings?

PENETRATION IN TERMS OF

TECHNOLOGICAL REPLACEMENT

I
I
Energy efficiency and environmental impacts comparison I

with a condensing boiler |

Figure 26: Structure of Chapter 5.

The following chapter aims to demonstrate the effectiveness of air-to-water
heat pumps as an alternative to the traditional condensing boilers in residential
buildings. Chapter 5 provides a detailed response to RQ 5: “How to demonstrate
that the introduction of heat pump technology in heating and cooling systems can
lead to more energy efficiency and environmental benefits in buildings?”.

The following structure is presented: section 5.2 aims to explore the current
and forthcoming legislations and standards relating to reversible heat pump
technology. Section 5.3 provides an overview of the main context and goal of the
case study, while section 5.4 outlines the methodology used to answer RQ 5.
Section 5.5 defines the characteristics of the case study, followed by the
presentation of the main findings, conclusions and future developments in
sections 5.6 and 5.7, respectively.
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pp. 1555-1562 [273].

5.2 Regulations and standards for implementing
reversible heat pump technology

In recent years, the focus on energy efficiency and environmental
sustainability had a major impact on the building heating market. The search for
more environmentally friendly and energy efficient products has led to the
emergence of technological solutions that do not use fossil fuels. According to
section 2.4.2, the demand for efficient and sustainable technologies was driving
the European air-conditioning market towards a greater use of heat pumps.
Specifically, heat pump systems are becoming more and more widespread as they
represent the preferred choice for renovation projects and the mandatory choice
for new buildings. In fact, the development of the market in this direction was
encouraged by incentives and tax deductions available to those who choose new
generation equipments to improve the energy efficiency of their homes. As
emphasised by [274], HVAC systems will play a crucial role in addressing the
current energy challenge, in particular the heat pump technology, which offers
numerous benefits, including (i) reduced the CO; emissions through the use of
RES; (ii) reduced energy consumption and costs; (iii) possibility of integration
with other green technologies; (iv) increased energy performance and property
value; (v) possibility of benefiting from the tax deductions.

Heat pump technologies are already competitive in the current building
energy market, but the regulations are constantly changing. Therefore, it is
essential for producers and consumers to have a clear understanding of the
regulatory context in which they operate. For this purpose, to provide guidance to
producers wishing to keep abreast of recent regulatory developments and to meet
the minimum requirements for introducing high performance technologies to the
market, a literature review was performed to examine the current and forthcoming
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regulations and standards relating to reversible heat pump technology.
Specifically, this review analysed the main European directives, the Italian
national legislation, and the Piedmont regulations with the aim of providing
producers with a map of the rules and constraints they have to comply with.

Figure 27 provides an overview of the key findings, emphasising the range of
geographical competencies explored. The research began with an analysis of
current and forthcoming European directives relating to energy efficiency and
renewable energy, before subsequently narrowing the geographical scope to
national and regional levels.

: Energy efficiency Renewables
I
I Energy - Energy Energy Energy Renewable
1 - Performance .
I related Labelling of Buildin: Efficiency Energy
1 Products Directive Dircc tiveg Directive Directive
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Figure 27: Overview of the European Directives, Italian national legislation and
Piedmont Regulations relating to energy efficiency and renewable sources.
Elaboration from [272].

Figure 27 provides an overview of the main regulatory context related to
reversible heat pump technology. At the European level, the Energy-Related
Products (ErP) (Directive 2009/125/EC [275]), the Energy Labelling Directive
(ELD) (Directive 2010/30/EC [276]), the Energy Performance of Buildings
Directives (Directive 2002/91/EC [37], Directive 2010/31/EU [38], Directive
2018/844/EU [6]), the Energy Efficiency Directives (Directive 2012/27/EU [43],
Directive 2018/2022/EU [44]) and the Renewable Energy Directives (Directive
2009/28/EC [49], Directive 2018/2001/EU [51]) were detected, highlighting the
most recent regulations and directives [277],[278], [47],[46],[55].

Then, to illustrate the typical Mediterranean context, Italian legislation was
thoroughly examined. The wide latitude of the peninsula results in a variety of
climatic conditions, with the central and southern regions having a distinct
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Mediterranean climate, while some northern regions have an Alpine climate. In
this regard, Figure 27 shows the main legislative decrees [279],[280],[281],[282]
as well as the Ministerial Decree of 26 June 2015 [84], which act as the
implementation of the European Directives mentioned above. Specifically, in
Annex B of the Ministerial Decree, the specific requirements for existing
buildings that are subject to energy upgrading, as well as the main requirements
(COP and EER) for heat pumps and chillers were established [84]. In addition, at
the Italian level, the reference standard for calculating and analysing the seasonal
performance of heat pumps was the UNI EN 14825:2019 [283]. This standard
defined the method for determining the Seasonal Energy Efficiency Ratio (SEER)
for cooling and the Seasonal Coefficient of Performance (SCOP) for heating
[283]. Furthermore, a key role was also played by the UNI/TS 11300-4:2016
Standard [284]. It was used to verify the performance parameters of reversible
heat pumps with electrical resistance, which were provided by manufacturers for
the calculation of energy demand at national level [284].

Finally, the main focus concerns the legislation of the Piedmont region [285],
emphasising the disparity in the minimum requirements compared to the national
level. It was examined not only as an example of a regional framework, but also
as one of the first Italian regions to legislate independently in the field of energy.

After analysing the requirements outlined in [84] and [285] for electric
reversible heat pumps in Italy and Piedmont, respectively, Table 9 presents the
necessary test conditions needed for heating services. The values for cooling
services are not analysed as they are identical to those required at national level.

Table 9: Minimum requirements and reference conditions for electric reversible
heat pump for heating service. From [272].

Italy Piedmont
DM DGR
26/06/2015 04/08/2009
Outdoor Indoor
Type of heat environment environment COP
pump temperature temperature
conditions conditions
Dry bulb =7°C mn o
Wet bulb = 6°C Dry bulb =20 °C 3.2
Air/Air Drv bulb — -7°C 3.5
ry bulb = - — o
Wet bulb = 6°C Wet bulb = 15°C 2.7
Water/Water Dry bulb=7°C  Tinet = 30°C 38 32
Ph<35kW Wetbulb=6°C  Toutet = 35°C ) )
Water/Water Dry bulb =-7°C  Tinlet = 30°C 35 27
Ph>35kW Wetbulb=6°C Toutet =35°C ) )
Brine/Air Tintet = 0°C Dry bulb =20°C 4 4

Wet bulb = 15°C
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Tinlet = 30°C

Brine/Water  Tinlet = 0°C Toutlet = 35°C 4 4
. Twe=15C  Dry bulb=20°C
Water/Air Toutlet = 12°C Wet bulb = 15°C 4.2 4
. _1pe Tintet = 30°C
Water/Water Tinler = 10°C Touttet = 35°C 4.2 4

The main results of this analysis are a detailed guide for producers in the field
of reversible heat pumps and an illustration of the difficulty of providing a clear
regulatory framework. Contrary to expectations, a comparison of the minimum
performance requirements outlined in Italian legislation and those set by the
Piedmont region reveals that the latter are actually less restrictive. This
discrepancy may be due to the fact that the national regulation is more recent than
the regional one. However, as each region can legislate independently on energy
issues, the Piedmont region now has to comply with both regulations, which can
lead to confusion in identifying the minimum performance requirements for
effective reversible heat pumps.

To conclude, at the end of October 2023, the European Parliament's
Committee on Environment, Public Health and Food Safety (ENVI) approved the
text of the new regulation on fluorinated greenhouse gases [286], which will
replace the current regulation EU 517/2014 [287]. According to [288], F-gases,
such as hydrofluorocarbons (HFCs), perfluorocarbons (PFCs), sulphur
hexafluoride (SFe) and nitrogen trifluoride (NF3), are GHGs with a global
warming potential up to 25,000 times greater than that of CO,. These refrigerant
gases are used in air source heat pumps for summer cooling. The use and spread
of these gases has environmental consequences, as their release into the
atmosphere contributes significantly to global warming [288]. For this reason, the
need to reduce GHG emissions has led the European community to adopt the
aforementioned regulation on the use, recovery and destruction of fluorinated
greenhouse gases. Specifically, according to the new regulation [286], a 48%
reduction in the EU's F-gas market share is confirmed for the two-year period
2025-2026 compared to 2023 level. While for the year 2024, the reduction will be
31%, as already foreseen in the previous regulation [287].

Among the main changes introduced, the provisional agreement establishes a
ban on the use of refrigerant gases with a GWP>150 in packaged heat pumps and
small air conditioners (<12 kW) from 2027 and a complete phase-out from 2032.
Finally, for air conditioners and split heat pumps containing F-gases, a total ban
has been agreed from 2035, with shorter deadlines for certain types of higher
GWP split systems.

This new regulation has proved to be crucial for industrial heat pump
manufacturers, who have had to adapt their technologies to these new restrictions.
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5.3 Background

Energy efficiency improvement in buildings are crucial to achieve the energy
system transformation. As stated in Chapter 1, it represents one of the main
objectives of the current European policy actions to achieve climate neutrality and
to move Europe towards a post-carbon society by 2050. In this context, heat pump
technologies are regarded as the most promising heating solution for application
in both new buildings and refurbished ones, in order to reduce the carbon footprint
of the building sector [289],[290]. In fact, these systems are at the centre of the
main interventions supported by various financial mechanisms introduced to
promote energy investments in buildings, by supporting the transition of the
building sector. Focusing on the Italian national context, the Decree-Law 34/2020
introduced in May 2020 an incentive mechanism, the so-called Superbonus, which
increased the tax rebate for building interventions from 50-65% to 110% for
expenses incurred from July 1, 2020 to December 31, 2021 [64]. The Superbonus
110% covers specific energy efficiency measures, interventions to reduce the risk
of earthquakes, the installation of photovoltaic systems as well as infrastructures
for recharging electric vehicles in buildings. Specifically, according to Article 119
of the D.L. 34/2020, the highest deductions are allowed for the following types of
interventions, the so-called “driving interventions” [64]: (1) thermal insulation of
vertical, horizontal and inclined opaque surfaces of the building envelope,
including single-family houses, with an incidence of more than 25% of the
building's gross dispersion area; (2) replacement of existing air-conditioning
systems with centralised systems for heating and/or cooling and/or DHW supply
in the common parts of buildings; (3) anti-seismic interventions. In addition, the
Superbonus 110% also applies to the following measures, the so-called “fowed
interventions”, provided that they are carried out in conjunction with at least one
of the listed thermal insulation interventions or replacement of winter air-
conditioning systems: (1) energy efficiency interventions covered by the
Ecobonus; (2) installation of grid-connected solar PV systems on buildings; (3)
integration of storage systems in solar PV systems; (4) installation of
infrastructure for recharging electric vehicles in buildings. Subsequently in 2021,
with the introduction of the Law 178/2020 [291] (known as Budget Law 2021),
the Superbonus 110% was extended until June 30, 2022. In certain
circumstances, it could be extended until December 31, 2022 or June 30, 2023.
Finally, in January 2022, with the entered into force of the Law 234/2021 [292],
the majority of building tax deductions, including the Superbonus, were extended
until 2024.

Among the considerable amount of actions involved by the Superbonus 110%,
the study focuses on the intervention related to the replacement of existing air-
conditioning systems with centralised systems for heating and/or cooling and/or
DHW supply. In this context, the installation of heat pump technologies is
encouraged in new construction or as replacement of existing fossil-fuelled
heating systems in the renovation of existing buildings.
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In line with the above, the study aims to examine the efficiency of air-to-water
heat pump technologies as an alternative to conventional condensing boilers in
typical Mediterranean residential buildings. Specifically, the research focuses on
the following two main objectives:

1. the first analysis focuses on demonstrating the energy and environmental
benefits of replacing a condensing boiler with a heat pump system solution
for space heating and DHW in new dwellings with high envelope
performances;

2. the second application focuses on existing buildings with low envelope
performances. The aim is to verify whether a system upgrading
intervention, which involves replacing a condensing boiler with a heat
pump technology without modifying the building envelope, can guarantee
the improvement of two energy classes as required by the D.L. 34/2020 to
obtain the Superbonus 110%.

For both applications, quasi-steady-state simulations are performed on single-
family houses (SFHs) of different sizes and building envelope performances,
located in various Italian climatic zones.

The study is structured as follows: the methodology employed for the analysis
is shown in section 5.4. Section 5.5 describes all the main parameters considered
for the development of the simulation models. Section 5.6 outlines the key
findings of the research, with a distinction between the two case study objectives.
Lastly, section 5.7 provides the concluding remarks and future outlooks.

5.4 Methodology

In this section the methodology applied to demonstrate the energy and
environmental benefits of implementing heat pump systems for space heating and
DHW in new residential buildings and renovation of existing ones is provided.

In detail, the energy assessment is conducted in six steps: 1) characterising the
building models to be analysed (e.g., building size, building envelope
performances, climate zones, etc.) ; i1) choosing the KPIs; ii1) energy modelling of
the selected buildings; iv) selecting retrofit scenarios; v) running the energy
models in pre- and post-retrofit conditions; vi) computation of the selected KPIs.
Starting from the selection of the relevant KPIs, the following two KPIs are
measured:

e non-renewable global energy performance index (EPgnren) expressed in
kWh/(m?y);
o (CO; emissions expressed in kg CO»/y.

Specifically, the non-renewable global energy performance index is used to
assess the energy impact. This index represents the overall energy performance of
the building, indicating the total non-renewable primary energy requirement per
unit area for services. According to [84], the EPgnen index is used to define the
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energy class of a building before and after retrofit interventions. The KPI is
calculated using Equation 16:

EPg,nren = EPH,nren + EPW,nren + EPV,nren [kWh/(mZY)] (16)

where EPynrens EPwnrens EPynren Tepresent the amount of primary non-
renewable energy consumed for heating, DHW, and ventilation respectively. In
the present study the share of cooling was not included.

Specifically, for the purpose of the first application, the non-renewable
global energy performance index is calculated considering both pre- and post-
retrofit conditions in order to assess the energy impact. While, for the second
application on existing buildings with low envelope performances, the index is
used to identify the energy classes for both the pre- and post-retrofit conditions
with the aim of verifying whether a system upgrading intervention can guarantee
the improvement of almost two energy classes. In fact, the non-renewable global
energy performance indicator is used to determine the energy class of a building.
In detail, as shown in Table 10, the energy class scale is determined based on the
global non-renewable energy performance index of the reference building
(EPgnren refstandard (201921)), as defined in [84]. It is assumed that the reference
building's standard elements and systems are installed in the building, meeting the
minimum legal requirements for public buildings as of January 2019, and for all
other buildings as of January 2021 [84]. According to [84], the energy efficiency
classes range from class G (EPgnren > 3.50) to class A4 (EPgnren < 0.40).

Table 10: Building classification scale based on the overall non-renewable global
energy performance index.

EPg,nren,rif,standard (2019-21)

Class A4 <0.40

Class A3 0.41-0.60
Class A2 0.61-0.80
Class Al 0.81 -1.00
Class B 1.01-1.20
Class C 1.21-1.50
Class D 1.51-2.00
Class E 2.01 -2.60
Class F 2.61-3.50
Class G >3.51

The environmental impact is assessed using the CO: emission index.
According to [293], it is calculated as a function of the CO, emission factor of the
fuel used for the heating and/or hot water system as shown in Equation 17:

Mdel,i co2 = Qdel,i X kem,i [kg COz/Y] (17)
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where Qg ; 1s the energy delivered by energy carriers [kWh/y]; k.., ; represents
the CO> emission factor of the fuel [kg CO2/kWh].

The emission factor is 0.21 kg CO2/kWh for methane fuel (natural gas) and
0.46 kg CO2/kWh for electricity. In the case of natural gas, the energy delivered
need to be converted into kWh/y by multiplying it by the calorific value of the gas
(equal to 9.940 kWh/Nm? for methane).

Concerning the energy simulation of the buildings’ portfolio, it was carried
out using the EdilClima commercial software certified by the Italian Committee
for Thermal Engineering (CTI). It is based on the Italian technical specification
UNI/TS 11300 and covers all the energy services defined in the technical
specification UNI/TS 1300-5:2016 [294], such as heating, cooling, DHW and
ventilation. The tool relies on a quasi-steady-state calculation approach, including
monthly heat balance and utilisation factors according to national and EU
standards [295],[296]. Specifically, the interface used for the study is EC700
[297] which supports the following calculations: (1) the dynamic hourly
calculation of the building energy performance, which follows the European
standard UNI EN ISO 52016-1:2018 [298]; (2) the heat load is used for the sizing
of the heating systems, according to UNI EN 12831-1:2018 [299]; (3) the heating
and cooling requirements to assess the energy performance of the building
envelope according to UNI/TS 11300-1:2014 [300]; (4) the contributions from
renewable sources, including thermal solar, photovoltaic, and biomass, are
evaluated in line with UNI/TS 11300-4:2016 [293]; (5) the primary energy
required for cooling, according to UNI/TS 11300-3:2010 [301].

5.5 Case study

To assess the energy and environmental impacts associated with the use of
heat pump technologies in different building scenarios, including both new
constructions and renovation of existing buildings, the study established specific
building models and, subsequently, performed simulations using the EdilClima
EC700 thermo-technical software.

This section provides an overview of the basic assumptions made during the
characterisation of the models, covering aspects such as geometric features,
building envelope, climate zones, and reference building systems. After
establishing the reference conditions for the building models, different HVAC
solutions, with a focus on heat pump technologies, are presented for potential

installation in both new and existing buildings.
Building size characterisation

The research focuses on single-family houses falling under the Italian category
E1(1), which includes dwellings used for permanent residential purposes, such as
civil and rural dwellings. Two SFH models were defined, each with different
building size: model S (small) and model L (large). Table 11 provides the main
geometric characteristics of each model, including the net and gross floor area, as
well as the net and gross volume.

85



Table 11: Geometric characteristics of models S and L.

Building Net floor  Gross floor  Net volume Gross x
2 2 3 volume S/V
type area (m-) area (m-) (m’) (m?)
Model S 150 560 400 635 0.88
Model L 220 755 585 900 0.83

* The ratio S/V expresses the compactness of a building, and it is calculated by
dividing the dispersing surface (e.g., external walls, roofing, floor slabs) by the
air-conditioned volume.

Both models had one floor above ground and a net floor height of 2.7 m. In
addition, the south-facing facade of both SFHs had a larger glazed area than the
north-facing fagade to maximise solar gain and minimise heat loss.

Figures 28 and 29 represent the floor plans of the two SFHs, model S and
model L respectively. As shown, the geometry of the defined buildings was the
same.
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®

Figure 28: Floor plant of model S (out of scale).

86



SINGLE  BATHROOM i THROON]

SINGLE BEDROOM ; :
BEDROOM STUDY
ROOM
ANTE-
CORRIDOR BATHROOM
CORRIDOR
SINGLE
BEDROOM  BATHROOM 1 DOUBLE
BEDROOM WARDROBE

ROOM

LIVING ROOM+ KITCHEN

O

Figure 29: Floor plant of model L (out of scale).

Building envelope performances

Both new and existing building applications were represented by the SFHs
defined above. To account for the differences in envelope performance between
the two case study objectives, the four levels of envelope performance, each
characterised by the specific thermal transmittance of opaque and transparent
envelopes, were considered. In the simulations, the envelopes followed the
traditional characteristics of Italian single-family houses. Specifically, the external
walls were typically made of brick and external thermal insulation, while the
floors and ceilings were made of concrete and masonry. Windows were equipped
with Polyvinyl chloride (PVC) frames and triple low-emissivity glass. Although
the envelope elements were similar in construction, the energy performance levels
vary according to the thickness of the insulation, ranging from low to very high
performance. Specifically, it was assumed that very high (envelope A) and high
(envelope B) performance envelopes would be used for new construction
purposes, while low (envelope C) and very low (envelope D) performance
envelopes would be used for the verification of the energy class improvements.
Tables 12, 13, 14 and 15 show the thermophysical properties of the building
envelopes A, B, C, and D respectively.

More details on the layers of the opaque envelope (external wall, floor, and
roof) of each different envelope typology are described in Appendix C.
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Table 12: Thermophysical properties of building envelope A components.

Envelope Thickness [mm] U-value [W/mZK]
component

External wall 426 0.154
Windows / 1.200

Floor 460 0.117

Roof 435 0.175

Table 13: Thermophysical properties of building envelope B components.

Envelope

Thickness [mm] U-value [W/m?K]
component
External wall 420 0.279
Windows / 1.400
Floor 280 0.212
Roof 435 0.175

Table 14: Thermophysical properties of building envelope C components.

Envelope Thickness [mm] U-value [W/m?K]
component

External wall 330 0.853
Windows / 2.200
Floor 240 0.496
Roof 275 1.167

Table 15: Thermophysical properties of building envelope D components.

Envelope

Thickness [mm] U-value [W/m?K]
component
External wall 330 0.853
Windows / 4.500
Floor 240 0.496
Roof 275 1.167

Climate zones

The study simulated eight models (models S and L, each with four levels of
envelope performance A, B, C, and D) in three different climatic zones of Italy.
Specifically, the climate zone E in northern Italy was characterised by the climate
of Turin, while the central region, representing climate zone D, was characterised
by the climatic conditions of Rome. Lastly, for the warmer climate of southern
Italy, the climate zone B was represented using data from Palermo. Table 16
shows the main input data, including the coordinates, the heating degree days, the
design winter outdoor temperature, the climate zone and the heating period related

to each of the three different climate zone considered for the simulation.
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Table 16: Input data related to the three different climate zones.

. Design winter
Heating esign winte

Coordinates Degree outdoor Climate Heating
Days temperature ~ zone season
[°C]
i 45.7°N . 15 October-
4L53°N o 1 November-
Rome 12.28°E 1415 0°C D s Aprl

38.7°N o 1%t December-

Palermo 12.28° E 751 +5°C B 315 March

Table 17 shows the average monthly temperature for each of the three climate
zones in Italy. The temperatures shown in the table were used by the simulation
software. They affected both the demand side (i.e., the heat balance of the
building) and the air-to-water heat pump side (i.e.; the performance of the
machine).

Table 17: Monthly average outdoor temperatures for Turin, Rome and Palermo
respectively. From [273].

Turin [°C] Rome [°C] Palermo [°C]
January 1.20 8.10 11.9
February 3.10 9.10 11.5
March 8.30 11.5 13.6
April 11.9 15.9 16.8
May 18.0 19.2 20.3
June 22.1 22.6 24.1
July 23.6 26.4 27.1
August 22.6 26.6 27.2
September 19.1 21.7 24.1
October 12.3 17.8 20.8
November 6.80 12.7 16.8
December 2.60 8.70 13.1

Reference system

After defining the main geometric and envelope characteristics of the analysed
SFHs, a reference system was identified. The aim was to compare its energy and
environmental performance with those of heat pumps that could potentially be
installed in the different simulated building models. Assuming a common
reference system for all eight models - comprising four models for new
construction purpose (SA, SB, LA, LB) and four models for the application to the
renovation of existing buildings (SC, SD, LC, LD) - each was assumed to equip
an independent heating system responsible for both DHW production and space
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heating. The system incorporated a modulating regulation and uses a class A
condensing boiler generator with a nominal power of 22 kW.

In addition, for each simulated model, two categories of emission terminals
were considered: (1) fan coil operating at a hot water temperature of 45°C and (2)
radiant floor operating at a hot water temperature of 35°C. All models included
radiators in the bathrooms.

Finally, the new and existing building applications differed only in terms of
the ventilation system used. Specifically, the new buildings application featured a
mechanical ventilation system with heat recovery, while the existing building
application presented only a natural ventilation system through window openings.
As mentioned before, the present research focuses exclusively on heating
requirements, excluding any consideration on the space cooling needs.

Proposed heat pump solutions

In line with the aim of the study to examine the efficiency of air-to-water heat
pump technologies as an alternative to conventional condensing boilers in the
simulated SFHs, different system solutions were proposed. Specifically, focusing
on all-electric solutions, the study included the assessment of the following two
air-to-water heat pump technologies:

1. one-section air-to-water heat pump space heater, HP (1), ideal for new
buildings with medium-low energy requirements and for renovation. Table
18 provides the nominal power and the COP of each one-section air-to-
water heat pump used to simulate the models.

Table 18: Nominal thermal power and COP of one-section air-to-water heat
pumps considered in the simulated models.

Nominal thermal

power [kW] COP
HP (1) Fan coil ! 6 3.80
6 Radiant floor * 5.00
HP (1) Fan coil 75 3.75
7.5 Radiant floor ) 4.60
HP (1) Fan coil 10 3.7
10 Radiant floor 4.61
HP (1) Fan coil 14 3.35
14 Radiant floor 4.35

*I Air: 7°C B.S. — 6°C B.U.; Water: 45°C
*2 Air: 7°C B.S. — 6°C B.U.; Water: 35°C

2. two-section air-to-water heat pump space heater, HP (2), ideal for new
buildings with medium-low energy requirements, for renovation or for the
replacement of existing generators. Table 19 provides the nominal power
and the COP of each two-section air-to-water heat pump used to simulate
the models.
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Table 19: Nominal thermal power and COP of two-section air-to-water heat
pumps considered in the simulated models.

Nominal thermal

power [kW] COP

HP (2) Fan coil ! 4 3.92
4 Radiant floor 5.13
HP (2) Fan coil 5 391
6 Radiant floor 5.00
HP (2) Fan coil 2 3.74
8 Radiant floor 4.71
HP (2) Fan coil 9.5 3.60
9.5 Radiant floor ' 4.59

*I Air: 7°C B.S. — 6°C B.U.; Water: 45°C
"2 Air: 7°C B.S. — 6°C B.U.; Water: 35°C

In all simulations, the assessment of heat pumps was limited to the heating
mode, and any analysis related to cooling was beyond the scope of this study. In
addition, the performance data provided in the tables above were extracted from
the technical documentation of real commercial units.

Case studies definition

Considering the two different building sizes (S and L), the four envelopes (A,
B, C, and D) and the three climatic zones of Italy (Turin, Rome and Palermo), a
total of 24 simulations were carried out. Table 20 summarises the results of the
thermal energy demand for heating (Qnnd) and the design thermal load (Pu),
calculated according to UNI/TS 11300-1:2014 [300] and UNI EN ISO 12831-
1:2018 [299].

Table 20: Characterisation of the building envelope energy performance of the
simulated models. Elaboration from [273].

Turin Rome Palermo
Py Qnnd Pu Qnnd Py Qnnd
(W] [kWhm’y)]  [kW]  [kWhim’y)] kW] [kWhiny)]
g’[:del 7.15 31.26 5.07 6.55 3.80 2.44
Model ¢ 1o 33.39 6.65 8.81 4.98 4.03
LA
g/g’del 8.42 4775 5.98 14.34 4.48 6.81
ﬁ;’del 10.92 47.95 7.74 16.41 5.81 8.2
g@del 16.61 163.8 11.82 82.35 8.87 46.59
i/lé’del 22.43 160.9 16.02 83.66 11.96 47.65
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Model

SD 19.01 183.2 13.54 87.84 10.16 50.42
ﬁ;’del 253 176.9 18.06 87.46 13.51 50.52

In addition, for each simulated model, Table 21 provides an overview of the
heat pump typologies (described previously in Tables 18 and 19) used for the
comparison with the condensing boiler installed in the reference building system.

Table 21: Heat pump typologies for each simulated model.

One-section air-to-water Two-section air-to-water
heat pump heat pump
Turin Rome Palermo Turin Rome Palermo

Model HP (1) HP (1) HP (1) HP (2) HP (2) HP (2)
SA 10 6 6 9.5 6 4
Model HP (1) HP (1) HP (1) HP (2) HP (2)
LA 14 7.5 7.5 i 8 6
Model HP (1) HP (1) HP (1) HP (2) HP (2) HP (2)
SB 10 6 6 9.5 6 4
Model HP (1) HP (1) HP (1) HP (2) HP (2)
LB 14 7.5 7.5 ] 8 6
Model HP (1) HP (1) HP (2)
SC i 14 10 i ) 9.5
Model HP (1)
LC i ) 14 i ) )
Model HP (1) HP (1)
SD i 14 14 i ) )
Model HP (1)
LD i ] 14 j i )

5.6 Results and discussion

The analysis aims to demonstrate the energy and environmental benefits of
replacing a condensing boiler with a heat pump system for space heating and
DHW in new residential buildings with high envelope performances, as well as to
verify whether a system upgrade intervention, without modifying the building
envelope, can guarantee an improvement of two energy classes in existing
buildings characterised by low envelope performances.

The total non-renewable global primary energy and CO; emissions resulting
from heating, DHW, and ventilation are calculated for all models based on the
simulation of the SFHs, considering both the reference system and the two
proposed heat pump solutions.

Specifically, the replacement of condensing boilers with heat pumps in new
buildings is explored, as well as their deployment for the renovation of existing
buildings heating systems (assuming no intervention in the building envelope).
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The following graphs show the results for three different climate zones: Turin,
Rome, and Palermo. The results are presented for two different emission systems,
radiant floors and fan coils, represented by blue and red colours respectively. The
graphs compare the three building system solutions (including the reference
system) for the three climate zones. The x-axis displays the solutions, while the y-
axes shows the total non-renewable primary energy [kWh/(m?y)] on the left and
the CO» emissions [kg CO»/y] on the right.

Finally, the detailed results of the non-renewable primary energy for each
energy service offered (EPu,nren, EPW,nren, EPv nren) for new buildings case study
and renovation of existing buildings one are provided by Tables 41 and 42 in
Appendix C, respectively. In addition, Tables 43 and 44 in Appendix C show the
energy delivered by energy carriers (Queli) used to assess the CO2 emission index
in all the simulated models.

New buildings with high envelope performances

This section presents the simulation results for four models of new residential
buildings (SA, SB, LA and LB). These models share common features, including
controlled mechanical ventilation and envelopes that vary from very high
(envelope A in Table 12) to high (envelope B in Table 13) performance. All the
four models are simulated with three different types of heating systems for the
three different climatic zones of Italy, as provided in the previous section:

(1) reference building equipped with a traditional condensing boiler;

(2) retrofit scenario 1 with a one-section air-to-water heat pump space heater
[HP (1)];

(3) retrofit scenario 2 with a two-section air-to-water heat pump space heater
[HP (2)].

The main results shown in the following figures (from Figure 30 to Figure 33)
demonstrate the benefits associated with the use of both HP (1) and HP (2). These
advantages extend both to energy savings and to a reduction in the environmental
footprint, showing a significant decrease in non-renewable primary energy
consumption and CO2 emission indicators when compared to the application of a
condensing boiler, both in the presence of radiant floors and fan coils. It is evident
that the heat pump system solutions proposed in the two retrofit scenarios provide
comparable global non-renewable energy indicators within a country, with evident
variations across different climate zones. Furthermore, as shown in the graphs
below, the performances of the heat pumps mentioned above are consistent with
the minimum requirements performance standards required by regulations.

Table 45 in Appendix C provides a detailed description of the EPgnren and CO2
indicators for each simulated model.
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Figure 33: Energy- and environmental-related benefits for LB models. From
[273].

In Turin, energy savings, ranging from 27% for the SA model to 38% for the
LB model, are consistently achieved with one-section heat pump combined with
the use of radiant floor. Even when fan coils are used, energy saved range from
25% to 32% for the SA and LB models respectively. Analysis of the results for
the two-section heat pump system shows that the use of radiant floor saves
between 22% and 30% of energy for the SA and LB models respectively, while
the use of fan coil units does not differ significantly (21% for the SA and 27% for
the SB). It is also interesting to note the environmental benefits of replacing
condensing boilers with the heat pump technologies. Specifically, for small
models, CO2 emission savings reach 25% when combined with radiant floor, and
up to 21% with fan coils. Similarly, the CO; savings for large models are 29% and
22% respectively. As mentioned above, in the case of Turin, the study focused
only on the small model, as the heat pumps considered were not able to provide
the required thermal output for the larger model.

In the context of Rome, the percentages recorded for energy savings and
CO» emission reduction are slightly lower compared to the outcomes observed in
northern Italy. Energy savings for the one-section heat pump combined with the
use of radiant floor range from 22% to 32% for the SA and LB models
respectively. When considering the two-section heat pump, the energy savings
are similar to those achieved with the HP (1), ranging from 19% to 30%.
Considering the environmental benefits of replacing condensing boilers with the
heat pump technologies, CO; emission savings reach 20% when combined with
radiant floor in small models, and up to 25% in large models. In addition, when
both HP (1) and HP (2) are combined with fan coils, there is no significant
difference in energy savings and CO2 emission reduction is observed.

Finally, focusing on the south of Italy climate zone, the percentages are
very similar to those obtained for Rome. In fact, energy savings of between 20%
and 29% are achieved with the one-section heat pump combined with the use of
radiant floor, as well as between 19% and 27% in the scenario characterised by
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the replacement with two-section heat pump. As in the case of Rome, no
significant difference in energy savings and CO2 emission reduction is observed
when heat pumps are combined with the use of fan coils.

Existing buildings with low envelope performances

This section presents the simulation results for four models of existing
residential buildings (SC, SD, LC and LD). These models share common
characteristics, including natural ventilation and envelopes that vary from low
(envelope C in Table 14) to very low (envelope D in Table 15) performance. All
the four models are simulated with three different types of heating systems for the
three different climatic zones of Italy, as provided in the previous section:

(1) reference building equipped with a traditional condensing boiler;

(2) retrofit scenario 1 with a one-section air-to-water heat pump space heater
(HP (1));

(3) retrofit scenario 2 with a two-section air-to-water heat pump space heater
(HP (2)).

As previously mentioned, this section aims to determine whether an
intervention of sole system upgrading - the replacement of a condensing boiler
with an air-to-water heat pump solution - without any measures on the building
envelope, can guarantee an improvement of two energy efficiency classes.

The main results shown in the following figures (from Figure 34 to Figure 37)
demonstrate how the replacement of a condensing boiler with an air-to-water heat
pump solution, including both HP (1) and HP (2), allows an improvement of at
least two energy efficiency classes. Notably, these improvements are achieved
without any changes to the building envelope. This double energy class shift is
always verified in the presence of both radiant floors and fan coils (blue and red
respectively).

In terms of the environmental analysis, the results shown in the figures below
show a significant reduction in CO; emissions achieved through the use of heat
pump technologies.

It is important to note that the analysis is not available for Turin because the
heat pumps considered do not meet the useful thermal power requirements for
both the S and L models. Furthermore, the simulations for large SFHs (LC and
LD models, depicted in Figures 36 and 37, respectively) are exclusively
conducted for Palermo. This was due to the fact that the heat pump sizes did not
meet the criteria required for simulations in Rome.

Table 46 in Appendix C provides a detailed description of the EPgnren and CO2
indicators for each simulated model.
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Figure 37: Energy- and environmental-related benefits for LD models. From
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In Rome, the one-section heat pump leads to a significant energy savings
when combined with both radiant floor and fan coil. Specifically, the energy
savings are 60% for both SC and SD models in the presence of radiant floor, and
about 50% with the use of fan coils. The graphs show that the obtained energy
savings lead from 3 to 4 energy classes changes. Specifically, from class D with
the presence of condensing boiler to class Al or A2 when replaced by a heat
pump system (for the SC model in Figure 34) and from class E to class B or Al
(for the SD model in Figure 35).
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In Palermo, the percentages of energy savings are quite similar. The one-
section heat pump, associated with the use of radiant floor, leads to energy
savings of around 60% for all the S and L models. The graphs show that the
energy savings obtained lead to changes from 2 to 3 energy classes. Specifically,
from class B with the presence of a condensing boiler to class A3 when replaced
by a heat pump system (for the SC and LC models in Figures 34 and 36
respectively) and from class C to class A2 or A3 (for the SD and LD models in
Figures 35 and 37 respectively). In the same way, considering the two-section
heat pump available only for the SC model the amount of energy saved is equal to
60%, leading to a change of energy class from class B in the reference scenario to
class A3 in the retrofit scenario 2. There is no significant difference for the
combination of heat pumps and fan coils.

5.7 Conclusions and future developments

Improving the energy efficiency is a key objective within the prevailing
European policy initiatives aimed at achieving climate neutrality and moving
Europe towards a post-carbon society by 2050. Within this framework, heat
pumps are emerging as a key technology. Due to their reliance on low-emission
electricity, heat pumps are recognised as a promising technology for improving
the overall energy efficiency of the system and reducing the environmental impact
of the building sector. Despite their potential for long-term savings, the substantial
initial investment required for heat pumps can act as a deterrent to consumers.
Nevertheless, the heat pump market has experienced significant growth in recent
years, due to the introduction of financial incentives such as the Superbonus 110%
to encourage their integration into buildings. Specifically, the study focuses on the
energy efficiency measures promoted by the Superbonus 110%, emphasising the
interventions related to the replacement of existing air-conditioning systems with
centralised systems for heating, cooling and/or DHW supply. Consequently, the
promotion of reversible heat pump technologies in new buildings or as a
replacement for existing fossil fuel heating systems in building renovations is
highlighted.

Chapter 5 provides a detailed response to the following research question:
“How to demonstrate that the introduction of heat pump technology in heating
and cooling systems can lead to more energy efficiency and environmental
benefits in buildings?”. To answer to RQS5, the study aims to examine the
efficiency of air-to-water heat pump technologies as an alternative to conventional
condensing boilers in typical Mediterranean residential buildings. Specifically, the
research focuses on the following two applications: (1) to demonstrate the energy
and environmental advantages associated with replacing a condensing boiler with
a heat pump system solution designed for both space heating and DHW in new
buildings characterised by high envelope performance; (2) to verify whether a
system retrofit intervention, which involves replacing a condensing boiler with a
heat pump technology without modifying the building envelope, can guarantee an
improvement of two energy classes in existing buildings with low envelope
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performances. For both applications, quasi-steady-state simulations are performed
on single-family houses of different sizes and building envelope performances,
located in various Italian climatic zones representative of the North (Turin), the
Centre (Rome) and the South (Palermo) of the region.

The results of the first analysis indicate that the use of a one or two-section
air-to-water heat pump space heater is advantageous in terms of both energy
savings and reduced environmental impact for all the simulated models. This is
evidenced by a significant reduction in non-renewable global energy performance
indicator and CO, emissions when a heat pump solution is installed instead of a
traditional condensing boiler. Specifically, the greatest energy savings are
achieved in Turin with the installation of one-section heat pump combined with
the use of radiant floor. (accounting for 38% of the energy savings).

Furthermore, for the second application, the study shows that a single system
upgrade, replacing a condensing boiler with an air-to-water heat pump
technology, can result in an improvement of more than two energy efficiency
classes, even without any changes to the building envelope. This double energy
class shift is always verified for the models simulated in the presence of both
radiant floors and fan coils.

The current analysis focused on single-family houses, with all simulations
assessing the performance of heat pumps exclusively in heating mode. As a
perspective for future exploration, extending the study to include apartment
buildings as well as to encompass the summer season, including the cooling
mode, could prove insightful. In addition, beyond the focus on energy and
environmental savings, examining the potential impact on the economic value of
buildings after energy retrofitting could be an interesting dimension for further
investigation.
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Chapter 6

Concluding remarks

The setting of this Ph.D. dissertation is marked by a specific historical period
characterised by the spread of the Covid-19 pandemic emergency in 2020 and the
Russian-Ukrainian war in 2022. This scenario has led to an increased focus on
two main pillars related to the building sector: (1) the role of indoor
environmental quality in ensuring the health and well-being of people who spend
most of their time in enclosed environments, and (2) the role of energy efficiency
and electrification of final energy consumption in achieving the climate-neutrality
target by 2050. These two pillars represent the main trajectories of the entire
Ph.D. dissertation.

In particular, the year 2020 marked a paradigm shift due to the spread of
Covid-19 pandemic, which was declared a Public Health Emergency of
International Concern by the World Health Organization. In fact, the EU’s
mission has shifted from tackling climate change to ensuring human health and
well-being in indoor environments. Specifically, since the SARS-CoV-2 was
identified as the cause of the infectious disease, as well as it is mainly transmitted
airborne, ensuring a good indoor air quality, and promoting human health-related
status is becoming the priority in the design of healthy and resilient buildings and
in the renovation of existing ones. In addition, many of the standards and
guidelines introduced in 2020 to support the pandemic response include ensuring
the health and well-being of building users as a fundamental requirement. In this
context, among various long-term strategies, the installation of innovative air
filtration technologies in HVAC systems has been identified as a key measure to
reduce the transmission of the SARS-CoV-2 virus or other indoor contaminants.

As far as the year 2022 is concerned, the severe impact of the war between
Russia and Ukraine on the energy market has led to a sharp increase in energy
prices, which requires strategic changes in EU policies. Thus, the EU needs to
reduce energy consumption, improve energy efficiency, accelerate the deployment
of RES, increase gas supply diversification, and strengthen its strategic energy
autonomy in order to face the challenge of ensuring long-term energy security in
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2023 and achieving a clean energy transition. Among the EU strategies adopted to
respond to the energy crisis, the REPowerEU plan sets out a series of measures to
rapidly reduce dependence on Russian fossil fuels in buildings. Specifically, the
key driver for accelerating the energy transition and the decarbonisation of
buildings is the electrification of end-use consumption through the deployment of
RES. Therefore, the adoption of heating and cooling systems based on a carrier
that is no longer gas has led to heat pumps being considered as a key technology
for increasing the overall energy efficiency of the system and reducing the
environmental impact of the building sector.

In the light of the above, it is clear that technologies are fundamental to
achieve the two pillars resulting from the historical period under consideration.
For this reason, this Ph.D. research dissertation stems from the strong demand
from industrial companies to enhance their technologies in order to make them
competitive in the current building energy market. The main problem faced by
industrial companies concerns their high investment costs, which may prevent
consumers from investing on them. Therefore, the Ph.D. dissertation aims to
guide and support industrial companies in the launch of advanced technological
solutions, which play a key role in the design and operation of the building of the
future, in the current building energy market. The following overarching research
questions characterised the whole thesis:

e RQI: Which are the key targets to be included in the design and operation
of the building of the future?

e RQ2: Which advanced technological solutions being driven by the current
context to achieve the targets of the building of the future?

e RQ3: Which instrument can be used to launch an advance technological
solution, making it competitive in the current building energy market?

e RQ4: How to demonstrate that the introduction of innovative air filtration
technology in HVAC systems can lead to multiple benefits in term of
occupant health and performance?

e RQS5: How to demonstrate that the introduction of heat pump technology
in heating and cooling systems can lead to more energy efficiency in
buildings?

The dissertation is structured according to the research questions presented.
Specifically, Chapter 2 focuses on an in-depth examination of the main targets
and technological solutions, driven by the current European and Italian national
context, to be implemented in the design and operation of the building of the
future (RQ 1 and RQ 2). Then, in order to answer to RQ 3, Chapter 3 highlights
the need for research on new decision-support tools in the energy field. In
addition, Chapters 4 and 5 deal with the case study applications, providing to
answer RQ 4 and RQ 5, respectively. Finally, this chapter aims to summarise the
key findings of the research in terms of their relevance to the research questions.

The originality of this Ph.D. dissertation lies in its pioneering use of a
commonly used assessment methodology, the CBA methodology, within a rarely
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studied field, the energy sector. Additionally, another interesting aspect relates to
the adaptability of the proposed approach to address potential future emergencies.

RQ1: Which are the key targets to be included in the design and operation of
the building of the future?

The first research question is investigated in Chapter 2 of this dissertation.
Specifically, with the aim to provide the key targets to be included in the design
and operation of the building of the future, the discussion begins with a
preliminary introduction to the pre-Covid-19 building targets (section 2.2). Then,
section 2.3 deals with the identification of the emerging targets for future building
construction, which are dictated by the historical context of this Ph.D.
dissertation.

As described in section 2.2, before the spread of the Covid-19 pandemic
emergency, the main focus of European and national strategies to achieve future
climate and energy policy targets was to improve energy efficiency and to achieve
high energy performance levels in both new and existing buildings. In this
context, the Directive 2010/31/EU [38] introduced the nZEB concept as a key
measure to reduce energy consumption in buildings. This section deals with
showing various nZEB definitions according to the context and climate of each
EU Member State. From this literature review, a variety of terms are used to
characterise very low energy buildings with the overall aim of achieving zero
energy. Among these, the terms net zero, zero energy, zero energy ready, and
energy positive were analysed in detail. The conclusions of this preliminary
analysis led to a general definition of the nZEB as a building that effectively sets
energy efficiency requirements, reflecting the pre-covid building targets, but these
requirements are no longer sufficient to meet the current needs.

In the light of the above, the current European and national context,
characterised by the spread of the Covid-19 pandemic emergency and the war
between Russia and Ukraine (Chapter 1), has driven towards two fundamental
pillars to be integrated into the nZEB. Specifically, on the one hand, the Covid-19
and its aftermath have focused attention on the increasing need to ensure adequate
IAQ for occupants’ health and well-being in the built environment. On the other
hand, the Russia-Ukraine conflict with the consequent increase in energy prices
has led attention on the importance of electricity, leading to a shift towards
heating and cooling systems that do not rely on gas as a fuel. To answer RQ 1
regarding the main targets to be incorporated in the design and operation of the
building of the future, a definition of [AQ-resilient buildings and the pathway to
the decarbonisation of the building sector were provided.

Specifically, to investigate the implications of an [AQ-resilient building
for future transitions, a state-of-the-art literature review was conducted. As a
notable lack of knowledge in the previous literature, the review focuses on
resilient responses to the Covid-19 pandemic in the built environment. The
research questions guiding the review are: i) what does the resilience of the built
environment mean? (i1) how can the existing resilience definitions and features be
extended to TAQ?. The results of the analysis shown in section 2.3.1 suggest that

103



the primary goal of designing IAQ-resilient buildings should be the creation of an
IAQ management plan for the built environment. In order to protect occupants
from the risk of airborne infections, this plan should place a high priority on
passive measures, ventilation and filtration requirements, and the control and
regulation of indoor humidity and temperature. Finally, as improving IAQ can
lead to increased energy consumption in buildings, it is crucial to align new [AQ-
resilient strategies with sustainability goals and climate change mitigation efforts.

Furthermore, as mentioned above, it is essential to also consider the key
role that electrification will play in the decarbonisation of the building sector
when designing and operating the building of the future. This second pillar is
explored in section 2.3.2 of this dissertation by showing the recent upgrading of
the EU building targets. Specifically, contrary to the pre-Covid-19 building target
(section 2.2), attention needs to shift towards the ZEB as the future building target
by 2030 to achieve the global climate neutrality goal. This section presents
different definitions of ZEB according to the context and climate of each EU
Member State. From this literature review, a variety of terms are used to
characterise zero or very low emission buildings. Among these, the terms zero/net
zero emission, zero/net zero carbon, and zero carbon-ready were analysed in
detail. The conclusions of this analysis led to consider electrification as a key
strategy for reducing energy-related CO> emissions.

RQ2: Which advanced technological solutions being driven by the current
context to achieve the targets of the building of the future?

After defining the main characteristics of the building of the future (section
2.3), which include high-energy performance, fully electric and autonomous
features, low CO; emissions, and IAQ-resilience for the health and well-being of
the occupants, the second research question focuses on investigating the main
technologies that can support the design of such a building to achieve the new
targets.

The answer to RQ 2 can be found in section 2.4. Specifically, to increase the
IAQ resilience of indoor environments, with the aim of designing and operating
buildings to be healthier and more [AQ-resilient for the future, different long-term
strategies able to mitigate the spread of contaminants were investigated in section
2.4.1. The main findings of this analysis enabled the identification of cleaning and
purification technologies as the key measures to control and limit the transmission
of SARS-CoV-2. Among these technologies, the key role of air filtration systems
and other air purification techniques properly installed in the HVAC system were
emerged with the aim of ensuring a healthy IAQ in buildings. In particular, this
section aims to present innovative antimicrobial filtration technologies able to the
eliminate harmful agents, including the SARS-CoV-2 virus. These technologies
were developed and launched on the building energy market in response to the
spread of Covid-19.

On the other hand, electrification of space heating is considered to be one
of the main contributors to reducing CO> emissions, as follows from RQ 1.
Therefore, transitioning towards electric and renewable heating technologies is
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necessary to align with the NZE scenario by 2050. In this context, section 2.4.2
provides a detailed discussion on the replacement of fossil-fuel-based boilers with
heat pumps, which are recognised as the key technology for achieving sustainable
heating in buildings, as well as meeting decarbonisation in the current energy
transition process. Specifically, this section shows a surge in the number of heat
pump sales in each EU country, leading to a significant reduction in natural gas
demand in 2022 (Figure 13).

RQ3: Which instrument can be used to launch an advance technological
solution, making it competitive in the current building energy market?

Once the targets for the design and operation of the building of the future,
as well as the main supporting technological solutions driven by the historical
context were identified (Chapter 2), this Ph.D. dissertation examines the main
instrument available to launch and make competitive these technologies in the
current building energy market. In fact, as mentioned in Chapter 1, industrial
companies have faced a major problem in introducing their technologies to the
energy market due to the high investment costs, which may prevent potential
consumers from investing in them. Therefore, Chapter 3 addresses the third
research question by emphasising the need for research into new decision-support
tools in the energy field. For this purpose, section 3.2 provides an overview of the
most used tools in the energy investment decision-making process (i.e., Cost-
Benefit Analysis and Multi-criteria Decision Analysis), with the aim of
identifying among them the optimal one in response to RQ 3. Specifically, starting
from the definition of the cost-optimal methodology based on financial analysis
(section 3.3), this chapter provides an in-depth analysis of the CBA, including its
objectives and methodological steps. Therefore, as a financial analysis is not
suitable alone, an economic analysis was found to be necessary to consider the
socio-economic impacts, including both positive and negative externalities. In
particular, CBA was found to be the most suitable tool among the other decision-
making methods shown in section 3.2, as it provides outcomes on a scale that is
compatible with the market, and the resulted economic indicator can be easily
understood by decision-makers who are not experts in the energy field.

As part of the detailed presentation of the CBA, the chapter also examines
the main valuation approaches used to measure and monetise non-market impacts
(section 3.4). Finally, the main performance indicators used in the CBA are
presented, with a detailed description of the NPV, IRR and BCR indicators
(section 3.6).

RQ4: How to demonstrate that the introduction of innovative air filtration
technology in HVAC systems can lead to multiple benefits in term of
occupant health and performance?

The above research question was dealt with in Chapter 4 of this Ph.D.
thesis according to the first target identified in Chapter 2. The application
presented in this chapter concerned the comparison of two different AHU
configurations installed in four types of Italian school buildings, including pre-
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school, primary school, junior-high and high school. These configurations are
representative of both Covid-19 (AHU management during the pandemic
emergency: rotary heat recovery system deactivated, with a 100% outdoor air
rate) and post-Covid-19 (AHU management during normal operation: rotary heat
recovery system in operation, with a 50% recirculation rate) conditions.
Specifically, the Covid-19 configuration consists of two standard ISO Coarse 55%
pre-filters, and a standard ISO ePM1 50% filter on the supply air (Figure 19). In
contrast, the post-Covid-19 configuration consists of two standard ISO Coarse
55% pre-filters, a biocidal ISO ePMI1 50% filter for supply air, and a
photocatalytic filter for recirculated air (Figure 20).

In this context, the aim of this study was to explore the advantages offered
by the innovative biocidal and photocatalytic filtration technologies implemented
in the PC configuration. The goal is not only to improve IAQ management, but
also to allow energy savings by employing conventional HVAC operating
strategies. This application demonstrated that the CBA methodology is an
effective tool for supporting energy investment decisions, monetising the benefits
of the AHU configuration equipped with innovative technological solutions and
showing that their higher investment costs can be fully repaid through energy and
socio-economic benefits in the long-term (Figure 25). Specifically, the study
presents its fundings through the application of the BCR indicator, which allows
the comparison between an alternative option (PC configuration) and a reference
scenario (C configuration) in order to determine the most advantageous solution.
Thus, the evaluation of the ABCR between the PC and C configurations answered
RQ 4, demonstrating that the installation of advanced filtering technologies in the
AHU configuration can significantly reduce energy consumption while improving
the health and performance of teachers and students (Table 8).

RQS: How to demonstrate that the introduction of heat pump technology in
heating and cooling systems can lead to more energy efficiency in buildings?

Chapter 5 of this dissertation investigates the last research question by
means of two applications related to the installation of heat pump technology in
typical Mediterranean residential buildings. As in the case study presented in the
previous chapter, the high initial investment cost of heat pumps can be a deterrent
to consumers, despite their potential to save money in the long term.
Nevertheless, the heat pump sector has significantly expanded in recent years,
mainly due to the introduction of financial incentives such as the Superbonus
110%, aimed at promoting their installation into buildings. For this reason, the
research involved energy efficiency measures promoted by the Superbonus 100%,
specifically the implementation of reversible heat pump technologies in new
constructions or as a substitute for current fossil-fuel-based heating systems
during the renovation of existing buildings. The main objective of the study was
to demonstrate the efficiency of air-to-water heat pump technologies as an
alternative to conventional condensing boilers in residential buildings.
Specifically, the research focuses on two analysis characterised by the following
two distinct goals: (1) to demonstrate the energy and environmental benefits of
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replacing a condensing boiler with a heat pump system solution for space heating
and DHW in new dwellings with high envelope performances; (2) focusing on
existing buildings with low envelope performances, the aim is to verify whether a
system upgrading intervention, which involves replacing a condensing boiler with
a heat pump technology without modifying the building envelope, can guarantee
the improvement of two energy classes as required by the Superbonus 110%.

For both scenarios, quasi-steady-state simulations were conducted using
the EdilClima EC700 commercial software. The simulations involved single-
family homes of varying sizes and diverse building envelope characteristics,
situated in distinct Italian climatic zones representing the North, the Centre, and
the South regions. Following the characterisation of the building models, the non-
renewable global energy performance and the CO: emission indicators were
identified as the KPIs for assessing the energy and environmental impacts,
respectively. Once the selected buildings had been modelled in the software, 24
simulations were run to compare pre-retrofit (reference building system with a
traditional condensing boiler) and post-retrofit (alternative scenarios with the
installation of one- or two-section air-to-water heat pumps) conditions. The
resulting KPIs were then calculated.

The main results of the first analysis suggest that using a one or two-
section air-to-water heat pump space heater is beneficial in terms of energy
savings and reduced environmental impact for all simulated models (form Figure
30 to Figure 33). This is supported by a significant decrease in non-renewable
global energy performance indicator and CO; emissions when a heat pump
solution is installed instead of a traditional condensing boiler in residential
buildings. In addition, the analysis performed according to the second objectives
demonstrates that a single system upgrade, which involves replacing a condensing
boiler with an air-to-water heat pump technology, can improve energy efficiency
by more than two classes, even without any changes to the building envelope.
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Nomenclature

AHU: Air Handling Unit

AHP: Analytical Hierarchy Process
BCR: Benefit-Cost ratio

BT: Benefit Transfer

CAP: Community-Acquired Pneumonia
CBA: Cost-Benefit Analysis

CHas: Methane

CM: Choice Modelling

COz: Carbon Dioxide

CO2-eq: CO2 equivalent

COI: Cost of Illness

COP: Coefficient of Performance

CTI: Italian Thermo-Technical Committee
CVM: Contingent Valuation Method
dB: decibel

DHW: Domestic Hot Water

DRSA: Dominance-based Rough Set Approach
EC: European Commission

EEAP: Energy Efficiency Action Plan
EED: Energy Efficiency Directive
EEM: Energy Efficiency Measure

EER: Energy Efficiency Ratio

EJ: Exajoule
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ELD: Energy Labelling Directive
ELECTRE: ELimination Et Choix TRaduisant la REalité
ENVI: Environment, Public Health and Food Safety
EP: European Parliament
EPA: Environmental Protection Agency
EPBD: Energy Performance of Building Directive
EPC: Energy Performance Certificate
ErP: Energy-Related Product
EU: European Union
EU LTS: European Union Long-term Strategy
F-gas: Fluorinated gas
FM: Friction Method
GHG: Greenhouse Gas
GtCOz: Gigatons of Carbon Dioxide
GWP: Global Warming Potential
HAP: Hospital-Acquired Pneumonia
HCA: Human Capital Approach
HEPA: High Efficiency Particulate Air
HFC: Hydrofluorocarbon
HP: Hedonic Pricing
HVAC: Heating Ventilation and Air-Conditioning
IAQ: Indoor Air Quality
ICU: Intensive Care Unit
IEA: International Energy Agency
IEQ: Indoor Environmental Quality
IPCC: Intergovernmental Panel on Climate Change
IRR: Internal Rate of Return
KPI: Key Performance Indicator
kWh: kilowatt-hour
LCA: Life Cycle Assessment
LCC: Life Cycle Cost
LCSA: Life Cycle Sustainable Assessment
LTRS: Long-Term Renovation Strategy
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LED: Light Emitting Diodes

MAUT: Multi Attribute Utility Theory

MCA: Multi-Criteria Analysis

MCDA: Multi-Criteria Decision Analysis
MCDM: Multi-Criteria Decision-making

MS: Member State

Mtoe: Million Tonnes of Oil Equivalent

NECP: National Energy and Climate Plan

NF;: Nitrogen trifluoride

NGEU: Next Generation EU

NIH: National Institute of Health

NLTS: National Long-term Strategy

N20: Nitrous Oxide

NPV: Net Present Value

NSAID: Non-Steroidal Anti-Inflammatory Drug
NZE: Net Zero Emission

nZEB: Nearly Zero Energy Building

NZED: Net Zero-Energy District

PEB: Positive Energy Building

PFC: Perfluorocarbon

PHEIC: Public Health Emergency of International Concern
PNIEC: Piano Nazionale Integrato Energia e Clima
PNRR: Piano Nazionale di Ripresa e Resilienza
ppm: parts per million

PROMETHEE: Preference Ranking Organization METHod for Enrichment of
Evaluations

PV: Photovoltaic

PVC: Polyvinyl Chloride

RED: Renewable Energy Directive

RES: Renewable Energy Source

RP: Revealed Preference

SARS-CoV-2: Severe Acute Respiratory Syndrome Coronavirus 2

SCOP: Seasonal Coefficient of Performance
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SEER: Seasonal Energy Efficiency Ratio
SFe: Sulphur hexafluoride

SFH: Single-Family House

SLCA: Social Life Cycle Assessment
SP: Stated Preference

SRI: Smart Readiness Indicator

STREPIN: Strategia italiana per la riqualificazione energetica del parco
immobiliare nazionale

UV: Ultraviolet

UV-C: Type C ultraviolet

UVGI: Ultraviolet Germicidal Irradiation
VAP: Ventilator-Associated Pneumonia
WHO: World Health Organization

WOs: Tungsten Trioxide

WTA: Willingness To Accept

WTP: Willingness To Pay
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Appendix B

The present Appendix compiles the Excel tables which included all cost and
benefit data utilised in developing the CBA for both the C and PC configurations
(Chapter 4).

Specifically, they are organised in three different tables for each case study:
(1) the C configuration (Tables 22 and 25), (ii) the PC configuration (Tables 23,
26, 28 and 30), and (ii1) the incremental BCR outputs: C vs. PC configuration
(Tables 24, 27, 29 and 31). Only Table 25 shows the same C configuration for
primary school, junior high, and high school typologies.

The investment, energy, maintenance, replacement, and disposal costs in the
following tables are abbreviated with Ic, Ec, Mc, Rc, Dc, respectively.
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Table 22: Total costs and benefits associated to the C configuration in pre-school typology.

Year 1 2 3 4 5 6 7 8 9 10
Ic 15,700 € 0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€
Ec 22449 € | 22,449 € | 22,449 € | 22,449 € | 22.449€ | 22.449€ | 22.449€ | 22449€ | 22.449€ | 22.449 €
Standard pre- 300 € 300 € 300 € 300 € 300 € 300 € 300 € 300 € 300 € 300 €
Mc | filter
Standard filter 0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€
Standard pre- 120 € 120 € 120 € 120 € 120 € 120 € 120 € 120 € 120 € 120 €
Rc | filter
Standard filter | 120 € 240 € 120 € 240 € 120 € 240 € 120 € 240 € 120 € 240 €
Standard pre- 3€ 3€ 3€ 3€ 3€ 3€ 3€ 3€ 3€ 3€
Dc filter
Standard filter | 0.50 € 1€ 0.50 € 1€ 0.50 € 1€ 0.50 € 1€ 0.50 € 1€
Total costs * 16244 € | 664 € 544 € 664 € 544 € 664 € 544 € 664 € 544 € 664 €
Health benefits 0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€
Energy benefits 0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€
Total benefits 0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€

* Total cost does not include energy costs.
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Table 23: Total costs and benefits associated to the PC configuration in pre-school typology.

Year 1 2 3 4 5 6 7 8 9 10
Ic 16,670 € 0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€
Ec 3551€ | 3551€ | 3551€ | 3551€ | 3.551€ | 3.551€ | 3.551€ | 3.551€ | 3,551€ | 3,551€
fs,lﬁ‘e“rdard pre- 300 € 300 € 300 € 300 € 300 € 300 € 300 € 300 € 300 € 300 €
Mc | Biocidal filter 0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€
Elllt‘;trocataly“c 150 € 150 € 150 € 150 € 100 € 150 € 150 € 150 € 150 € 100 €
fs.lﬁ‘;dard pre- 120 € 120 € 120 € 120 € 120 € 120 € 120 € 120 € 120 € 120 €
Re | Biocidal filter | 310 € 620 € 310 € 620 € 310 € 620 € 310 € 620 € 310 € 620 €
Photocatalytic 0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€e
filter
Eﬁ‘;dardpre' 3€ 3€ 3€ 3€ 3€ 3€ 3¢ 3¢ 3€ 3€
D¢ | Biocidal filter | 0.50 € 1€ 0.50 € 1€ 0.50 € 1€ 0.50 € 1€ 0.50 € 1€
Elllt‘;;"cataly“c 0€ 0€ 0€ 0€ 0.50 € 0€ 0€ 0€ 0€ 0.50 €
Total costs * 17,554 € | 1,194€ | 884€ | 1,194€ | 1,434€ | 1,194€ | 884€ | 1,194€ | 884€ | 1,745¢€
Health benefits 483 € 483 € 483 € 483 € 483 € 483 € 483 € 483 € 483 € 483 €
Energy benefits | 18,898 € | 18,898 € | 18,898 € | 18,898 € | 18,898 € | 18,898 € | 18,898 € | 18,898 € | 18,898 € | 18,898 €
Total benefits 19,382 € | 19382 € | 19,382 € | 19382 € | 19,382 € | 19382 € | 19,382 € | 19382 € | 19,382 € | 19,382 €
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Table 24: Incremental BCR outputs: C vs. PC configuration in pre-school typology.

Year 1 2 3 4 5 6 7 8 9 10

ﬁegglts 19,382€ | 19,382€ | 19,382€ | 19,382 € | 19,382 € | 19,382 € | 19,382€ | 19,382 € | 19,382 € | 19,382€

Atotalcosts | 1,310€ | 530€ | 340€ | 530€ | 891€ | 530€ | 340€ | 530€ | 340€ | 1,081€

Ee‘z‘e’%‘;:ied 18,817 € | 18269€ | 17,737€ | 17,220 € | 16,719€ | 16,232 € | 15,759€ | 15300 € | 14,854 € | 14,422 € | 165329 €

](?(::tcs"?nted 1272€ | 500€ | 311€ | 471€ | 768€ | 444€ | 276€ | 418€ | 261€ | 804€ | 5525€
AB/AC 29.92

" Benefits and costs are actualised using an annual discount rate of 3% and considering a period of 10 years.
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Table 25: Total costs and benefits associated to the C configuration in primary school, junior high, and high school typologies.

Year ] 2 3 4 5 6 7 8 9 10
Ic 15,700 € 0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€
Ec 247742 € | 24742€ | 24742€ | 24742€ | 24.742€ | 24742 € | 24.742€ | 247742€ | 24742€ | 24742€
Standard 300 € 300 € 300 € 300 € 300 € 300 € 300 € 300 € 300 € 300 €
Mec pre-filter
Standard 0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€
filter
Standard 120 € 120 € 120 € 120 € 120 € 120 € 120 € 120 € 120 € 120 €
pre-filter
Re Standard
. 120 € 240 € 120 € 240 € 120 € 240 € 120 € 240 € 120 € 240 €
Standard 3€ 3€ 3€ 3€ 3€ 3€ 3€ 3¢ 3€ 3€
pre-filter
De Standard
el 0.50 € 1€ 0.50 € 1€ 0.50 € 1€ 0.50 € 1€ 0.50 € 1€
Total costs * | 16,244 € 664 € 544 € 664 € 544 € 664 € 544 € 664 € 544 € 664 €
Health benefits 0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€
Energy 0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€
benefits
E:;fe‘;.ﬁance 200,357 € | 200,357 € | 200,357 € | 200,357 € | 200,357 € | 200,357 € | 200,357 € | 200,357 € | 200,357 € | 200,357 €
Total benefits | 200,357 € | 200,357 € | 200,357 € | 200,357 € | 200,357 € | 200,357 € | 200,357 € | 200,357 € | 200,357 € | 200,357 €

* Total cost does not include energy costs.
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Table 26: Total costs and benefits associated to the PC configuration in primary school typology.

Year 1 2 3 4 5 6 7 8 9 10
Ic 16,670 € 0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€
Ec 3.022€ | 3.022€ | 3.122€ | 3.22€ | 3.122€ | 3,022€ | 3.022€ | 3.122€ | 3.122€ | 3.122¢€
fs,lﬁ‘e“rdard Pre= 1 300 € 300 € 300 € 300 € 300 € 300 € 300 € 300 € 300 € 300 €
Mc | Biocidal filter 0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€
Elllt‘;trocataly“c 150 € 150 € 150 € 150 € 100 € 150 € 150 € 150 € 150 € 100 €
fs.lﬁ‘;dard pre- 120 € 120 € 120 € 120 € 120 € 120 € 120 € 120 € 120 € 120 €
Re | Biocidal filter | 310 € 620 € 310 € 620 € 310 € 620 € 310 € 620 € 310 € 620 €
Photocatalytic | ¢ 0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€
filter
Standard pre- 3€ 3€ 3€ 3€ 3€ 3¢ 3€ 3€ 3€ 3€
filter
De | Biocidal filter | 0.50 € 1€ 0.50 € 1€ 0.50 € 1€ 0.50 € 1€ 0.50 € 1€
Elllt‘;;"cataly“c 0€ 0€ 0€ 0€ 0.50 € 0€ 0€ 0€ 0€ 0.50 €
Total costs * 17,554 € | 1,194 € 884 € 1,194€ | 1,434€ | 1,194€ | 884€ 1,194€ | 884€ 1,745 €
Health benefits 325 € 325 € 325 € 325 € 325 € 325 € 325 € 325 € 325 € 325 €
Energy benefits 21621 € | 21.621€ | 21,621 € | 21.621€ | 21.621€ | 21.621€ | 21,621 € | 21,621 € | 21,621 € | 21.621€
E:i"fﬁrslance 205,735 € | 205,735 € | 205,735 € | 205,735 € | 205,735 € | 205,735 € | 205,735 € | 205,735 € | 205,735 € | 205,735 €
Total benefits | 227,681 € | 227,681 € | 227,681 € | 227,681 € | 227,681 € | 227,681 € | 227,681 € | 227,681 € | 227,681 € | 227,681 €
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Table 27: Incremental BCR outputs: C vs. PC configuration in primary school typology.

Year ] 2 3 4 5 6 7 8 9 10

ﬁegglts 27324€ | 27324 € | 27324€ | 27324 € | 27324 € | 27324 € | 27324 € | 27324 € | 27324 € | 27324 €

Atotal costs | 1,310€ | 530€ 340 € 530 € 891 € 530 € 340 € 530 € 340 € 1,081 €

Ee‘;‘e’%‘:;lied 26,528 € | 25,756 € | 25,005 € | 24.277€ | 23,570 € | 22,883 € | 22.217€ | 21,570 € | 20,942 € | 20332 € | 233,079 €

]C)Olstcsoynted 1272€ | 500€ 311 € 471 € 768 € 444 € 276 € 418 € 261 € 804 € 5525 €
AB/AC 42.19

" Benefits and costs are actualised using an annual discount rate of 3% and considering a period of 10 years.
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Table 28: Total costs and benefits associated to the PC configuration in junior high school typology.

Year 1 2 3 4 5 6 7 8 9 10
Ic 16,670 € 0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€
Ec 3412€ | 3.412€ | 3.412€ | 3.412€ | 3412€ | 3.412€ | 3.412€ | 3412€ | 3412€ | 3412€
fs,lﬁ‘e“rdard Pre=1 300 € 300 € 300 € 300 € 300 € 300 € 300 € 300 € 300 € 300 €
Mc | Biocidal filter 0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€
Elllt‘;trocataly“c 150 € 150 € 150 € 150 € 100 € 150 € 150 € 150 € 150 € 100 €
fs.lﬁ‘;dard P 1 120€ 120 € 120 € 120 € 120 € 120 € 120 € 120 € 120 € 120 €
Re | Biocidal filter | 310 € 620 € 310 € 620 € 310 € 620 € 310 € 620 € 310 € 620 €
Photocatalytic | ) ¢ 0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€
filter
Standard pre- 3€ 3€ 3€ 3€ 3¢ 3€ 3¢ 3€ 3€ 3€
filter
De | Biocidal filter | 0.50 € 1€ 0.50 € 1€ 0.50 € 1€ 0.50 € 1€ 0.50 € 1€
Elllt‘:rocatalym 0€ 0€ 0€ 0€ 0.50 € 0€ 0€ 0€ 0€ 0.50 €
Total costs * 17,554 € | 1,194 € 884 € 1,194€ | 1,434€ | 1,94¢€ 884 € 1,194 € 884 € 1,745 €
Health benefits 561 € 561 € 561 € 561 € 561 € 561 € 561 € 561 € 561 € 561 €
Energy benefits 21331 € | 21331€ | 21331€ | 21331€ | 21331€ | 21331 € | 21331€ | 21331€ | 21331 € | 21331€
E:iofizance 205,735 € | 205,735 € | 205,735 € | 205,735 € | 205,735 € | 205,735 € | 205,735 € | 205,735 € | 205,735 € | 205,735 €
Total benefits | 227,626 € | 227,626 € | 227,626 € | 227,626 € | 227,626 € | 227,626 € | 227,626 € | 227,626 € | 227,626 € | 227,626 €
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Table 29: Incremental BCR outputs: C vs. PC configuration in junior high school typology.

Year 1 2 3 4 5 6 7 8 9 10

ﬁegglts 27269 € | 27269 € | 27,269 € | 27.269 € | 27.269€ | 27.269€ | 27269 € | 27269 € | 27.269 € | 27.269 €

Atotal costs | 1,310€ | 530€ 340 € 530 € 891 € 530 € 340 € 530 € 340€ | 1,081€

Ee‘;‘e’%‘:;lied 26,475€ | 25,704 € | 24.955€ | 24228 € | 23,523 € | 22,838 € | 22217 € | 21,527 € | 20,900 € | 20,291 € | 232,612 €

](?(::t"solmted 1272€ | 500€ 311 € 471 € 768 € 444 € 276 € 418 € 261 € 804 € 5525 €
AB/AC 42.10

" Benefits and costs are actualised using an annual discount rate of 3% and considering a period of 10 years.
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Table 30: Total costs and benefits associated to the PC configuration in high school typology.

Year 1 2 3 4 5 6 7 8 9 10
Ic 16,670 € 0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€
Ec 3412€ | 3412€ 3412¢€ 3412€ | 3412€ 3412€ | 3412€ 3412€ | 3412€ | 3412€
Standard 300 € 300 € 300 € 300 € 300 € 300 € 300 € 300 € 300 € 300 €
pre-filter
Mc | Biocidal filter 0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€
Elllt‘;trocataly“c 150 € 150 € 150 € 150 € 100 € 150 € 150 € 150 € 150 € 100 €
Standard 120 € 120 € 120 € 120 € 120 € 120 € 120 € 120 € 120 € 120 €
pre-filter
Rc | Biocidal filter | 310 € 620 € 310 € 620 € 310 € 620 € 310 € 620 € 310 € 620 €
Photocatalytic | ¢ 0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€
filter
Standard 3€ 3€ 3€ 3€ 3¢ 3¢ 3€ 3€ 3€ 3€
pre-filter
De | Biocidal filier | 0-50 € 1€ 0.50 € 1€ 0.50 € 1€ 0.50 € 1€ 0.50 € 1€
Elllt‘:rocatalym 0€ 0€ 0€ 0€ 0.50 € 0€ 0€ 0€ 0€ 0.50 €
Total costs * 17,554 € | 1,194€ 884 € 1,194 € 1,434 € 1,194 € 884 € 1,194 € 884 € 1,745 €
Health benefits 600 € 600 € 600 € 600 € 600 € 600 € 600 € 600 € 600 € 600 €
Energy benefits 21331 € | 21331€ | 21331€ | 21331€ | 21331€ | 21331€ | 21331€ | 21331€ | 21331 € | 21331¢€
E:iofizance 205,735€ | 205,735€ | 205,735€ | 205,735 € | 205,735 € | 205,735€ | 205,735€ | 205,735 € | 205,735 € | 205,735 €
Total benefits | 227,666 € | 227,666 € | 227,666 € | 227,666 € | 227,666 € | 227,626 € | 227,666 € | 227,666 € | 227,666 € | 227,666 €
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Table 31: Incremental BCR outputs: C vs. PC configuration in high school typology.

Year ] 2 3 4 5 6 7 8 9 10

ﬁef;glts 27309 € | 27.309 € | 27,309 € | 27,309 € | 27,309€ | 27,309 € | 27.309€ | 27,309 € | 27309 € | 27,309 €

Atotal costs | 1,310€ | 530€ 340 € 530 € 891 € 530 € 340 € 530 € 340€ | 1,081€

Ee‘;‘e’%‘:;lied 26,513 € | 25,741 € | 24,991 € | 24264 € | 23,557€ | 22.871 € | 22,205€ | 21,558 € | 20,930 € | 20,320 € | 232,950 €

]C)Olstcsoynted 1272€ | 500€ 311 € 471 € 768 € 444 € 276 € 418 € 261 € 804 € 5525 €
AB/AC 42.16

" Benefits and costs are actualised using an annual discount rate of 3% and considering a period of 10 years.
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Appendix C

The present Appendix provides additional information on the case study
presented in Chapter 5. Details of the stratifications of the opaque envelope
(external wall, floor, and roof) of each different envelope typology (envelopes A,
B, C, and D) considered in the simulated models are described from Table 32 to
Table 40. Subsequently, Tables 41 and 42 provide the results of non-renewable
primary energy for each energy service offered (EPu,nren, EPwnren, EPvren) for
new buildings case study and renovation of existing buildings one, respectively.
While Tables 43 and 44 show the energy delivered by energy carriers (Queli) used
to assess the CO; emission index in all the simulated models for new buildings
case study and renovation of existing buildings one, respectively. Finally, a detail
description of the main energy (EPgnen) and environmental-related (COz) results
are provided for each simulated models in Tables 45 and 46.

Table 32: Characterisation of the external wall layer in envelope A.

Description Thickness Conductance Resistance
[mm] [W/mK] [m*K/W]
1 | Plasterboard 13 0.21 0.06
2 | Rock wool panel 40 0.03 1.14
3 | Semi-solid blocks in brick 200 0.43 0.47
4 | Rock wool panel 160 0.03 4.57
5 | Plasterboard 13 0.21 0.06

Table 33: Characterisation of the floor layer in envelope A.

Descrintion Thickness Conductance Resistance
p [mm] [W/mK] [m*K/W]
1 | Ceramic tile 20 1.30 0.01
Thin concrete subfloor 50 0.90 0.06
3 Extruded polystyrene foam 40 0.03 191
panel
Lightweight substrate
4 Perlideck 150 0.06 2.38
5 Extruded polystyrene foam 100 0.03 3.03
panel
6 | Sand and gravel concrete 100 1.61 0.06
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Table 34: Characterisation of the roof layer in envelope A.

Description Thickness Conductance Resistance
P [mm] [W/mK] [m2K/W]
1 Extruded polystyrene foam 20 0.03 242
panel
) Extruded polystyrene foam 20 0.03 542
panel
3 Concrete screed with metal 40 1.49 0.03
mesh
4 | Brick slab 220 0.36 0.61
5 | Gypsum and sand plaster 15 0.80 0.02
Table 35: Characterisation of the external wall layer in envelope B.
Descrintion Thickness Conductance | Resistance
P [mm] [W/mK] [m*K/W]
1 | Lime and gypsum plaster 10 0.70 0.01
2 | Brick masonry 80 0.30 0.27
3 | Rock wool panel 80 0.03 2.29
4 | Brick masonry 240 0.30 0.80
5 | Concrete and sand plaster 10 1.00 0.01
Table 36: Characterisation of the floor layer in envelope B.
Description Thickness Conductance Resistance
P [mm] [W/mK] [m2K/W]
1 | Ceramic tile 10 1.30 0.00
2 | Thin concrete subfloor 50 0.90 0.05
3 Extruded polystyrene foam 40 0.03 101
panel
Lightweight substrate
4 Perlideck 100 0.06 1.59
5 | Sand and gravel concrete 80 1.61 0.05
Table 37: Characterisation of the roof layer in envelope B.
Descrintion Thickness Conductance Resistance
p [mm] [W/mK] [m*K/W]
1 Extruded polystyrene foam 20 0.03 242
panel
) Extruded polystyrene foam 20 0.03 242
panel
3 Concrete screed with metal 40 1.49 0.03
mesh
4 | Brick slab 220 0.36 0.61
5 | Gypsum and sand plaster 15 0.80 0.02
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Table 38: Characterisation of the external wall layer in envelopes C and D.

Description Thickness Conductance | Resistance
P [mm] [W/mK] [m?K/W]
1 | Lime and gypsum plaster 15 0.70 0.02
2 | Brick masonry 120 0.30 0.40
3 | Weakly ventilated cavity 60 - -
4 | Brick masonry 120 0.30 0.40
5 | Concrete and sand plaster 15 1.00 0.02
Table 39: Characterisation of the floor layer in envelopes C and D.
Description Thickness Conductance Resistance
P [mm] [W/mK] [m*K/W]
1 | Ceramic tile 10 1.30 0.008
2 | Thin concrete subfloor 50 0.90 0.05
3 | Thin concrete subfloor 100 0.90 0.11
4 | Sand and gravel concrete 80 1.61 0.05
Table 40: Characterisation of the roof layer in envelopes C and D.
Description Thickness Conductance | Resistance
P [mm] [W/mK] [m*K/W]
1 Concrete screed with metal 40 1.49 0.03
mesh
2 | Brick slab 220 0.36 0.61
3 | Gypsum and sand plaster 15 0.80 0.02
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Table 41: Non-renewable primary energy indicator for each energy service offered in new building application.

EPu,nren [KWh/(m2y)] EPw,nren [KWh/(m2y)] EPV,uren [KWh/(m?2y)]
Condensing Condensing Condensing
Boiler HP (1) | HP (2) Boiler HP (1) | HP (2) Boiler HP (1) | HP (2)
Radiant Floor 18.23 9.10 10.36 17.71 12.83 13.88 16.13 16.13 16.13
Turin
Fan coil 20.86 12.08 13.24 17.71 12.83 13.88 16.13 16.13 16.13
Model | Radiant Floor 2.29 0.74 0.99 15.08 9.40 10.14 16.13 16.13 16.13
Rome
SA Fan coil 2.53 1.03 1.07 15.08 9.40 10.14 16.13 16.13 16.13
Radiant Floor 1.00 0.39 0.48 13.62 7.99 8.38 16.13 16.13 16.13
Palermo
Fan coil 1.00 0.54 0.53 13.62 7.99 8.38 16.13 16.13 16.13
Radiant Floor 33.83 16.02 17.5 17.71 12.83 13.88 16.12 16.12 16.12
Turin
Fan coil 38.69 21.99 22.9 17.71 12.83 13.88 16.12 16.12 16.12
Model | Radiant Floor 7.66 2.76 3.53 15.08 9.40 10.14 16.12 16.12 16.12
Rome
SB Fan coil 8.89 3.87 4.96 15.08 9.40 11.07 16.12 16.12 16.12
Radiant Floor 3.29 0.91 1.11 13.62 7.98 8.38 16.12 16.12 16.12
Palermo
Fan coil 3.83 1.29 1.25 13.62 7.98 8.38 16.12 16.12 16.12
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Radiant Floor 20.04 9.92 - 15.63 10.84 - 11.09 11.09 -
Turin
Fan coil 22.93 13.73 - 15.63 10.84 - 11.09 11.09 -
Model Radiant Floor 3.57 1.35 1.58 13.31 8.12 8.20 11.09 11.09 11.09
Rome
LA Fan coil 4.02 1.75 1.79 13.31 8.12 8.20 11.09 11.09 11.09
Radiant Floor 1.49 0.54 0.65 12.02 6.90 7.10 11.09 11.09 11.09
Palermo
Fan coil 1.71 0.69 0.68 12.02 6.90 7.10 11.09 11.09 11.09
Radiant Floor 34.07 15.76 - 15.62 10.84 - 11.09 11.09 -
Turin
Fan coil 38.84 22.74 - 15.62 10.84 - 11.09 11.09 -
Model Radiant Floor 9.23 3.55 4.09 13.30 8.12 8.20 11.09 11.09 11.09
Rome
LB Fan coil 10.65 4.72 4.93 13.30 8.12 8.20 11.09 11.09 11.09
Radiant Floor 4.45 1.57 1.86 12.02 6.89 7.10 11.09 11.09 11.09
Palermo
Fan coil 5.12 2.07 2.00 12.02 6.89 7.10 11.09 11.09 11.09

160




Table 42: Non-renewable primary energy indicator for each energy service offered in existing building application.

EPH,nren [kWh/(mzy)] EPW,nren [kWh/(mzy)]
Condensing Condensing
Boiler HP (1) HP (2) Boiler HP (1) HP (2)
Radiant Floor 87.84 32.17 - 15.05 9.77 -
: Rome
Model | Fan coil 98.51 47.35 - 15.05 9.77 -
SC Radiant Floor 49.48 16.42 16.55 13.60 8.16 8.61
Palermo
Fan coil 55.89 23.81 21.21 13.60 8.16 8.61
Radiant Floor 93.49 34.04 - 15.05 9.77 -
Rome
Model | Fan coil 104.52 50.07 - 15.05 9.77 -
SD Radiant Floor 53.57 18.62 - 13.60 8.29 -
Palermo
Fan coil 60.57 27.05 - 13.60 8.29 -
Model | Radiant Floor 50.77 16.88 - 11.93 6.80 -
Palermo
LC Fan coil 56.94 24.88 - 11.93 6.80 -
Model Radiant Floor 53.94 17.83 - 11.93 6.80 -
Palermo
LD Fan coil 60.30 26.24 - 11.93 6.80 -
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Table 43: Energy delivered by energy carriers to assess the CO» emission indicator in new building application.

Queli
Condensing Boiler HP (1) HP (2)
Natural gas Electricity Electricity Electricity
[Nm3/y] [KWh/y] [KWh/y] [kWh/y]
Radiant Floor 500 1,284 2,893 3,069
Turin
Fan coil 532 1,312 3,120 3,288
Model | Radiant Floor 244 1,242 1,997 2,073
Rome
SA" | Fan coil 247 1,243 2,019 2,079
Radiant Floor 206 1,238 1,863 1,900
Palermo
Fan coil 206 1,238 1,875 1,904
Radiant Floor 714 1,325 3,421 3,613
Turin
Fan coil 773 1,381 3,874 4,024
Model | & diant Floor 318 1,256 2,151 2,266
SB Rome
Fan coil 333 1,266 2,235 2,446
Radiant Floor | Palermo 237 1,244 1,903 1,948
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Fan coil 244 1,248 1,932 1,959
Radiant Floor 720 1,314 3,522 -
Turin
Fan coil 770 1,366 3,942 -
Model | Radiant Floor 344 1,252 2,274 2,427
Rome
LA Fan coil 352 1,256 2,318 2,331
Radiant Floor 276 1,244 2,048 2,084
Palermo
Fan coil 280 1,245 2,065 2,087
Radiant Floor 1,000 1,367 4,168 -
Turin
Fan coil 1,081 1,466 4,940 -
Model | Radiant Floor 457 1,273 2,517 2,585
Rome
LB | Fan coil 482 1,294 2,647 2,678
Radiant Floor 335 1,255 2,162 2,217
Palermo
Fan coil 347 1,264 2,218 2,233
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Table 44: Energy delivered by energy carriers to assess the CO; emission indicator in existing building application.

Qdeli
Condensing Boiler HP (1) HP (2)
Natural gas Electricity Electricity Electricity
[Nm?/y] [KWh/y] [KWhiy] [KWh/y]
Radiant Floor 1,431 241 3,221 -
Rome
Model | Fan coil 1,551 420 4,386 -
SC Radiant Floor 879 140 1,887 1,932
Palermo
Fan coil 955 223 2,455 2,290
Radiant Floor 1,509 256 3,364 -
Rome
Model | Fan coil 1,631 449 4,595 -
SD | Radiant Floor 935 151 2,066 ;
Palermo
Fan coil 1,016 258 2,713 -
Model | Radiant Floor 1,267 206 2,639 -
Palermo
LC | Fan coil 1,364 372 3,531 -
Model | Radiant Floor 1,331 218 2,744 -
Palermo
LD | Fan coil 1,430 396 3,682 -
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Table 45: Energy- and environmental-related benefits for all the simulated models in new building application.

EPg,nren [kWh/ (mzy)] CO: [kg COZ/y]
Condensing Condensing
Boiler HP (1) HP (2) Boiler HP (1) HP (2)
Radiant Floor 52.07 38.06 40.37 1,634 1,331 1,412
Turin
Fan coil 54.7 41.04 43.25 1,714 1,435 1,513
Model | Radiant Floor Rome 33.5 26.27 27.26 1,080 919 954
SA Fan coil 33.74 26.56 27.34 1,088 929 956
Radiant Floor 30.75 24.51 24.99 999 857 874
Palermo
Fan coil 30.75 24.66 25.04 999 862 876
Radiant Floor 67.66 44.97 475 2,099 1,574 1,662
Turin
Fan coil 72.52 50.94 52.9 2,248 1,782 1,851
Model | ¢ diant Floor 38.86 28.28 29.79 1,241 990 1,042
SB Rome
Fan coil 40.09 29.39 32.15 1,277 1,028 1,125
Radiant Floor | Palermo 33.03 25.01 25.61 1,067 875 896
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Fan coil 33.57 25.39 25.75 1,083 889 901
Radiant Floor 46.76 31.85 - 2,108 1,620 -
Turin
Fan coil 49.65 35.66 - 2,236 1,814 -
Model Radiant Floor Rome 27.97 20.56 20.87 1,294 1,046 1,116
LA Fan coil 28.42 20.96 21.08 1,313 1,066 1,072
Radiant Floor 24.6 18.53 18.84 1,148 942 058
Palermo
Fan coil 24.82 18.68 18.87 1,158 950 960
Radiant Floor 60.78 37.69 - 2,717 1,917 -
Turin
Fan coil 65.55 44.67 - 2,930 2,273 -
Model Radiant Floor Rome 33.62 22.76 23.38 1,539 1,158 1,189
LB Fan coil 35.04 23.93 24.22 1,602 1,217 1,232
Radiant Floor 27.56 19.55 20.05 1,276 995 1,020
Palermo
Fan coil 28.23 20.05 20.19 1,305 1,020 1,027
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Table 46: Energy- and environmental-related benefits for all the simulated models in existing building application.

EPg,nren [kWh/ (mzy)] CO2 [kg COZ/y]
Condensing Condensing
Boiler HP (1) HP (2) Boiler HP (1) HP (2)
Radiant Floor 102.89 41.94 - 3,098 1,482 -
: Rome
Model | Fan coil 113.56 57.12 - 3,430 2,018 -
SC Radiant Floor 63.08 24.58 25.16 1,899 868 889
Palermo
Fan coil 69.49 31.97 29.82 2,097 1,129 1,053
Radiant Floor 108.54 43 81 - 3,269 1,547 -
Rome
Model | Fan coil 119.57 59.84 - 3,612 2,114 -
SD Radiant Floor 67.17 26.91 ; 2,022 950 -
Palermo
Fan coil 74.17 35.34 - 2,239 1,248 -
Model | Radiant Floor 62.7 23.68 - 2,739 1,214 -
Palermo
LC Fan coil 68.87 31.68 - 3,019 1,624 -
Model | Radiant Floor 65.87 24.63 - 2,877 1,262 -
Palermo
LD Fan coil 72.23 33.04 - 3,166 1,694 -

167




