VOL. 9, NO. 1 (2023)

TEMA

Technologies
Engineering
Materials
Architecture

TOWARDS A NEW ETHICS IN BUILDING

Journal Director: R. Gulli e-ISSN 2421-4574
DOI: 10.30682/tema0901

Guest Editors: A. Sanna, G. Di Giuda, L.C. Tagliabue

Assistant Editors: A.C. Benedetti, C. Mazzoli, D. Prati

Cover illustration: Jewish Museum Berlin by Daniel Libeskind, The Garden of Exile,
Berlin, Germany, 2001. © Riccardo Gulli (2009)




Arihilocimrs

e-ISSN 2421-4574
ISBN online 979-12-5477-288-1
DOI: 10.30682/tema0901

Vol. 9, No. 1 (2023)
Year 2023 (Issues per year: 2)

Editor in chief
Riccardo Gulli, Universitadi Bologna

Associated Editors

Annarita Ferrante — Universitadi Bologna

Enrico Quagliarini — Universita Politecnicadelle Marche
Giuseppe Margani — Universitadegli Studi di Catania
Fabio Fatiguso — Universita Politecnica di Bari

Rossano Albatici — Universita di Trento

Editorial Board Members

Thsan Engin Bal, Hanze University of Applied Sciences — Groningen
Antonio Becchi, Max Planck Institute — Berlin

Marco D’ Orazio, Universita Politecnica delle Marche
Vasco Peixoto de Freitas, Universidade do Porto — FEUP
Stefano Della Torre, Politecnico di Milano

Giuseppe Di Giuda, Universitadi Torino

Luca Guardigli, Universitadi Bologna

José Luis Gonzalez, UPC — Barcellona

Francisco Javier Neila Gonzalez, UPM Madrid

Alberto Grimoldi, Politecnico di Milano

Antonella Guida, Universita della Basilicata

Santiago Huerta, ETS — Madrid

Richard Hyde, University of Sydney

Tullialori, Universitadi Roma Tor Vergata
RaffaellaLione, Universitadi Messina

John Richard Littlewood, Cardiff School of Art & Design
Camilla Mileto, Universidad Politecnica de Valencia UPV — Valencia
Renato Morganti, Universitadell’ Aquila

Antonello Sanna, Universitadi Cagliari

Matheos Santamouris, University of Athens

Enrico Sicignano, Universitadi Salerno
Lavinia Chiara Tagliabue, Universitadi Torino

Claudio Varagnoli, Universita di Pescara

Emanuele Zamperini, Universitadi Firenze

Assistant Editors

CeciliaMazzoli, Universitadi Bologna
Davide Prati, Universita di Bergamo

Anna Chiara Benedetti, Universitadi Bologna

Journal director
Riccardo Gulli, Universitadi Bologna

Publisher:

Ar.Tec. Associazione Scientifica per la Promozione dei Rapporti tra Architettura e Tecniche per I’Edilizia

c/o DICATECH - Dipartimento di Ingegneria Civile, Ambientale, del Territorio, Edile e di Chimica - Politecnico di Bari
Via Edoardo Orabona, 4

70125 Bari - Italy

Phone: +39 080 5963564

E-mail: info@artecweb.org - tema@artecweb.org

Publisher Partner:

Fondazione Bologna University Press
Via Saragozza 10

40123 Bologna - Italy

Phone: +39 051 232882
www.buponline.com



Vol. 9, No. 1 (2023)

e-ISSN 2421-4574

T E M A

Vol. 9, No. 1 (2023)
e-ISSN 2421-4574

Editorial

Towardsa New Ethicsin Building

Antonello Sanna, Giuseppe Di Giuda, Lavinia Chiara Tagliabue
DOI: 10.30682/tema0901n

The ecological transition of cities
Federico M. Butera
DOI: 10.30682/tema0901a

Environmental ethics and sustainability of techniques. From hyper-specialisation to multifunctionality
for aresilient inhabitable space

Mario Losasso

DOI: 10.30682/tema0901b

Innovation and knowledge-based growth for low carbon transitionsin the built environment.
Challenges and open research questions

Massimiliano Manfren

DOI: 10.30682/tema0901c

COVID-19, design and social needs. an investigation of emerging issues
Vito Getuli, Eleonora D’ Ascenzi, Saverio Mecca
DOI: 10.30682/tema0901d

Towards a technical sentiment lexicon for the maintenance of human-centred buildings
Marco D’ Orazio, Gabriele Bernardini
DOI: 10.30682/tema0901e

Fostering the consensus: a BERT-based Multi-label Text Classifier to support agreement in public design call
for tenders

Mirko Locatelli, Giulia Pattini, Laura Pellegrini, Slvia Meschini, Daniele Accardo

DOI: 10.30682/tema0901f

Building ener gy consumption under occupants behavior uncertainty in pre and post-renovation scenarios:
acasestudy in Italy

Gianluca Maracchini, Elisa Di Giuseppe

DOI: 10.30682/tema0901g




Vol. 9, No. 1 (2023) €-ISSN 2421-4574

Ecological transition for the built environment: natural insulating materialsin green building rating systems
Sefano Cascone
DOI: 10.30682/tema0901h

Testing and comparison of an active dry wall with PCM against a traditional dry wall in arelevant
operational environment

Marco Imperadori, Nicole Di Santo, Marco Cucuzza, Graziano Salvalai, Rossano Scoccia, Andrea Vanossi
DOI: 10.30682/tema0901i

Digitization of building systemsusing | FC to support performance analysis and code checking:
standard limits and technological barriers. A case study on fire safety

Carlo Zanchetta, Maria Grazia Donatiello, Alessia Gabbanoto, Rossana Paparella

DOI: 10.30682/tema0901l

Preventing COVID-19 spread in school buildings using Building Information Modelling: a case study
Carmine Cavalliere, Guido Raffaele Dell’ Osso, Francesco |annone, Valentina Milizia
DOI: 10.30682/tema0901m




EDITORIAL

Antonello Sanna*, Giuseppe Di Giuda**,
Lavinia Chiara Tagliabue* **

IT EMA

eelimelogies
Figlmersdmg
Majmrlals
Aribilac

e-ISSN 2421-4574

Vol. 9, No. 1 - (2023)

e+

* DICAAR - Dipartimento di Ingegneria civile, ambientale e architettura,

Universita degli Sudi di Cagliari, Cagliari (Italy)
** DM - Dipartimento di Management “ Valter Cantino” ,
Universita degli Studi di Torino, Torino (Italy)

*** Djpartimento di Informatica, Universita degli Sudi di Torino, Torino (Italy)

DOI: 10.30682/tema0901n

Crises, which are overwhelmingly destabilizing the most
established references with increasing frequency, are no
more situational but systemic: therefore, responses to
these crises require actual paradigm shifts. This assump-
tion, as a non-casual coincidence with the 50th anniver-
sary of the publication of the founding text The limitsto
growth, moved the Journal TEMA to launch this call for
papers: Towards a New Ethicsin Building. Thus, the goal
was to capture the features and implications of paradigm
shifts and transfer them to our research and scientific
interest areas. This process has been accomplished both
through overviews, helping to grasp the main relational
and systemic aspects and insights into operational tools
and methods and case studies specifically related to the
built environment. This organization of essays is effec-
tively reflected in the manuscripts that compose the pre-
sented thematic issue.

The three-year period 2019-2021 was not only the
bearer of global crises but aso, fortunately, apivotal mo-
ment of responses at the level of top political-institutional
decision-makers. In fact, contextually, Europe led a great
project, at once political and socio-economic, namely the
Green Deal, intending to transfer knowledge, proposals
and solutions on the level of major strategic projects. The
scientific-technological area of the building sector, in par-
ticular, immediately recognized itself in the Renovation
Wave Strategy Directive (14.10.2020). For the first time,
after decades of directives dedicated to issues of enor-
mous impact (i.e., transport, energy, environment, etc.),
nonetheless still conceived in a sectoral way, the issues of
the built environment were being prioritized. Moreimpor-
tantly, strategies were aso being ingtitutionally placed at
the proper level of complexity. It was amatter of converg-
ing green goalsin the city, construction and performance

This contribution has been peer-reviewed.
© Authors 2023. CC BY 4.0 License.

(according to a circular approach) with social cohesion
and new welfare, having the quality of life and work as
the main content and goal. Indeed, the three keywords of
the Directive are: greening our buildings, creating jobs,
and improving lives. Certainly, on the application level,
inconsistencies and contradictions have already manifest-
ed themselves; the Italian NRRP (National Recovery and
Resilience Plan), for example, with its bonuses, has so far
failed to be up to the premises. However, at least on the
level of legitimacy and support for a set of new theoret-
ical and practical experiments, the Green Deal and Ren-
ovation Wave seem to have already actually made their
mark. The research has taken note of the shift that the
ethica dimension entails: an increasingly intersectoral/
multidimensional approach, agrowing contamination be-
tween society and science, and an orientation of the latter
to seek responses more and more oriented to emerging
social and environmental needs.

Initsopening, thisissue presentsthreeintroductory es-
says, constituting three broad overviews. The authors all
pertain to the field that we can still call polytechnic, i.e.,
Engineering and Architecture, although they bel ong to dif-
ferent areas, sectors, and generations, and above all being
bearers of seemingly distant cultures and research profiles.
For this reason, too, reading the different declinations and
emphases on principles, the different narrative styles with
which they illustrate their theses and viewpoints on the
paradigm shift, gives agrasp of the value of the differenc-
es but also the (wholly unplanned) mutual cross-referenc-
es and many substantial and significant convergences.

In the first essay, The ecological transition of cities,
the author, emeritus professor Federico M. Butera, wide-
ly known for his committed call to deal with complexity
while identifying cities as the core of the problem and
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also the solution, poses the question in terms of urban and
environmental metabolism. The use of the term and the
concept of urban metabolism itself goes far beyond the
metaphorical dimension and becomes a pregnant anal ogy
between systemic entities (i.e., eco-biosphere superorgan-
ism and urban or territorial organism). Entities in which
flows of matter and energy realize complex dynamics af-
fecting and continually modifying the initial systemic ar-
rangements. These modifications, however, have come to
be measured by an ecosystem in which there is no longer
an elsewhere in which to converge waste. It is worth not-
ing how China has become the world’s true manufacturer
and how yet dtill the emissions that come from factories
located in China's territory are almost always blamed on
China itself, which, nevertheless, operates in the service
of that great global city, that is the European and North
American West. Butera clarifies that this is not merely a
matter of accounting and production. Consumption isin-
fluenced, mainly and above all, by lifestyles and related
socia status, without taking into account that even vir-
tuous actions, such as energy efficiency in buildings, can
produce counterintuitive outcomes. Against a reduction-
ist view and the underlying purely linear logic, whereby
problems are addressed and solved more efficiently by
optimizing emerging sectoral aspects, for Butera, it is a
matter of designing the future adaptively as a complex
and largely unpredictable ecosystem.

In the essay Environmental ethics and sustainability
of techniques. From hyper-specialization to multifunc-
tionality for a resilient inhabitable space, Mario L osasso
recalls the human-nature unity, reminding the reader as
the techniques and productive and social arrangements
that result from them are also part of the overall eco-
system. The new environmental ethic consists precisely
of the critique of a model based on the domination of
nature by a rational-to-the-purpose technique, which is
contrasted with a co-evolutionary vision. Through this,
human communities are called to develop neo-ecosys-
tems of which they recognize themselves as an integral
part: thus, they do not have a position of passive protec-
tion but a role in the regenerative co-design. This posi-
tion invokes the theme of city and settlement life as an
evolved form of metabolism. The organicist metaphor
means that much of the investment in the human habitat

e-ISSN 2421-4574

of the future will consist of a regeneration of the exist-
ing building stock aimed at converting the current linear
production-consumption-waste sequence into circular
procedures with minimal waste, as the Renovation Wave
Srategy states. This vision is equivalent to saying that
the project must structurally place itself in terms of eco-
system reactivation by introducing the operational cate-
gory of habitable/livable space, referring to the fruitful
research of the 1960s and 1970s. Munari, Maldonado,
and Vittoria, among others, in that historical passage,
posed to architecture and technol ogy the question of how
to rethink and design habitable space in symbiotic terms
and not in terms of resource exploitation. A concept al-
ready half a century ago pointed to a multifunctional al-
ternative to sectoral hyper-specialization.

In the third essay, Innovation and knowledge-based
growth for two low carbon transitions in the built envi-
ronment. Challenges and open research questions, Mas-
similiano Manfren moves from similar premises:

* radical innovation (corresponding to the paradigm
shift horizon);

e decoupling of socia and economic growth from
resource consumption (sufficiency);

* decided orientation toward complex and intersca-
lar approaches;

» centrality of social and cultural factorsover there-
ductionist hyper technological approach.

The author interprets them by placing the topics first
and foremost from the knowledge-based development
perspective (knowledge-based growth perspective). Of
this perspective, meanwhile, the essay examines the
complex relationships between technological innovation
and policy directions because of the decisive role that de-
cisive issues of adeeply socia and cultural nature, such
as lifestyles and consumption patterns, play with respect
to the ultimate goal of minimizing global emissions. For
the author, sufficiency in transforming the circular econ-
omy into behavior opens a relevant perspective to new
trades for new forms of space use in a multifunctional
and shared approach. Equally relevant is the critical ar-
gument about the risk of wishful thinking about replac-
ing obsolete and increasingly marginal jobs with more
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skilled activities that constitute the new and more ful-
filling factor of social cohesion. Sharply identified are
the structural constraints to the emergence of types of
innovation diffusion that do not result, asisincreasingly
the case, in expanded inequality and exclusion. More-
over, it is pointed out that the new goal of the knowledge
economy seems to have been decisively downsized: no
longer the increase in the number of employed people,
but at least the non-reduction compared to tradition-
al jobs. Only mass co-interest in the challenge of sus-
tainable innovation creates the social cohesion required
to avoid disaffection with democracy. New innovation
ecosystems must therefore be fostered and supported in
public and corporate governance, and decision-making
processes should be supported by data-driven procedures
defined by the use of Artificial Intelligence (Al) and Ma-
chine Learning (ML) applied to building-generated big
data. In conclusion, the author asks crucial research
guestions: Is the human dimension considered and prop-
erly accounted for? (e.g., all aspectsrelated to behavioral
change, which can, directly and indirectly, impact carbon
emissions)? In this regard, it would be essential and ur-
gent for areview of Italian policies related to the 110%
bonus to ask the question and answer it correctly.

The pandemic has overwhelmingly brought out a
new social demand for quality of lifein inhabited spaces,
highlighting the accumulated delays in the architectural
sciences. This is the thesis of the paper COVID-19, de-
sign and social needs. an investigation of emerging issues
by Vito Getuli, Eleonora D’ Ascenzi, and Saverio Mecca.
Consequently, innovation must be based on a radically
transdisciplinary approach between socia, health and
gpatial sciences. A multidimensional analysis of texts in
the scientific literature highlights central concepts and
their relationships, showing the new centrality of socio-
psychological and health issues for design at all scales.

In the essay Towards a technical sentiment lexicon
for the maintenance of human-centred buildings, Marco
D’ Orazio and Gabriele Bernardini tell us about the par-
adigm shift affecting the human-building relationship,
starting from the Cognitive Building concept neverthe-
lessreworkingitinlight of Natural Language Processing
(NLP) systems. The experimental case study proposesan
innovative way of relating to the data produced at capac-
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ity by the pervasive digitization of buildings, particularly
by Computerized Maintenance Management Systems. In
the problematic Artificial Intelligence (Al) era, human
behaviors return to the center through systems that mod-
el themselves in adaptive and interactive terms to pro-
duce sensible knowledge, programming and governance.

Natural Language Processing (NLP) is also the
core topic of Fostering the consensus. a BERT-based
Multi-label Text Classifier to support agreement in pub-
lic design call for tenders, where Mirko Locatelli, Giulia
Pattini, Laura Pellegrini, Silvia Meschini, and Daniele
Accardo discuss the use of the method in the pre-design
phase, which is at the moment an unexplored field of
application, despite its wide use in the design and con-
struction. The pre-design stage, heavily reliant on natu-
ral language, aims at connecting stakeholder needs and
design proposals, opening the vision to co-design and
community participation. The research presents a meth-
od to develop, assess, and evaluate an NLP tool, using
the BERT language model, that translates quality needs
and objectives into an assessment hierarchical grid.

A similar approach, based on ause case, is applied by
Gianluca Maracchini and Elisa Di Giuseppe in the paper
Building energy consumption under occupants' behavior
uncertainty in pre and post-renovation scenarios. a case
study in Italy. The authors center on a topic of pressing
relevance: the gap between consumption predictions
made in deterministic terms and behaviors that escape
the model. Again, an experimental case study that, on
the one hand, starts from real data to calibrate models
and, on the other, develops new approachesto governing
uncertainty from a sustainable transition perspective.

The importance of defined instruments and certified
procedures for the green transition is relevant in the pa-
per of Stefano Cascone, Ecological transition for the
built environment: natural insulating materialsin green
building rating systems, where the author shows how the
ecological materials for improving the thermal perfor-
mance of the buildings and thus reducing their environ-
mental impact are critical decision support issues. The
document discusses and demonstrates how chemical
products and traditional materials for refurbishment are
not able to be included in the virtuous palette of sustain-

able interventions for the energy retrofit stressing how
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the NZEB approach (Nearly Zero Energy building) is
going towards the evolutionary, the however not com-
pletely new, concept of LC-ZEB (Life Cycle Zero Ener-
gy building), including the embedded energy asacrucial
energy amount to be reduced for thereal inversion of the
degradation of the global resource.

In the contribution Testing and comparison of an ac-
tive dry wall with PCM against a traditional dry wall
in a relevant operational environment, Marco Impera-
dori, Nicole Di Santo, Marco Cucuzza, Graziano Salva-
lai, Rossano Scoccia, and Andrea Vanossi analyze tra-
ditional wall (Dry Wall) and the false-wall with PCM
(Active Dry Wall) to show the improvement on thermal
performance of advanced insulation materialstesting the
solution in an experiment testbed. The case study and
the monitoring of the thermal conditions of the envelope
support the technological investment towards ZEB pro-
moted by the national authorities and experimented by
the test facilities of the polytechnic circuit. The energy
and economic advantage is clearly demonstrated in win-
ter, while future research on cooling needs and durability
of the system could be beneficial to promote the diffu-
sion of such advanced materials.

An innovative modelling approach that uses IFC (In-
ternet Foundation Classes) not as commonly promoted
as an information exchange format but as a data model,
where standardized relations between building ontologies
can be smulated, is proposed in the paper Digitization of
building systems using |FC to support performance anal-
ysisand code checking: standard limits and technol ogical
barriers. A case study on fire safety where Carlo Zanchetta,
MariaGrazia Donati€ello, Alessia Gabbanoto, and Rossana
Paparella aims at demonstrating how IFC ISO Standard
can be used as a reliable data model to support Perfor-
mance Analysis (PA) and code checking for construction
disciplinesusing Fire Safety Engineering (FSE) asachal-
lenging test field. The methodology consists of checking a
digital approach to Performance Analysis based on infor-
mation classes that can express users requirements and
performance specification of technical elements to devel-
op computational code checking. This method is devel-
oped by creating virtual classes representing built systems
and using relation classes and performance attributes to

check if technical elements fulfil users’ requirements.
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A further innovative approach whichis, inthiscase, fo-
cused on the evaluation of the compliance of school build-
ings with the measures to prevent and control the spread
of Coronavirus, is presented by Carmine Cavalliere, Gui-
do Raffaele Dell’ Osso, Francesco lannone, and Valentina
Miliziain the contribution Preventing COVID-19 spread
in school buildings using Building Information Mod-
elling: a case study. The innovation relies on the meth-
odology proposed to create a customizable and scalable
rule-checking method for pandemics or other crises that
invest in space management and users safety. The meth-
odology has been tested on school facilities as educational
buildings are crucial in the continuity of the cultural prog-
ress of our communities, and societal protection can be
supported by verification workflows based on digital tech-
nologies and Visual Programming Language (VPL).

To conclude, just as the Journal’s call was being pub-
lished, thetwo topical crises of the three years 2019-2022
(pandemic and climate change) were joined by a third:
the eruption of armed conflict between major world pow-
ers, only seemingly confined to Ukraine, which radically
alters the consolidation of a system-world (globaliza-
tion). War and pandemics synergistically alter the process
of global optimization of the economy and production,
which had appeared unstoppable until the late twentieth
century, downsizing the prospects of inclusive prosper-
ity and replacing it with new resilient or antifragile ap-
proaches. The 11 contributions collected in this thematic
issue are opening up the reflection on new visions that
can be synthesized as follows in two main core topics:

 to restore the centrality of places and their spec-
ificities, meanwhile radically contradicting the
postulate of hyper-specialization (and consequent
productive de-localization). If the economy and its
space are no longer guaranteed and secure on a
planetary scale, local productions turn out to be
preferable, both if referred to as strategic products
or more trivial goods;

 toinclude an increasing factor of uncertainty and
unpredictability in all planning and design pro-
cesses. For example, the lean and material econ-
omy paradigms in structural calculations are re-
vealed as factors of fragility.




THE ECOLOGICAL TRANSITION
OF CITIES

Abstract

The ecological transition of cities is crucial for the ecological transition
of the entire world. This transition goes through the transformation of the
current linear urban metabolism into a circular metabolism that mimics
the functioning of ecosystems. A metabolism aiming to the minimisation
of material inputs (products, water, food) in order to minimise both the
withdrawal of resources from the environment and waste production. This
goa can be achieved by adopting the principles of the circular economy,
maximising the use of renewable sources and energy efficiency, and rede-
signing urban services, such as mobility and water-and-waste cycles.

In order to bring about this transformation, it is not enough to work on
technologies and techniques because citizens' behaviour, lifestyles and
cultural values are affected. Furthermore, treating the city as a living or-
ganism, i.e., asacomplex system, requires an appropriate design and gov-
ernance method underpinned by a systemic vision.
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1. BACKGROUND

In 1950, only 30% of the world’s population lived in cit-
ies, meaning by “city” an inhabited centre ranging from
the biggest megacity to the smallest town. By 2020, the
share of the urban population increased to 56.2%, and it
is projected to reach 68.4% in 2050; in devel oped coun-
tries, people live already mostly in settlements (79.2%),
while alower share (51.6%) of developing countries in-
habitants, including China, is urbanised [1].

Moreover, cities generate 85% of global GDP (Gross
Domestic Product); they consume 75% of the natural
resources entering the economic circuit, produce 50%
of all waste, are responsible for 60-80% of greenhouse
gas emissions (GHG) [2], consume 67% of all the food
produced in the world [3], and it is estimated that by

2050 they will consume 80% [4]. Therefore, attention
must be focused on cities because they catalyse most
of the resources and economic activities and are the
primary cause of environmental degradation. However,
they are also innovation centres and can/should lead the
way towards an environmentally and socially sustain-
able society.

Cities will grow mainly in developing countries,
where they will require enormous amounts of resources
for building up their infrastructures, from buildings to
roads, and energy for their operation. At the same time,
cities growth will challenge the ecosystems, as urban-
isation is also connected to the degradation and loss of
forests, grassland, and marine areas (it is estimated that
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90% of the wastewater in developing countries is dis-
charged directly into waterbodies) [5].

2.CITIES IMPACT ON GLOBAL
ENVIRONMENT INTEGRITY

The current narrative on ecological transition is focused
on the energy transition because of the more and more
evident effects of climate change. This is a good start-
ing point, but climate change is only one of the environ-
mental problems we must solve, as shown in 2009 by a
group of Earth system and environmenta scientists [6].
They identified nine processes regulating the stability and
resilience of the Earth system that we must keep under
control and the nine limits that we must not transgress for
maintaining planet Earth in the conditionsthat allowed the
human civilisation and within which humanity can contin-
ue to develop and thrive for generations to come (Fig. 1).
Crossing these boundariesincreases the risk of generating
large-scale abrupt, or irreversible environmental changes.

CLUMATE CHANGE

LAND-SYSTEM
CHARGE

FRESENWATER LISE

Fig. 1. Planetary Boundaries [9].
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The nine planetary boundaries identified are:

1. Climate Change; caused mainly by the alteration
of the CO, cycle through the increase in its con-
centration in the atmosphere. Other gases also
contribute: methane, nitrogen oxides and fluori-
nated gases;

2. Chemical Pollution and the release of novel enti-
ties; namely radioactive compounds, heavy metals
and a wide range of artificial chemical compounds
and biological organisms;

3. Stratospheric Ozone Depletion; caused by human
actions (emissions of CFCs, i.e., chlorofluorocar-
bons and nitrogen oxides);

4. Atmospheric Aerosol Loading; affecting the cli-
mate system and having adverse effects on health.
It is mainly caused by burning fossil fuels and
wildfires;

5. Ocean Acidification; caused mainly by the increase
of CO, in the atmosphere dissolving in water,
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6. Nitrogen and Phosphorus Flows to land, water
bodies and oceans; due mainly to the continuous
input into the agricultural production system of
large quantities of artificial nitrogen compounds
and phosphates extracted from mines;

7. Freshwater Consumption; which has altered
the Earth’s hydrological cycle through the often
senseless use of water resources in agriculture,
above al, but also inindustry and urban centres;

8. Land System Change; such as deforestation to
create arable land, the transformation of wetlands
into fish farms and grasslands into plantations, the
expansion of cities, and the construction of trans-
port infrastructure;

9. Loss of Biosphere Integrity; biodiversity loss and
extinctions.

These nine processes are mutually interconnected and
are all affected by urban resource consumption, whichis
also the main direct and indirect cause of some of their
limits being exceeded.

The importance of the link between cities and the ex-
ceeding of planetary limits, i.e., between urban metabo-
lism and the high risk of triggering catastrophic process-
es that will spare no one, is highlighted by the fact that
limits have already been exceeded for the following five
processes (7, 8]:

Fig. 2. The urban metabolism.
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* climate change; cities contribute more than two-
thirds of climate-changing gas emissions;

* modification of the biogeochemical cycle of ni-
trogen and phosphorus, primarily caused by food
production, of which cities are the main consum-
ers, and by not treated wastewater discharge;

e changesin land use, also mainly due to food pro-
duction and by cities growth;

* novel entities, due to excess urban waste, food
production and industrial chemicals pollution

» the loss of biosphere integrity, mainly caused by
exceeding the four limits above and the pressure
on the other four.

3. THE URBAN METABOLISM

«The notion of urban metabolism is loosely based on an
analogy with the metabolism of organisms, athough in
other respects, parallels can also be made between cities
and ecosystems. Cities are similar to organisms in that
they consume resources from their surroundings and ex-
crete wastes» [10].

The resources consumed are flows of materials, food,
water and energy; once metabolised, these flows turn
into waste, which is expelled in the form of greenhouse
gases, wastewater, organic and inorganic solid waste,
and low-temperature heat (Fig. 2).
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The metabolism of today’s settlements is general-
ly linear, i.e., the inputs crossing their borders are dis-
tributed inside the settlement and used to keep all the
functions working; after their use, they are disposed of
as waste outside the borders. In this model, the devel-
opment and growth of the settlements are accompanied
by a corresponding increase of inputs and, consequently,
of waste, with increasing pressure on the environment’s
integrity. The linear “Take - Make - Dispose” lifestyle
increasingly depletes finite natural reserves producing
wastes in quantities that the environment is not capable
of absorbing without damage.

3.1. ENERGY AND MATERIAL FLOW

People usually connect GHG emissions with energy
consumption and are quite aware of the fact that heating
and cooling buildings, lighting a room, heating water,
driving a vehicle, etc., implies CO, emissions. For this
reason, people —and policymakers — generally think that
the problem of global warming can be solved simply by
substituting the fossil fuel flow entering the city with a
renewable energy flow.

Thus, the method used for the emissions invento-
ry of a settlement is usually “production-based”. This
method captures GHG emissions associated with all
significant urban activities within physical city bound-
aries, i.e., transport, buildings and industries, agricul-
ture, forestry and other land uses (where applicable),
as well as waste disposal and wastewater treatment.
Emissions due to the production of the electricity con-
sumed in the settlement are also accounted for, even
if the production occurs in a power station outside the
settlement’s borders.

However, this accounting framework does not fully
reflect the impact that cities have on global emissions,
asit does not take into consideration the emissions asso-
ciated with goods and services consumed in the city but
produced elsewhere.

A consumption-based accounting framework should
be used to include the climate impact of goods and ser-
vices consumed in cities. This framework allocates all
GHG emissions associated with the production and dis-

tribution of goods and services to the final consumer, al-
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lowing for the total GHG emissions associated with city
residents and, by association, the businesses and institu-
tional activities serving them.

The consumption-based approach captures both di-
rect and lifecycle GHG emissions of goods and services
(including those from raw materials, manufacture, distri-
bution, retail and disposal), and allocates GHG emissions
to the final consumers of those goods and services rather
than to the original producers of those GHG emissions.
GHG emissions from visitor activities and the produc-
tion of goods and services within the city boundary that
are exported for consumption outside the city boundary
are excluded.

In simple terms, a consumption-based GHG inven-
tory can be defined as the emissions arising within a
city’s boundaries (production-based emissions) mi-
nus those emissions associated with the production of
goods and services exported to meet demand outside
the city, plus emissions arising in supply chains for
goods and services produced outside the city but im-
ported for consumption by its residents, the so-called
embodied emissions.

To give an idea of the gap between the two account-
ing frameworks, an evaluation [11] carried out for the
C40 cities (a network of the world's megacities com-
mitted to addressing climate change) shows that 85%
of emissions associated with goods and services con-
sumed in C40 cities are imported from elsewhere (in-
cluding electricity) and only 15% produced within their
borders.

From the consumption-based approach, the set of ac-
tions to implement for minimising or zeroing the settle-
ments’ GHG emissions can be derived, starting from the
evidence that there are two emission sources to consider,
the produced ones and those embodied in the goods, ser-
vices and food imported.

On the other hand, any product is not only the cause
of greenhouse gas emissions, i.e., it has a carbon foot-
print, but it also has a water footprint (the water used
for its production). Any product is also the cause of
aerosol emissions (which affect the global climate, as
well as being harmful to health), and, in many cases,
it is the cause of the release of novel entities into the
environment (the chemicals used in the production
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process, plastics, etc.); it is also indirectly the cause
of ocean acidification and, through the extraction of
raw materials and the cities growth, is a cause of land
use change. Suppose we focus on agricultural prod-
ucts, which are a non-negligible part of the flow of
matter feeding the urban metabolism. In that case, we
see that they have a tremendous impact on the plan-
etary boundaries’ transgression. This is because food
production, in addition to contributing 24% to global
greenhouse gas emissions and being the leading cause
of the overshooting of three planetary limits (biogeo-
chemical flows, land use change and biodiversity loss),
also has a heavy impact on the global use of water and
is a significant cause of the introduction of new entities
(herbicides, insecticides, fungicides, antibiotics, hor-
mones, etc.).

We may conclude that the flow of goods entering
the cities is the main cause of their impact on planetary
boundaries and, given their weight on global environ-
mental degradation, this flow is the first responsible for
the present planet’s sickness.

4. REDESIGNING THE URBAN
METABOLISM

To reduce the cities' impact on the environment, a new
metabolism model is needed to simultaneously lower
resource consumption, i.e., material input, and waste
production. A metabolism which tries to mimic the way
ecosystems work, where it is always the same amount of
matter circulating, used and reused an infinite number
of times, the cycle being powered by solar energy, and
where the concept of waste does not exist. Key issuesto
be addressed in adifferent way are: consumed emissions,

goods, water and nutrient flows.

4.1. MINIMISE CONSUMED EMISSIONS

The large majority of buildings nowadays use power for
lighting, electric appliances and all the electronic devices
our houses are full of. The power demand of buildings
has been growing in the last few years, especially for
the growing number of electric and electronic equip-
ment. Despite this growth, however, in temperate cli-
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mates buildings, the largest share of energy consumption
has been due to fossil fuel combustion to provide space
heating and hot water. In order to achieve the net zero
emissions goal, there is broad consensus on the need for
also electrifying space heating and hot water production
by means of heat pumps instead of gas or oil boilers.
This choice is obliged, as zero-emissions electricity can
be produced using PV panels and wind turbines, and heat
pumps are the most efficient technology for providing
the services requested.

Buildings' roofs can host PV panels, transforming
households from power consumers into power prosum-
ers, as they also produce electricity. Moreover, build-
ings host, more and more frequently, electricity storage
systems, i.e., batteries, that can be shared among a few
prosumers mutually interconnected to build up an ener-
gy community. A sustainable city is made of renewable
energy communities.

Then, there istheissue of building materials' embod-
ied emissions. An issue that will be more and more im-
portant as the energy needed by buildings operation will
be renewable. In the very end, if renewables fully pro-
vide the building’s operation energy, the only emissions
are the embedded ones, and materials like cement and
steel, which have very high embodied emissions, must
be used carefully.

The global environmental impact of the materials
use in buildings is very high: it is estimated that 46%
of the world building stock in 2050 will have been built
between 2015, i.e., the world building stock in 2050 will
have almost doubled [12].

Thus, the main issue for architects designing present
and future buildings is the choice of materials, looking
for the least impactful. This objective requires the de-
velopment of new materials and the wise use of exist-
ing, low-emission materials. New building regulations
will be necessary to make the use of low-emission ma-
terials mandatory. There is aready a growing variety of
low-emission and low-environmental impact new mate-
rials and components, but the problem is to have their
environmental performances certified. At the same time,
learning to reuse the building material resulting from ex-
cavation and demolition is essential instead of sending it
to a landfill.
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Fig. 3. Five minutes’ walk strategy.

Theway aneighbourhood is conceived has a substan-
tial indirect impact on GHG emissions due to motorised
transport. In fact, building and neighbourhood design is
also connected with mobility in many ways. The main
connection is related to the 5 minutes walk strategy
(Fig. 3), which is based on the idea that all the places a
citizen needs to reach with high frequency are within a
maximum 5-10 minutes walk from home (the best is 5
minutes, according to sustainable urban planning litera-
ture; Paris, instead, is implementing the 15 minutes city
approach). These places are those related to education,
work, knowledge exchange, shopping, recreation, com-
munity engagement, health, public transport, exercise,
and nutrition. This approach is the so-called mixed land
use, opposite to the one based on the spatial separation of
main urban functions (work, living, leisure) that has been
driving 20th-century urban development.

The implementation of such a strategy reduces so
much the need for a car that most citizens will give up
theirs and will move to walk or ride a bicycle — and use

car-sharing services when occasionally the car is un-

14

avoidable. In this vision, vehicles are electric and pow-
ered by renewable energy.

The connection between neighbourhoods’ design and
GHG emissions is further reinforced by the fact that by
making car ownership useless in most cases, the number
of cars would significantly be reduced, accordingly re-
ducing the amount of embodied emissions, as new vehi-
cles would not be built.

Buildings and mobility will be more intertwined with
the growth of electric cars, astheir battery can be used as
electricity storage for a single building or as distributed
storage for the grid.

4.2. THE CIRCULAR ECONOMY MODEL

The adoption of the concept of circular economy is cru-
cial. Thetransition to acircular economy, where the val-
ue of products, materials and resources is maintained in
the economy for as long as possible, and the generation
of waste minimised, should be the driving principle in
the design of acity in order to be sustainable (Fig. 4).
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Circular economy pillars are, among others [13]:

e improving product durability, reusability, up-
gradability and reparability... and increasing
their energy and resource efficiency;

 increasing recycled content in products while en-
suring their performance and safety;

* enabling remanufacturing and high-quality recy-
cling;

 reducing carbon and environmental footprints;

 restricting single-use and countering premature
obsolescence;

e introducing a ban on the destruction of unsold
durable goods;

* incentivising product-as-a-service or other mod-
els where producers keep the ownership of the
product or the responsibility for its performance
throughout its lifecycle.

It is a sort of revolution. It involves a shift from
a production-based economy to a mixed economy, in
which production is strongly reduced, and maintenance
isincreased. It also changes the labour market, offering
great potential for new activities and jobs.

The effects of circular economy adoption are mul-
tiple. Oneis the reduction of the consumed emissions,
as the amount of goods entering the city is strongly
reduced, along with the flow of embodied emissions.
Another effect is reducing the amount of material ex-
tracted from the environment, with consequent lesser
impact on ecosystems, water and land use, and novel
entities pollution. But the most revolutionary effect is
on our economic system. Indeed the basis on which
it is presently built, consumerism and the unlimited
growth of the production of goods and services, is se-
riously challenged, as well as the unlimited growth of
GDP.

Our addiction to the current lifestyle is seriously
challenged, based on a compulsive need to consume,
induced by a prevailing culture in which the more you
have, the better you are. Circular economy adoption
implies restoring an old and forgotten value: sobriety.
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4.2.1. CIRCULAR ECONOMY APPLIED TO WATER

We must view water as part of a circular economy, in
which it retains full value after each use and eventually
returns to the system: a system in which water circulates
in closed loops, alowing repeated use. Sustainable water
management embraces the following:

e conservation of water sources;

 use of multiple water sources, including rainwater
harvesting, stormwater management and waste-
water reuse;

e treatment of water to the extent it is needed, ex-
ploiting the energy that wastewater can produce
for the benefit of the settlement and the nutrient
potential of wastewater for the benefit of urban

and peri-urban agriculture.

Water, in cities, is not only a crucia issue in terms
of environmental impact but is aso crucial as a cause of
damageto cities activities and infrastructures because of
the more and more frequent excessive precipitation and
consequent flooding.

Thus, water isacritical issue aso in terms of adapta-
tion to the effects of climate change.

4.2.1.1. Rainwater harvesting

Rainwater harvesting can reduce pressures on rivers,
lakes, and other water sources and help prevent urban
flooding by reducing storm flows. It should be consid-
ered for non-potable uses.

In the new perspective of ecological transition and of
many decades of altered climate, rainwater must be con-
sidered in designing new urban developments.

4.2.1.2. Decentralised wastewater management

Wastewater produced by householdsis usually subdivid-
ed into black water, grey water and stormwater. Black
water is the wastewater from the toilet and kitchen sink;
grey water consists of the wastewater from washing/
bathing and washing clothes.
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Fig. 5. Wastewater treatment.

What usually happensis that the three water sources
are all conveyed to the sewage, mixed, and then sent to
the centralised wastewater plant. It would be far better to
collect rainwater separately and treat grey water locally,
as it requires a simple process because of its low level
of contamination, reusing it locally for non-potable uses
such as toilet flushing, laundry washing, plant watering,
etc. The reuse of rain and grey water can potentially re-
duce the demand for water supply from outside, more or
less faraway sources, and reduce both the carbon and the
water footprint of water services.

On the other hand, reusing grey water and/or the di-
rect use of rainwater requires dedicated piping other than
the usual one for potable water.

The treatment of black water, mixed or not with grey
water, is amore complex issue because of health hazard
implications. The current trend is to centralise the treat-
ment system.

Wastewater treatment plants are based on biological
processes. The treatment can be carried out either in
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the presence of oxygen (aerobic system) or in its ab-
sence (anaerobic system). At the end of the process, we
have a flow of clean water that can be used for irriga-
tion, a flow of sludge that can be used as fertiliser, plus,
in the case of the anaerobic system, a flow of biogas
(Fig. 5).

Unfortunately, both treated water and sludge are very
often not reused, but wasted by, respectively, pouring
it into water bodies and sending the dried sludge to the
landfill or incineration.

Biogas production is rare in cities' treatment plants,
even if the benefits of anaerobic digestion of sewage
sludge are widely recognised, and the technology is well
established.

4.2.2. CIRCULAR ECONOMY APPLIED TO SOLID
WASTE

According to the principles of the circular economy, the

first action in solid waste management should be a reduc-




Vol. 9, No. 1 (2023)

tion in the inflow of goods, which is the primary cause of
the waste flow.

For example, packaging can be reduced by encourag-
ing the sale of unpackaged products; reuse can be facil-
itated by implementing a deposit return scheme for bot-
tles and cans; the repair of appliances and clothing can
be encouraged in several ways; single-use goods can be
banned or discouraged; and so on.

In such a city, the amount of inorganic solid waste
would be significantly reduced. It would be separated at
origin (i.e. by citizens before their collection) into the
main types, such as glass, metals, paper, and others, and
then sent for recycling.

The first priority in reducing organic waste is reduc-
ing food waste. This action requires two combined ef-
forts:

* reduction of the excessfood purchased, which im-
plies behavioural change;

e increase the number of proximity shops where
food can be bought every day, instead of driving to
asupermarket every week, which impliesusing the
car and often purchasing more food than needed.

After measures have been taken to reduce organic
waste, this should be introduced into the nutrient cycle
and exploited for its energy potential.

The best is to use food waste to feed an anaerobic
digester, thus producing biogas and a slurry that can be
used asfertiliser directly or after appropriate processing.

To complete the closure of the city’s organic waste
cycle, branches from tree pruning could feed a gasifier,
also producing biochar which can be used as a soil im-
prover.

4.2.3. CIRCULAR ECONOMY AND REGENERATIVE
AGRICULTURE

Circular economy adoption implies restoring the nutri-
ents cycle, the cycle of all those substances contained in
the food we eat that are essential to our physical well-be-
ing and health. At the world scale, only atiny fraction
(2%) [3] of nutrients in the food, which are then con-
tained in our excreta, return to the soil from which they
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came. These nutrients are lost and replaced with artificial
fertilisers. Hence the need not only for a different treat-
ment process of black water and food waste but also for
a new close input-output interaction between settlements
and the surrounding rural areas. But this is not enough,
as the way food is produced must also be changed.

Cities can significantly influence the way food is
grown, particularly by interacting with producers in
their peri-urban and rural surroundings. Regenerative
approaches to food production will ensure the food en-
tering cities is cultivated in a way that enhances rather
than degrades the environment and creates many other
systemic benefits, such as protecting our health.

Examples of regenerative practices include shifting
from synthetic to organic fertilisers, employing crop ro-
tation, and using greater crop variation to promote bio-
diversity.

Regenerative practices support the development of
healthy soils, which can result in foods with improved
taste and micronutrient content. Cites cannot, of course,
implement these techniques alone. Collaborating with
farmers, and rewarding them for adopting these benefi-
cial approaches, will be essential.

Cities can source alarge share of food from their sur-
rounding areas: 40% of the world's cropland is located
within a 20 km radius around urban boundaries [3]. Cit-
ies can use their demand power to influence peri-urban
farmers to adopt more regenerative practices and, at the
same time, return nutrients to peri-urban farms in the
form of organic fertilisers derived from urban food waste
and wastewater.

While local sourcing is not asilver bullet, reconnect-
ing cities with their local food production supports the
development of a distributed and regenerative agricul-
tural system. It allows cities to increase the resilience of
their food supply by relying on a more diverse range of
suppliers (local and global) and supporting native crop
varieties. It allows city dwellers to strengthen their con-
nection with food and the farmers who grow it, often
increasing the likelihood that people will demand food
grown using regenerative practices that benefit the local
environment and their health. Local sourcing can also
reduce the need for excess packaging and shorten distri-
bution supply chains.
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5. GOVERNANCE OF THE URBAN
TRANSITION TO SUSTAINABILITY

It has been shown that the most effective approach for
driving a settlement aong the sustainability path involves
severa actions covering alarge spectrum of issues, rang-
ing from energy production to flood prevention, from mo-
bility to waste management. Not only are technological
changes needed, but also the way city life is organised
must change, as the circular economy requires. Citizens
lifestylesmust change, changing the valuesthat movetheir
actions, cultural values that are intangible but crucia fac-
tors in the difficult path to sustainability: no more consum-
erism, but sobriety, reflecting the principle of sufficiency.
Less competition and more cooperation. Solidarity and,
precondition of the ecological transition, lessinequality.

All these items, and the technical/technol ogical ones,
aretightly interconnected: we must be aware that the city
isacomplex system. This knowledge implies a method-
ological change in the planning approach.

The usual approach has been the one devel oped with-
inareductionistic view of reality: thereisaproblem, let's
split it into parts, analyse each piece and try to optimise
it, with the belief that if each part is working properly,
also the entire system will perform at best. This approach
is intrinsically wrong because in a complex system, as
a settlement is, problems must be faced with a system
approach, highlighting the crucia role of the intercon-
nections between the subsystems. Interconnections that
are not always explicit at a first analysis may become
evident as a consequence of new actions that alter the
previous status of the system. With the ecological tran-
sition, something new has to be faced: the city we want
to realise is profoundly different from the present one,
and we do not have examples to refer to. This evidence,
coupled with the need for a system approach, requires
the adoption of a planning methodology different from
the usual one, such as backcasting.

Backcasting is a planning method that starts with
defining a desirable future and then works backwards
to identify policies and programs that will connect that
specified future to the present.

While forecasting involves predicting the future based
on current trend analysis, backcasting approaches the
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challenge of discussing the future from the opposite di-
rection. It is a method in which the desired future con-
ditions are envisioned, and steps are then defined to at-
tain those conditions rather than taking actions that are
merely a continuation of present methods extrapolated
into the future. Thus, once the long-term vision is agreed
upon among all the stakeholders (citizens, ingtitutions,
entrepreneurs, etc.), each action implies checking both
the feasibility in the present and the compatibility with
the vision of the future. This process will not be linear or
straightforward, being the city acomplex system, but will
follow an adaptive path, similar to steering a sailing boat:
you start from a port and want to reach another port, but
you cannot go there straight, because your route depends
on wind, currents, waves, the type of boat and the skill of
the skipper. Sometimes you may have to go very far from
the target port or even go backwards or stop temporarily
in another harbour. When you sail towards the selected
port, it is also possible that something has changed inside
the boat o in the originally desired port, and anew port is
chosen. And each change of direction along the journey
has to be agreed upon among crew and passengers.

Not an easy task, indeed. But a chalenge we have
necessarily to face.
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Abstract

Crises represent crucial globa dynamics events, which were predictable
and have been with us for some time. In the new context caused by epi-
demic and pathogenic conditions, not only must it be reaffirmed that plan-
etary society isan integral part of nature, but that the production processes
of anthropogenic metabolism are part of the more general metabolism of
nature. Climate change, a significant element of the contemporary envi-
ronmental crisis, will orient living conditions within the global ecological
crisisin adifferent way.

The concept of habitable space, which is, above al, a space of correlation
between society and the environment, considers technology as a factor
in the reconstitution of a process that is symbiotic and no longer of ex-
ploitation of environmental resources. Recently, there has been arenewed
awareness of place consciousness and of inhabitants/producers who,
through a co-evolutionary principle, are called upon to develop “neo-eco-
systems’ according to aterritorial identity principle.

Rather than representing levels of identity that nevertheless express bor-
ders, the “local” category constitutes what is discussed and argued in
common through a measure of involvement and intensity. So, the rela-
tionship between transition cities and urban resilience is part of the gov-
ernance of the new phenomena of non-linearity. In metropolitan areas, the
spread of new urban polarities evolves the concept of resilience towards a
multi-scalar and multi-sectoral condition of adaptation and mitigation of
anthropogenic and environmental risks.

Inside this scenario, hyper-specialisation still represents the tendency of
atechnical character that induces the development of deep competencies
but loses the critical sense of technique in its ethical and socio-economic
interactions. Inhabiting and building evolved scenarios of society need a
multifunctional thought that can develop and critically manage the choic-
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1. ECOLOGICAL LIMITSAND
ENVIRONMENTAL ETHICS. FROM
RELATIONSHIPTO THE INTERACTION
BETWEEN MAN AND ENVIRONMENT

The roots of the multiple crises that are straining the
planet — climate, energy, pathogenic crises, etc. — are
mainly found in an economy that does not respect ethical
limits and is based on the inexhaustibility of resources,
causing inequalities and clashing with the ecological
limits of the planet [1]. Thus, ecologica crises cannot
be separated from the economic and socia systems that
support them [2], as the interference of human actions
with natural phenomena has reached thresholds of no
return, with heavy social and economic as well as envi-
ronmental and ecosystem impacts. On the other hand, the
significant problems of our time cannot be understood in
isolation because they are systemic, interrelated, and in-
terdependent problems, non-linear in nature, as they are
representative of the connotative aspect of networked
patterns of living systems|[3].

During the recent pandemic, environmental concerns
have long been overshadowed by events at the UN-spon-
sored Conferences of the Parties (COP). COP 27 in
Sharm el Sheikh in November 2022 highlighted the need
for compensation of poor countries that have suffered
loss and damage from anthropogenic climate change,
while at COP 26 in Glasgow in November 2021 — within
a more robust integration between adaptation and mit-
igation goals — the link between environmental crises
and ecosystem balance was pointed out. As Slavoj Zizek
points out, it is necessary to reaffirm the substantial unity
of the two spheres, as the epidemic has exploded due to
the unbalanced relationship between the economy, soci-
ety, and the environment [4].

The crises represent crucial moments in the dynam-
ics of global capitalism, which were not only predictable
but have been with us for some time. In the new context
brought about by epidemic and pathogenic conditions, it
must be reaffirmed that planetary society is an integral
part of nature. Moreover, the realisation of production
processes that represent anthropogenic metabolism is
part of the more general metabolism of nature. Climate
change, a mgjor part of the contemporary environmen-
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tal crisis, will have to orient living conditions within the
global ecological crisis differently.

It will be necessary to recognise the human-environ-
ment correlation within broader connections between the
living and physical worlds. If, in pathogenic conditions,
humankind struggles against external agents, ecological
mutation gives rise to a tragically reversed situation in
that the agent that has altered the living conditions of
all the planet’s inhabitants is not a virus at al but hu-
man society [5]. Suppose the ecological footprint has ex-
ceeded the planet’s capacity to withstand the production
and consumption processes of the entire Anthropocene
society. In that case, the emission of climate-altering
agents can be controlled by combining the efficient use
of energy with the reduction of the production volume of
materials and their flows within the entire environmental
system [6].

Based on the new conceptions of nature and humans,
in the reciprocal dependencies between agents, know!-
edge and actors, environmental ethics simply relocates
man and his activities within nature, allowing people to
look at the world feeling part of it and abandoning an-
thropocentrism that has lost its legitimacy. Environmen-
tal ethicsis based on the idea of the ecosystem, in which
all living beings are part of complex and mutually inter-
acting life forms in both the biotic and abiotic environ-
ment. In contemporary times, the focus on living beings
as organisms to be safeguarded is shifting to preserving
the entire earth system, understood in its overall physical
components and habitats that are home to living species.

The underlying theme of an evolved perspective for
environmental ethicsis no longer to transform the envi-
ronment in a compatible manner or to preserve it but to
understand what point of view to adopt and what actions
to ensure the continuous interaction between human ac-
tivities and the environment without compromising the
ecosystem balance.

2.INTHE AGE OF TECHNIQUE:
PROMOTING REGENERATIVE
PROCESSES FOR HABITABLE SPACE

Bruno Munari relates the meaning of inhabitable space
to research carried out in the period of outstanding youth
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cultural ferment around 1968 and oriented towards the
future by proposing alifestyle that would make the econ-
omy of space and resources its strong point for greater
flexibility in housing. B. Munari, L. Forges Davanzati
and P. Ranzani presented the Spazio Abitabile project
at the 14th Triennale in Milan in 1968, looking at the
young people who would inhabit the future with a view
to enabling them to obtain a comfortable home without
high costs. Within the problems of number and quality,
the reference to “ modulated blocks” would have made it
possible to integrate the indispensable furnishings, leav-
ing the inhabitants free to intervene with their personal
choices[7].

The notion of habitable space was thus born on the
basis of a forward-looking perspective. While Munari
placed the concept in the indoor space, afew years later
—in 1973 — Eduardo Vittoriaimplemented an extension
to the entire “empty space of the habitat”, extending
the concept to the space of human interactions with the
surrounding environment. Research on habitable space
represents the outcome of several technological possi-
bilities capable of conceiving and modelling artefacts
in an innovative manner, establishing a bi-univocal
relationship between people and the environment con-
sidered in its various physical, biological and cultural
components [8].

While being closely interconnected components, it
was not possible to enucleate artefacts from the environ-
ment itself, conceived as an integrated system between
the natural and the built environment. This concept of
habitable space, which is, above all, a space of correla-
tion between society and the environment, considers
technology as a factor in the reconstitution of a process
that is symbiotic and no longer of exploitation of envi-
ronmental resources. It should be recalled that in those
years, Tomés Maldonado emphasised overcoming the
legacy of idealism. He suggested considering the value
of the city as an existential operating territory, in which
the inhabitants were actors that operate and live in the
city and not spectators of an aesthetic landscape. Ac-
cording to this consideration, a scientific approach to the
order/disorder dichotomy was advocated, whose polari-
sation was inseparable from the simplicity/complication
pair [9].
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Recently, there has been a renewed awareness of
place consciousness and of inhabitants/producers who,
through a co-evolutionary principle, are called upon
to develop “neo-ecosystems” according to a territorial
identity principle. The placeis not understood according
to arelational meaning but as an identity factor capable
of generating innovative communities, behaviours, cul-
tures and ecological techniques of living and producing
[10]. By grouping, human express a capacity to situate
themselves and be localised by making an evolved sense
of the conception of the“local”. Rather than representing
levels of identity that nevertheless express borders, the
category of “local” constitutes what is discussed and ar-
gued in common through a measure of involvement and
intensity, according to a controlled logic of reduction of
the relationship between “small” and “large” [11].

In the ecological crisis, we are aware of the ever-in-
creasing contribution of technology and its risks, as eco-
nomic and productive forces and great socio-technical
development require a constant reorganisation of pro-
duction processes and urban systems. Directing tech-
nology towards levels that are functional to sustainable
development and capable of interacting with environ-
mental ethics today represents the relevant challenge to
be implemented through a fair and sustainable develop-
ment model, capable of guaranteeing the survival of eco-
systems and the environment in al its complexity.

The outcomes of transformation processes and all the
products of anthropisation are placed within the horizon
of technology, in which every project is part of the pro-
duction. «With metaphysics, nature has been measured
by human design»: thanks to science and technique, man
has no longer considered nature as his home but as raw
material for his production and consumption [12]. Bruno
Latour points out how habitat and inhabitants represent
a continuum since defining one is equivalent to speci-
fying the others. Consequently, the city is nothing more
than the exoskeleton of its inhabitants since nothing on
Earth is entirely natural since everything is the effect of
the actions performed by living organisms [11]. In this
way, we can understand how today, the crucial condition
is represented by overcoming the short circuit according
to which «it is no longer ethics that chooses the aims

and entrusts technique with finding the means, but it is
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a technique that, taking the results of its procedures as
aims, conditions ethics, forcing it to take a position on a
reality that is no longer natural but artificial» [12].

A line of action for the future is oriented towards
the transition of “regenerative’ cities, capable of imple-
menting the development of circular metabolisms and
processes that progressively replace conventional and
essentially linear processes to support efficient and low-
waste projects and processes. Every action of urban and
environmental conservation or transformation requires
to be seen as aprocess of ecosystem reactivation through
the use of appropriate strategies and technical and de-
sign solutions of rebalancing. These should be directed
at bridging gaps in biodiversity mixite, efficiency and
effectiveness of processes and life cycles, favouring ap-
proaches for a new ecology of the artificial and natural
environment [13].

Within this reactivation pathway and alongside the
sustainable use of resources, managing processes and
projects should ensure that simultaneous environmental
regeneration creates conditions favourable to life for all
biotic and abiotic components. A regenerative approach
provides the proper interactions between the anthropised
environment and the natural environment, guaranteeing
well-being and minimising the use of energy and matter
in all phases of production and consumption cycles, with
reuse, repair, restoration and recycling. Regenerative
factors help to maintain a balance through the resilience
of contexts that can counter and react to the impacts of
environmental, natural and anthropogenic hazards.

Regenerative logic for urban contexts can become the
basic code for innovative actions that modify the metab-
olism of cities in which resources are introduced into the
urban system by separating inputs from outputs without
considering the origin of the former nor the destination
of waste at the end of transformation processes. Instead,
by pursuing process efficiency, the reduction of resource
consumption or the use of renewable resources, the circu-
lar process model emphasi ses how much one must act in
the direction of keeping products, components and ma-
terials as long as possible at the highest level of perfor-
mance. Thisfact orientsindustrial production for the built
environment towards durability, smple replacement and
long life of products within the environmental system.
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Ininterventions at different scales and in the architec-
tural field, technological solutions are required to sup-
port new organisations of urban districts and buildings
to progressively reduce the impact due to technological
cyclesthat areincompatible with natural cycles. The log-
ic of buildings that are not very durable and require pro-
gressive and substantial maintenance will have to give
way to building concepts that, by design and construc-
tion prerogatives, can minimise maintenance in favour
of affordability and durability.

The role of transition from urban districts to eco-dis-
tricts becomes central in transforming the living space of
entire urban areas and buildings in which every activity
aims to regenerate the natural capital according to har-
monised times and modalities. A regenerative city is not
only agreen city that interacts with nature but is, above
all, an example of the reconversion of urban activitiesac-
cording to a strong interaction between technology and
the environment, between urban systems and the ecosys-
temsin which they are embedded.

3. INTERACTIONSBETWEEN
TECHNOLOGY AND ENVIRONMENTAL
ETHICS: MULTIFUNCTIONALITY
VSHYPER-SPECIALISATION IN THE
PERSPECTIVE OF THE RESILIENCE OF
HABITABLE SPACE

Initsgeneral meaning, the concept of resilience represents
the capacity of a system to regenerate and reorganise it-
self after adverse events, proportional to the amount of
disruption the system can absorb as well as its ability to
self-organise, learn and adapt [14]. In resilient terms, ar-
chitecture relates to forecasting and prevention strategies,
adaptation to impacts, reduction of vulnerabilitiesand pro-
gramming of measures for risk mitigation. The resilience
of territories, citiesand buildings, therefore, representsthe
new challengeintoday’s “risk society”, in which it is nec-
essary to combine design and innovation with referenceto
conservative, adaptive, reactive and regenerative capaci-
ties aimed at reducing vulnerabilities and minimising the
impacts resulting from extreme and unforeseen events.
Thetopic of resilience concerning natural and anthro-

pogenic hazards is connected to functional-spatial and
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environmental conditions, processual and governance
aspects, and technical-constructive ones, which require
the implementation of forecasting and prevention strat-
egies [15]. The relationship between transition cities
and urban resilience is part of the governance of the
new phenomena of non-linearity. In metropolitan areas,
the spread of new urban polarities evolves the concept
of resilience towards a multi-scalar and multi-sectoral
condition of adaptation and mitigation of anthropogen-
ic and environmental risks. Finally, the hazard-specific
and site-specific situation of resilience is addressed by
identifying and constructing integrated scenarios for its
measurability and for developing projects, products and
processes aimed at reducing both resource requirements
and environmental impacts [15].

A resilient system is a system based on an adaptive
cycle that has several characterising phases: the first of
rapid growth, the second of conservation, and the third
of release in which resources are dispersed following an
unforeseen impact, while the fourth phase constitutes
the moment of reorganisation in which the cycle restarts
[16]. Dynamism and diversification are characteristics
of resilience, which is based on feedback processes of
dynamic reorganisation. Figuratively speaking, resilient
systems are diversified at the margins but exhibit simple
and effective behaviour at the central “core”, ruling out
the possibility of one part’s vulnerable conditions cas-
cading to others. Resilient systems’ regenerative and re-
organising capacity manifests itself by operating under
variable conditions, reacting flexibly from a predefined
state to one that arises unexpectedly.

This characteristic allows a complex system to adapt
to new operating conditions and improve its adaptive
capacity by maintaining, integrating or replacing some
of its own functionalities to preserve an operational life
aimed at the system’s purpose.

Moving away from the hyper-specialisation inherent
in modernisation and relying on a transition that sees
the ethical values of the environment and ecology at its
centre also becomes amotif of cultural transition. A new
ontological definition of the technique and design of hab-
itable space drives its multifunctionality and the multi-
culturalism that should underpin it. The values expressed

by collateral qualities such as flexibility, horizontal inte-
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gration, circularity and resilience find a foothold in com-
plex thinking, in which the awareness of uncertainty is
combined with risk awareness and the application of a
prudential principle [17].

It is necessary to realign the project for the built en-
vironment to the new perspectives of inhabiting. Edgar
Morin recalls how thereisalways an ecology of actionin
which every decision, other than being apromise of are-
sult, is also a bet on the effectiveness of the expected re-
sult: overcoming abstract logic and the idea of dogmatic
reason, there is a continuous need for complex rationali-
ty that copes with contradictions and uncertainty without
repressing them [17]. The heuristic process of the archi-
tectural design, which must be able to take into account
unforeseen variables to unfold its path of research, also
includes conditions of doubt and uncertainty, fits into
this direction.

Aninterpretation of the change of scenario in thetran-
sition from classically understood modernity to the new
complexities of the contemporary world must be set out
by considering the relationship between space and so-
cio-economic conditions. This consideration highlights
the overcoming of modernist ideology and the produc-
tion/consumption cycle closely linked to spatialisation
or functional specialisation, the rational centralisation
or decentralisation of functions, the spatial division of
labour and the homogenisation of productive activities
through spatial segmentation [18]. In the field of architec-
tural design, these data find, for example, clear evidence
in neighbourhoods with functional speciaisations (resi-
dence, directionality, commerce, services and equipment)
or industrialised building production in closed cycles,
where linear and mechanistic processes are prevalent.

The evolution and transformation of contemporary
scenarios respond to a unified spatiality through mixite
and aggregation of fragmentations for the constitution of
new identities, developing according to the new values
and conceptions of spatial integration, diversification
and flexibility of urban space as well as the multiple fi-
nalisations of spatial proximity [18].

Theradical break with the mechanistic, unifying, hy-
per-specialised and hyper-functionalist horizon of mod-
ernisation is implemented through progressive depar-
tures from Fordism as ideology. The new scenarios are
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outlined by flexible accumulation, new organisational
forms of dwelling space, and new production technol-
ogies, as in the case of “on-demand” building systems
production and the recently digitised “file-to-factory”
routes.

The difficulty of long-term planning and the vertical,
specialised and hierarchical integration inherent to mod-
ernisation is overcome through the adherence to the prin-
ciples of reticular and horizontal aggregation of func-
tions, decentralisation, and reduction of technological
processing times and production cycles, whose charac-
terising concepts become speed, flexibility, uncertainty,
volatility planning [18]. Space-time compression, which
characterises various aspects of contemporaneity, leads
to the tendency to resize space according to the time vari-
able, resulting in significant cultural consequences on the
rarefaction of time and space as tangible dimensions of
social life[19].

The new references progressively disengage from
linear models. Still, the reorganisation of habitable
space within reticular and circular processes opens
a possible dividing line on the technique that Martin
Heidegger had well perceived. It «is not, as is usually
believed, an application of science but the soul, the es-
sence of science, because science does not look at the
world in order to contemplate it but to manipulate it, so
the technical intention is already inscribed in the sci-
entific gaze» [12]. The aspect of multiculturalism and
multidisciplinarity in contemporary design research
highlights the need to place the heuristic process of de-
sign activities on a level of overall understanding and
intersectoral convergence of knowledge, overcoming
the factors of the identity-based and hyper-specialist
involution of knowledge that generates inequality and
conflict [20].

Hyper-specialisation still represents the tendency of a
technical character that induces the development of deep
competencies but loses the critical sense of techniquein
its ethical and socio-economic interactions. Inhabiting
and building evolved scenarios of society need athought
that can critically manage the choices and uses of tech-
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nology in a design scenario capable of coherently inte-
grating its contributions.

4. REFERENCES

[1] ShivaV, Kartikey Shiva K (2019) One Earth, One Humanity vs.
the 1%. PM Press, Oakland, USA
[2] Klein N (2019) Il mondo in fiamme. Contro il capitalismo per
salvareil clima. Feltrinelli, Milano
[3] CapraF (1997) Laretedellavita. Unanuovavisione dellanatura
edellascienza. RCS Libri, Milano
[4] Zizek S (2020) Virus. Salani, Milano
[5] Latour B (2020b) La cris sanitaria ci induce a prepararci al
cambiamento climatico. Antinomie. https://antinomie.it/index.
php/2020/04/01/1a-crisi-sanitaria-ci-induce-a-prepararci-al-cam-
biamento-climatico/. Accessed on April 20, 2023
[6] Von Weizsdcker EU, Wijkman A (2018) Come on! Come fer-
mare la distruzione del pianeta. Un rapporto del Club di Roma.
Giunti, Firenze-Milano
[7] Munari B (1968) Spazio Abitabile. StampaAlternativa, Milano
[8] Vittoria E (1973) Lo spazio vuoto dell’habitat. Una cosa, un
nome, un concetto, un'immagine. In: Giangaspro P (a cura di)
Quindicesima Triennale di Milano. Esposizione internazionale
delle arti decorative e industriali moderne e dell’ architettura
moderna. Grafiche Nava, Milano, pp 55-62
[91 Maldonado T (1970) La speranza progettuale. Ambiente e socie-
ta. Einaudi, Torino
[10] Magnaghi A (2020) Il principio territoriale. Bollati Boringhieri,
Torino
[11] Latour B (2022a) Dove sono? Lezioni di filosofia per un pianeta
che cambia Einaudi, Torino
[12] Galimberti U (2020) Heidegger e il nuovo inizio. Il pensiero al
tramonto dell’ Occidente. Feltrinelli, Milano
[13] Manzini E (1990) Artefatti. Verso una nuova ecologia dell’ am-
biente artificiale. DA Edizioni, Torino
[14] Mezzi P, Pelizzaro P (2016) Lacittaresiliente. Strategie e azio-
ni di resilienza urbana in Italia e nel mondo. Altra Economia,
Milano
[15] Losasso M (2018) Progetto, ambiente, resilienza. TECHNE
Journal of Technology for Architecture and Environment
15:16-20
[16] Zolli A, Healy AM (2014) Resilienza. La scienza di adattarsi ai
cambiamenti. RCS Libri, Milano
[17] Morin E (2015) Insegnare a vivere. Manifesto per cambiare
I’ educazione. Cortina Editore, Milano
[18] Harvey D (2015) La crisi della modernita. Il Saggiatore, Mila-
no (ed. ing. The Condition of Postmodernity. Basil Blackwell,
Oxford)
[19] Virilio P(1980) Esthétique de la disparition. Balland, Paris
[20] Piketty T (2020) Capitale eideologia. LaNave di Teseo, Milano



https://antinomie.it/index.php/2020/04/01/la-crisi-sanitaria-ci-induce-a-prepararci-al-cambiamento-climatico/
https://antinomie.it/index.php/2020/04/01/la-crisi-sanitaria-ci-induce-a-prepararci-al-cambiamento-climatico/
https://antinomie.it/index.php/2020/04/01/la-crisi-sanitaria-ci-induce-a-prepararci-al-cambiamento-climatico/
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GROWTH FOR LOW CARBON TRANS TIONS
IN THE BUILT ENVIRONMENT.
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Abstract

Humanity faces global challenges in climate change mitigation, water sus-
tainability, and other areas. In order to address these challenges, radical
innovation is needed to accel erate multiple “ sustainability transitions” and
create dynamism. Transitions research has focused on small niches and
scales where empirical analysis can be done effectively. Niches and bot-
tom-up initiatives for low carbon transitions in the built environment can
help adjust policies and reconcile grand visions (top-down perspective)
with ground implementation experiences (bottom-up perspective). Mul-
tiple factors can contribute to the creation of effective policies, and dig-
italisation and AI/ML applications, in the context of increasing automa-
tion, can be an opportunity to create new prosperity in a knowledge-based
growth perspective, considering, however, the underlying critical assump-
tions, limitations and threats. Ten research questions deemed relevant for
low carbon transitions from a bottom-up perspective have been proposed
to generate multiple hypotheses for field testing.
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1. INTRODUCTION

The United Nations (UN) initiative to achieve 17 Sustain-
able Development Goals (SDGs) and the increased focus
on climate change agreements since the 21st Conference
Of Parties (COP 21) in Paris in 2015 are just two exam-
ples of the growing awareness of the fundamental chal-
lenges that humanity is facing on aglobal scale regarding
climate change mitigation, sustainable use of water, pre-
vention of ecosystem degradation, reduction of waste pro-
duction and disposal, reduction of poverty and inequality.

The ahility to understand the dynamics of radical
innovations and to combat inertia is at the heart of an
emerging field of research dealing with “sustainability
transitions’ [1], which has brought an “agenda’ to the

27

attention of the research community [2] in recent years.
From a socio-technical standpoint, the transition can be
viewed as a “Great Reconfiguration” [3], in which the
(quick) decline of existing technologies and services
may coincide with the emergence of new ones at a rate
never experienced before by humanity.

This “Great Reconfiguration” necessitates a hori-
zontal and vertical integration of policy efforts towards
“acceleration challenges” [4]. Horizontal integration due
to the need to coordinate actions across different sec-
tors of the economy (e.g. transport, energy, agriculture,
etc.) and targeted cross-sectoral actions (e.g. education
and fiscal policies); vertical integration due to the need
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to coordinate actions across scales, from international to
national to regional and local initiatives. Both horizontal
and vertical integration issues may delay acceleration in
transitions.

The transition to a built environment with a low car-
bon footprint presents some peculiar aspects. The 6th
Intergovernmental Panel on Climate Change Assess-
ment Report [5] emphasises the importance of energy
efficiency and renewables but also states that “sufficien-
cy” — broadly defined as avoiding the demand for en-
ergy, materials, land, and water while delivering human
well-being — has a crucial role in reducing greenhouse
gas emissions. In order to reduce the carbon footprint
of the built environment, “sufficiency” policies that de-
crease the need for new building spaces and make more
efficient use of floor spaces in buildings will be crucial.
For instance, “sufficiency” policies may consider dense
and compact design, multi-functional spaces, shared
spaces, and the repurposing of existing buildings as po-
tential interventions.

The IPCC notes that behavioura change has the po-
tential to decrease global emissions by 40 to 70 percent
by 2050. Changes in lifestyle must occur on a systemic
level throughout all facets of society. This includes, but
is not limited to, increased recycling, decreased air trav-
el, decreased meat consumption, and lowering thermo-
stat temperature for heating. Motivation for behavioural
change must be evaluated in accordance with socio-eco-
nomic, awareness, risk perception contexts, etc. The
persistence of behavioural changes will also represent a
relevant problem to be monitored.

Closely related to the issue of behavioural changeis
the necessity of exploiting building efficiency and flex-
ibility on a national scale to enable increased variable
renewable-energy supply. Energy systems in numerous
nations are undergoing rapid transformations as a result
of increased renewable generation capacity. Grid decar-
bonisation through renewables is essentia for low car-
bon transitionsin the building sector (i.e., to decarbonise
end-uses for heating, domestic hot water, etc.), but de-
mand side policies are required as the increasing propor-
tion of renewables necessitates a greater ability to adjust
supply and demand balance dynamicaly (i.e. energy

flexibility) to enable efficient and secure grid operation.
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In this context, characterised by multiple concomi-
tant changes, innovation models are especialy relevant;
for instance, the Quintuple Helix innovation model [6]
is quite comprehensive and incorporates the aspects of
academia, industry, government, civil society, and the
environment. It is derived from the Quadruple Helix, and
the helix (and perspective) of the “natural environments
of society” is included. In turn, the Quadruple Helix add-
ed to the original Triple Helix innovation model vision
(centred on academia-industry-government connections)
a fourth helix representing the “media-based and cul-
ture-based public” and “civil society”.

Already implicit in the original Triple Helix concept
is the significance of higher education for innovation. On
the one hand, the Triple Helix emphasises innovation and
knowledge production in the economy; hence it is com-
patible with the concept of knowledge-based growth. On
the other hand, the Quadruple Helix already promotes
the knowledge society and democracy perspectives for
knowledge production and innovation (by emphasising
therole of “civil society”).

According to the Quadruple Helix framework, the
sustainable development of a knowledge economy in-
volves co-evolution with the knowledge society. The
Quintuple Helix emphasises the required socio-ecolog-
ical transition of the twenty-first century’s society and
economy. Within the framework of the Quintuple Helix
innovation model, the natural environments of society
and the economy should also be considered drivers of
knowledge creation and innovation, thus outlining op-
portunities for the knowledge economy (in multiple re-
lated research areas).

The underlying assumption of innovation modelssuch
as the Quintuple Helix model is that it is feasible to gen-
erate win-win conditions between ecology, knowledge,
and innovation, hence building synergies between the
economy, society, and democracy throughout socio-eco-
logical transformations. Climate change is an ecological
concern (substantiated by ample scientific evidence) to
which innovation models should be used more effective-
ly. A second essential assumption is that the (successful)
exploitation of thispotential could result inthe formation
of entrepreneurial ecosystems[7], which can have signif-
icant local and regional repercussions.
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Increasingly, regions are viewed as eco-systemic ag-
gregations of organisational and institutional entities or
stakeholders with socio-technical, socio-economic, and
sociopolitical conflicting, as well as converging (co-op-
etitive), goals, priorities, expectations, and behaviours,
which they pursue through entrepreneurial devel opment,
exploration, exploitation, and deployment actions, reac-
tions, and interactions. From a scientific standpoint, the
proper conceptualisation of innovation ecosystems that
are fractal, multi-level, multi-modal, multi-nodal, and
multi-lateral arrangements of dynamic tangible and in-
tangible assets is an incredibly difficult issue. Concur-
rently, there are several competing interests at stake.

Specifically, climate change and the financial and
economic crises are bringing new difficulties on a global
scale while also calling into question the quality of de-
mocracies. Detailing the relationship between the Green
New Deal and the Quintuple Helix Model, Barth [§]
examines this issue in great depth. In fact, the stagnant
economic growth in established democracies, concurrent
climate change and financial and economic crises, and
the loss of biodiversity and depletion of resources all in-
crease the risk of growing social disparity. These factors
are adready atering our daily lives and endangering the
economy and the environment. Rethinking paradigms
of innovation in light of accelerated change (transition)
towards sustainability somehow becomes “the” present
problem for humanity.

Progressive policymakers in developed democracies
have hailed the “knowledge economy” and “knowl-
edge-based growth” as a significant engine of future
prosperity since the 1990s in reference to the multifac-
eted problem of knowledge. According to proponents,
organisations and countries alike would flourish in the
knowledge economy by nurturing knowledge from di-
verse viewpoints, so changing the emphasis away from
capital investments, infrastructure, and machines, which
dominated the “conventional” conception of capitalism.
Even while manual labour and the goods and services
it creates are not eliminated in the knowledge economy,
their level of significance decreases. In principle, the role
of “knowledge work™ is that of increasing the efficiency
of manual operations by introducing improved manage-
ment practises or by automating some manual tasks.
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In this paper, some of the assumptions of the “knowl-
edge-based” growth paradigm are critiqued in regard to
low carbon transitions for the built-environment, high-
lighting the mismatch between rhetoric and reality and
proposing relevant research questions. While a high-lev-
el sketch of the problem of knowledge in relation to low
carbon transitions is provided, which calls into question
key assumptions of “knowledge-based” growth regimes,
additional research isrequired to fully explore the future
evolution of this concept in relation to breakthroughs
in Artificial Intelligence (Al), Machine Learning (ML),
and automation, as well as the effects these technologies
may have on the global economy and environment. For
this reason, in Section 2, key concepts needed to ques-
tion “knowledge-based” growth paradigms are reported
together with examples deemed relevant for their impli-
cation on the built environment. After that, in Section 3,
the premises for the formulation of research questionsin
the broad area of “knowledge-based” growth in the built
environment are reported; finally, 10 research questions
are proposed in Section 3.3.

2. QUESTIONING THE ASSUMPTIONS OF
KNOWLEDGE-BASED GROWTH IN LOW
TRANSITIONS

The use of innovation models such as the previously
mentioned Quintuple Helix [6] in a variety of situations
demonstrates that policymakers continue to place a pre-
mium on knowledge-based growth. However, the mis-
match between rhetoric and reality poses a concern, as
it is obviously related to the danger of poor execution
of policies supported by exaggerated expectations, arro-
gance, and insufficient understanding and conceptualisa-
tion of the underlying (multi-level) processes.

Sincethe focusison growth [9], if the business mod-
els that are appropriate in the knowledge economy are
capital-intensive tech corporations that require signif-
icant investment until they achieve market dominance,
then education alone is unlikely to deliver social inclu-
sion or competitive dynamism in and of itself. This is
not intended to be a simplistic critique of education in-
vestment (how can we even conceive any type of hu-
man development [10] without carefully examining the
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dimension of education and knowledge growth?), but
rather to identify pertinent research issues that must be
considered when tackling the problem of accelerating
knowledge creation and innovation in a setting of rising
digitalisation and automation.

In the subsequent parts, the emphasisis placed on the
identification of fundamental assumptions underlying the
knowledge-based growth paradigm, the role of informa-
tion and knowledge from science to policy, and, lastly,
the issue of enhancing the public’s understanding of the
issues at stake (i.e. energy, environment and economy
literacy). All of these factors are taken into account in an
effort to provide a useful framework for identifying chal-
lenges and open research questions related to innovation
and knowledge-based growth for low-carbon transitions
in the built environment.

2.1. CRITICAL ASSUMPTIONS BEHIND THE
KNOWLEDGE-BASED GROWTH PARADIGM

The fact that investment in education, deregulation of
labour markets, increased financial rewards for entrepre-
neurs, and international openness could produce inclu-
sive prosperity was an important aspect of the original
knowledge economy’s vision. In the past two decades,
this vision has been challenged by issues such as busi-
ness models, social inclusion, job polarisation, and con-
flicts between economic openness and regional develop-
ment.

By starting from the problem of business models un-
derlying knowledge-based growth, software companies
were viewed astheideal examples, but they were not the
only type of business cited by proponents of the knowl-
edge economy: financial services, creative industries,
and science and engineering firms were also thought to
have a high potential [11]. Unfortunately, the entry-level
barriersin many of these cases are not as low as indicat-
ed by the theorists of knowledge-based growth, and busi-
nesses need to attract substantial capital investment to
take these innovations through trial processes to market.

The assumed growth potential can be partialy at-
tributed to an idealised view of the digital industry in the
90s and to the business model of software companiesin
particular. In the software industry, a person who wish-
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es to develop a new programme incurs minimal startup
expenses, assuming they possess the necessary skillsand
have access to basic hardware. Manufacturing and distri-
bution costsfor digital products are negligible. Devel op-
ment costs for digital products are primarily comprised
of their time.

Nonetheless, the evolution of business modelsin the
Information and Communication Technology (ICT) in-
dustry has been substantial in the last two decades. In the
case of Microsoft, the assets were intellectual property,
and the advantage was determined by market dominance,
at least in the beginning. They were selling a clearly de-
fined product that was produced by the knowledge work
of their employees, with near-zero marginal production
and distribution costs once the product was ready for the
market.

However, large tech companies such as Google and
Facebook offer today their software services for freeg;
they then sell market insights (to third parties) extracted
algorithmically from users’ interactions with their plat-
forms, as well as advertising space on those platforms.
Thisresultsin ashift in perspective as users, not employ-
ees (software programmers), become the primary assets.
A large user baseis essential for the creation of value for
this type of business, and growing a large enough user
base to make such a business model viable, constitutes
asubstantial entry barrier in the “new” digital economy.

In analogy to the ICT industry, the other types of
businesses with a high potential for knowledge-based
growth (e.g. engineering and science firms, creative in-
dustries, etc.) face difficulties when attempting to create
economies of scale and network effects enjoyed by large
tech companies. Financing emerging companies through
lengthy periods of losses while they expand their user
base calls for asubstantial investment of capital. In anal-
ogy to what occurred in the software industry in the 90s,
lowering the entry barriers for innovative businesses ap-
pears crucia for creating more dynamic conditions and
stimulating business evolution through digitalisation
across multiple sectors in a Quintuple Helix Framework.

However, how can these entry-level barriers be low-
ered when education, labour market flexibility, and in-
creased financial incentives for entrepreneurial activities

have not been sufficient to stimulate the market in recent
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years? In other words, if barriers to entry in the knowl-
edge economy are higher than initially assumed, inter-
ventions such as public investment in education or tax
cuts are unlikely to generate competitive dynamism on
their own. This is a key point for reflection regarding the
role of information and knowledge from science to pol-
icy and society, discussed in Section 2.2, and the role of
literacy in data analyticsin the energy and environmental
sector, discussed in Section 2.3.

Another critical aspect of innovation from a poli-
cy-making perspective is its capacity to foster inclusive-
ness while fostering dynamism. One of the most aluring
aspects of the knowledge economy (at least initsoriginal
vision) wasits potential to facilitate social inclusion (de-
fined as greater access to better work and concomitantly
higher levels of material prosperity) via “social invest-
ment” in education and digital infrastructure.

The promise of an abundance of well-paid, high-
ly-skilled jobs was essential to the marketability-based
empowerment of workers and the appeal of the knowledge
economy as a whole. However, the expectation that the
knowledge economy will generate proportionally more
new opportunitiesfor better work and, therefore, that tech-
nological and economic change (i.e., innovation in Quin-
tuple Helix Framework) will improve the lives of the vast
majority of people has to be criticaly considered. From
the perspective of the progressive case for the knowledge
economy, what truly matters is whether the newly created
work compensates workers adequately for the lost jobs.

This is discussed extensively by O'Donovan [12],
who concentrates his attention on the problem of “auto-
mation anxiety” in our present economic landscape. Far
from being a simple labour market problem, the coming
wave of automation, described by different authors as
a second machine age [13], a technological singularity
[14], or afourth industria revolution [15], can result in
equity and inclusion problems that can deeply affect so-
ciety and threatens democracy.

In this context, the problem of “upskilling” becomes
central as the knowledge economy did appear to offer
workers the chance to move up the value chain and into
more skill-intensive employment. These effects should
be clearly monitored in time to ensure the limitation of

the polarisation between new higher-skilled job opportu-
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nities and low-skilled, lower-paid roles and to prevent, to
some extent, the disappearance of mid-skilled jobs while
considering the issue of productivity.

The “upskilling” of workers is also relevant from the
perspective of regiona entrepreneurial ecosystems. Ac-
cording to the original knowledge economy vision, open-
ness to globalisation was essential for countries to reap
the benefits of knowledge-based growth. This allowed
knowledge-intensive economies to export their innovative
ideas and servicesto avariety of markets while importing
the lower value-added physical goods and services they
continued to consume. Additionally, economic openness
facilitated the influx of talented workers, investment cap-
ital, and ideas, allowing knowledge-based companies to
maintain and improve their global competitiveness.

Unsurprisingly, emerging economies have also priori-
tised investment in skills that enable them to compete at
the top of global value chains, and increased interregional
inequalities can mirror the previousy mentioned risk of
job polarisation due to the extremely uneven geographi-
cal distribution of high-skilled knowledge work that exists
even in developed nations. This can exacerbate existing
patterns of interregional inequality. In contrast, openness
is currently threatened by critical factors such as geopo-
litical instability, which has an impact on energy and oth-
er vital commodities (such as raw materias), and by the
impact of globa supply chains on energy consumption
and carbon emissions, which must be clearly accounted
for in low carbon transitions. Understanding how busi-
ness models can be implemented in the building sector
and construction industry to overcome entry-level barriers
and external factors, such as geopolitical ingtability, while
simultaneously ensuring benefits and co-benefits (at the
system level) isamajor challengein the energy transition.

2.2. THE ROLE OF INFORMATION AND
KNOWLEDGE FROM SCIENCE TO POLICY AND
SOCIETY

It is essentia to begin with the issue of evidence when
considering the role of information and knowledge in
science, policy, and society. The evidence-based move-
ment began with evidence-based medicine in the field
of health. The scope of the movement was advocating
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for accountability in medicine based on a rigorous ex-
amination of which policies and practises were actual-
ly effective on the field. Experiment or trial concepts,
and specifically the use of randomised controlled trials
and systematic reviews of their results, are central to the
evidence-based approach. While the initial emphasis on
evidence-based programmes was primarily ethical, it led
to criticisms related to the role of scientists on the one
hand [16] and its technocratic stance and apparent ne-
glect of power relations: «Policy-relevant facts are the
result of an intensive and complex struggle for political
and epistemic authority» [17], or to put it plainly, when
«evidence-based policy become policy-based evidence».
Indeed, an evidence-based policy can be used instrumen-
tally to neutralise ideol ogies and to hide power asymme-
tries in decision-making processes.

A sceptical position regarding the role of science in
policy action is the one by Collingridge and Reeve [18],
which indicates two problematic assumptions regarding

science-policy interaction:

1. policy action can be predicated on the accumula-
tion of facts and the taming of uncertainty;

2. science has the power to provide dispassionate
facts to adjudicate controversies.

The second assumption, in particular, is extremely in-
teresting because the cases where science is called upon
to adjudicate a policy appear to be associated with an
escalating level of conflict, with opposing sides using
scientific evidence to bolster their positions [19]. The
definition of Post-Normal Science (PNS) proposed by
Funtowicz and Ravetz in the 90s appears to be highly
applicable to our present state condition. PNSis a novel
approach to using science in situations where “facts are
uncertain, values are contested, the stakes are high, and
decisions are urgent”. More extensively, the problem of
the science crisisis analysed in detail by Benessia et al.
in their book Science on the Verge [20].

Saltelli and Giampietro [21] clearly summarisethelim-
itations of evidence-based policy, highlighting three rele-
vant aspects. The first is the responsible use of quantitative
information in quantitative storytelling, which proceeds
primarily “vianegativa’ by falsifying the available options
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interms of their feasibility (external constraints), viability
(internal congtraints), and desirability (compatibility with
societal values). The second aspect, which isthe one need-
ed to test the salience and relevance of model-generated
numbers, is the use of data and model appraisal strategies
developed in the tradition of PNS, which are extensively
reviewed by Carrozza[22] in apaper devoted to democra-
tising expertise and environmenta governance. The third
key aspect is that quantification methods must maintain
coherence across scales and dimensions (e.g., economic,
demographic, energetic) when generating quantitative as-
sessments with different metrics.

In this regard, while the Science of Science [23]
transdisciplinary approach based on large data sets aims
to study the mechanisms underlying the doing of science
(e.g. choice of research problems, career trajectories and
progress within a field) and to explain the underlying ra-
tionale, the pressure to publish, and the critical dimen-
sions inherent to the definition of “impactful” science
must be critically considered [24]. At the sametime, new
metrics, such as the ones proposed for open research
[25], may be considered.

When referring back to the problem of science-poli-
cy interaction, the scholarly literature on science-policy
interaction is typicaly divided between advocating that
science and policy should be brought closer together or
separated. However, Thoni and Livingston [26] found
that science-policy practitioners were not as divided as
the scholarly debate assumed them to be. They emphasise
the importance of the discussion going beyond the rela-
tionship between science and policy and an unproductive
battle between extremes. It is neither possible nor norma-
tively desirable to demarcate “ science”, “policy”, and oth-
er actors. While this discussion is of central importance
to the actors of the Intergovernmental Panel on Climate
Change (IPCC), greater emphasis should be placed on its
relationship with society, where literacy could play a sig-
nificant role, as discussed in Section 2.3, because we need
to be able to capture the advantages (cost reduction, car-
bon emission reduction, etc.) and co-benefits (health, pro-
ductivity, etc.) of re-inventing “efficiency” and encourag-
ing “sufficiency” across several levels of society and built
environment, exposing them transparently. Thisis deeply
intertwined with quantitative storytelling.
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The rigorous quantitative storytelling approach pre-
sented by Saltelli and Gianpietro [21] and discussed at
the beginning of this section ishighly related to the prob-
lem of critical thinking in the current debate around the
interaction with society. Thisisdiscussed by Levitin [27]
in Weaponised Lies: How to Think Critically in the Post-
Truth Era, a reprint of A Field Guide to Lies: Critical
Thinking in the Information Age. In a Post-Truth Era, the
author proposes strategies to identify cognitive biases
and logical fallacies and evaluate the credibility of in-
formation. The issues of recognising confirmation bias
and belief perseverance, which lead to rash decisions
and faulty reasoning, assessing the reliability of studies
or surveys, and, for science and health news, searching
for control groups and avoiding single-study results ap-
pear to be particularly pertinent today (especially after
COVID-19 pandemic). In addition, the author cautions
that “statistics are not facts’; numbers, statistics, charts,
and graphs can (inadvertently or intentionally) be skewed
to support particular viewpoints and should not be taken
at face value. This can imply that people are susceptible
to being “misled by numbers and logic”.

Similarly, in the book Weapons of math destruction:
How Big Data Increases Inequality and Threatens De-
mocracy [28], O’ Neil analyses how biases in the model -
ling process can lead to “automated” decisions that harm
the poor, reinforce racism, and exacerbate inequality.
Rather than being abstract, these problems are already
experienced in numerous fields, such as insurance, ad-
vertising, education, and law enforcement. In light of
these issues (already evident at the societal level), we
must improve the data and statistical literacy level in the
energy and environmental sectors, as will be discussed
in the following section. This could contribute to the de-
mocratisation of science-policy-society interactions and
stimulate new pathways for the knowledge-based growth
illustrated in Section 2.1.

2.3. LITERACY REGARDING DATA ANALYTICSIN
THE ENERGY AND ENVIRONMENTAL SECTOR

As described in Section 2.2, the use of mathematical
modelling and indicators may create a false impression
of precision but does not necessarily reveal “uncomfort-
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able knowledge,” which is typically avoided in policy
discussions due to the potential for conflict. As proposed
by [21], rigorous quantitative storytelling must be sup-
ported by accurate estimates, which can be achieved
by making energy and environmental data more readily
available in both open and synthetic forms. Regarding
the built environment, digitalisation can improve the liv-
ability of citiesinanumber of areas, including healthcare
and well-being, economic development and housing, en-
gagement and community, management and operation of
mobility, water, and energy infrastructures [29].

Open energy models and related data are crucial for
promoting open research practises and fostering effec-
tive science-policy interaction [30]. By enhancing them
compared to the current state of the art, for instance, they
can promote multidisciplinary research that addresses
the co-evolution of energy technology and human be-
haviour more transparently and, more generally, they can
enhance the interaction of numerous linked models and
data. Focusing on energy and environmental datain the
built environment, the paper by Ahmad et al. [31] exam-
ines in depth the social, economic, environmental, and
legidlative drivers for the installation of metering tech-
nologies. While energy laws and regulations vary from
country to country, there is a high level of technological
standardisation and widespread use of advanced meter-
ing technology, which could serve asabasisfor data col-
lection at scale.

In light of the fact that the technology to collect ener-
gy data at scale already exists and that energy informa-
tionisaccessible (although not always easily accessible),
it becomes possible to leverage literacy to make ener-
gy data understandable to a broad audience and facili-
tate change. This involves addressing the technological
and social aspects of energy. In fact, researchers from
a variety of fields are paying increasing attention to the
concept of energy literacy. However, the energy literacy
literature is characterised by a wide variety of definitions
and techniques, making comparisons and the generalis-
ability of results difficult. For example, Van den Broek et
al. provide a classification framework for the numerous
conceptual and practical approachesto household energy
literacy [32]. Energy literacy is essential for informing
people about their energy consumption habits and alter-
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ing their mindset. As demonstrated by a number of stud-
ies, energy literacy encompasses not only the cognitive
domain but also the affective and behavioural domains
[33]. Essentiadlly, it involves knowledge of technologies
and devices, energy-saving actions, financial consider-
ations, and other related factors. Better knowledge can
pave the way for more innovative services and tech-
nologies [34], which must be evaluated from a whole
life-cycle perspective, taking into account Life Cycle
Assessment (LCA) and Life Cycle Cost (LCC). In con-
clusion, literacy is crucial to target behavioural change
and make end-users behave rationally as prosumers (pro-
ducers-consumers) in the future energy market, where

greater investment in energy efficiency is needed.

3. OPEN RESEARCH QUESTIONS
REGARDING LOW CARBON TRANSITIONS
INTHE BUILT ENVIRONMENT

As described by Geels and Turnheim, low-carbon tran-
sitions in the built environment are part of a “Great Re-
configuration” (multi-level) process [3]. In order to meet
IPCC-recommended environmental objectives, these
transitions process must be accelerated. For this reason,
innovation models are especially relevant today, and the
Quintuple Helix innovation model [6], which includes
the environment as the fifth helix, emphasises the prob-
lems of innovation to address sustainable devel opment,
including the problem of climate change.

Innovation models such as the Quintuple Helix model
assume that creating win-win conditions between ecol-
ogy, knowledge, and innovation is possible, thereby
creating synergies between the economy, society, and
democracy during socio-ecological transformations. It
is believed that these transformations will have a signif-
icant impact on the knowledge society and knowledge
economy. Thus, knowledge-based growth (e.g. growth
for good [9]) is viewed as an opportunity to engage cap-
italism in the fight against climate catastrophe, thereby
generating new employment opportunities.

As discussed in Section 2.1, this vision has been
challenged over the past two decades by issues such as
the evolution of business models, social inclusion, job
polarisation, economic openness and regiona develop-
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ment. While the knowledge dimension remains essential
to innovation and fostering inclusiveness while promot-
ing dynamism, the entry-level barriers in the knowledge
economy are higher than initially thought. Policy inter-
ventions such as public investment in education or tax
cuts are unlikely to generate competitive dynamism on
their own. For thisreason, Sections 2.2 and 2.3 discussed,
respectively, therole of information and knowledge from
science to policy and society and the significance of data
analytics and literacy in the energy and environmental
sector (as well astheir economic implications).

This section aims to move from general consider-
ations to specific issues to be addressed during the tran-
sition to a low-carbon built environment. In Section 3.1,
some of the most pertinent global and local problems are
summarised. In Section 3.2, issues of local innovation,
productivity, and acceleration of low carbon transitions
are discussed, and in Section 3.3, ten research questions
are posed for field testing.

3.1. GLOBAL AND LOCAL SCALE PROBLEMS
RELATED TO LOW CARBON TRANSITIONSIN
THE BUILT ENVIRONMENT

The paper by [35] documents in detail global and local
scale issues associated with low carbon transitionsin the
built environment, related to its present and future ener-
gy consumption, which are summarised below.

First of all, greenhouse gas Emissions and Global
Climate Change: The building and construction sector
accounted for about 39% of the process-related carbon
dioxide emissions in 2018 [36]. Subject to the degree of
the current and future decarbonisation of the building en-
ergy needs and of the power generation system capacity
dedicated to buildings (which is almost 50% today), the
building sector may be carbon neutral by 2050 or later,
or may continue to be carbon intensive.

The second issue, future scenarios on the energy con-
sumption of buildings, propose pathways to minimise the
energy consumption of the sector by 2050 or later through
intensive use of clean electricity and improved energy ef-
ficiency measures in buildings. However, such an objec-
tive requires the adoption of intensive green policies and
a considerable increase in investments. No explicit en-
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gagements or even promises towards the adoption of such
policies are undertaken, and there is area risk that the
energy consumption and the production of greenhouse
gases in the building sector will continue to increase.

The third issue is the high global environmental im-
pact. The building sector has a considerable impact on
the global environment. The sector produces pollution
and waste and consumes resources and raw materials.
Future decarbonisation of the building sector is aso
associated with extensive additional use of raw materi-
als. An increase in manufacturing efficiency, recycling,
and adherence to the principles of the circular economy
seems to be a reasonable policy; however, it is an open
and difficult challenge for the construction sector.

The fourth issue is overpopulation and fast urbani-
sation. According to the United Nations [37], the world
population may increase by up to 11 billion people by
2050, with most of the new population living in cities,
increasing the urban population up to 6.5 billion peo-
ple capacity of the building sector to meet the addition-
a needs for new housing, commercial and community
buildings and infrastructures.

The fifth issue is urban overheating and local climate
change. Intensive urbanisation and industrialisation re-
sult in a considerable increase in the ambient tempera-
ture in cities. The phenomenon, known as Urban Heat
Island (UHI), is well documented in many cities around
the world. Higher urban temperatures have a severe ef-
fect on the energy consumption of urban buildings while
impacting the environmental quality of cities, urban
health and survivability levels. Therefore, the design and
implementation of advanced mitigation and adaptation
policiesin citiesare crucial.

The sixth issue is socia inequalities, poverty and eth-
ical issues. The provision of healthy and adequate shelter
for everyone is a difficult challenge for the building sec-
tor when there are more than 1 million people living in
slums, and the number is constantly increasing. In paral-
lel, more than 150 million people in developed countries
cannot afford to cover their basic energy needs. Eradica-
tion of poverty and energy poverty requires the imple-
mentation of generous, well-designed housing programs
to enhance resilience in the corresponding countries and
amortise social inequalities.
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All the issues summarised above can have dramatic
consequences on aglobal scale and are also extremely rel-
evant for the future of the EU. The coordinated updating
of existing policies together with well-targeted and inno-
vative EU, national and local initiatives are required to
deliver the required reductions of GHG emissions from
buildingsin Europeto nearly zero, as discussed by Norton
etal. [38]. Three key aspects are identified in the paper: (1)
ensuring that measures to reduce energy and GHG reduc-
tions also enhance the health and well-being of building
occupants, (2) integrating decarbonisation of electricity
and heat suppliesfor buildings with the decarbonisation of
industry and transport, (3) reusing and recycling to reduce
embodied GHG emissions in building materials, compo-
nents and processes used in both the construction of new
buildings and in building renovations.

The decarbonisation of buildings is an opportunity to
develop new products and servicesthat have the potential
to create new high-skilled jobs, and this has clear political
implications and can be incorporated into a more ambi-
tious view of the transition pathways towards a low-car-
bon world [39]. Obviously, decoupling global economic
growth from carbon emissions remains an open question.
In this regard, Kaya ldentity provides a useful method
for analysing the similarities and differences between
nations in their carbon intensity. Recent research by Bi-
gerna and Polinori [40] social, and technological targets,
such as continuous prosperity, growth, and increases in
energy production and reductions in fossil fuel (FOS,
for instance, demonstrates the convergence of the Kaya
Identity components for the EU Member States towards
the ambitious 2050 decarbonisation targets. Comparative
Kaya |Identity studies conducted on a global scale could
provide valid evidence and insights that can aid in guid-

ing policies toward long-term carbon reduction goals.

3.2. LOCAL INNOVATION, PRODUCTIVITY AND
ACCELERATION OF LOW CARBON TRANSITIONS

While many sustainability challenges are global, as dis-
cussed in Section 3.1, the majority of transitions research
has focused on the emergence of innovations in small
niches and, in general, on a scale where the interactions

between multiple “helixes” (e.g. in a Quintuple Helix
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innovation model) can be empirically analysed. Further,
most of the studies regarding the acceleration of innova-
tion have focused on the immediate technological and
economic drivers of acceleration (e.g. R&D investment,
upscaling, taxes and subsidies), while substantial policy
and research efforts are needed to address “ acceleration
challenges’ [4].

Addressing the “acceleration challenges’ may re-
guire new governance structures and more active poli-
cies aimed at steering and orchestrating change: «Ensur-
ing that socio-technical systems move towards greater
sustainability is a mgjor challenge for governments, but
also for civil society. At the core of such transitions is
a shift in governance structures that not only allows
change to occur but also directs and orchestrates some of
the changes» [41].

As stated in Section 3.1, simple interventions are un-
likely to be sufficient to generate the necessary dynamism
to promote the technological and behavioural change re-
quired for low-carbon transitions. The ability to effectively
utilise data and insights from bottom-up initiatives and pi-
lot projects to steer policies in a dynamic manner appears
crucial. On the other hand, the technological potentia of
automation, utilising Artificial Intelligence (Al), Machine
Learning (ML), and digitalisation, has only been partialy
exploited, and future scenarios are quite open and not nec-
essarily constrained by pre-defined trajectories [42].

GATO [43], a highly adaptable artificial intelligence
model (a “generalist agent” that can perform over 600
distinct tasks, like operating a robot, captioning imag-
es, detecting objects in pictures, etc.), was recently un-
veiled by DeepMind, adivision of technology conglom-
erate Alphabet. We can honestly claim that there are few
technologies that stir the imagination asAl does, and the
hype around artificial general intelligence (AGI) is tan-
gible. GATO is likely one of the most advanced artificial
intelligence systems on the globe that is not dedicated to
aparticular function.

The idea that AGI, unlike traditional Al, will learn a
task by intuition and experience, akin to a human, rather
than requiring a large quantity of data to do so (being pre-
trained or programmed to solve a certain set of issues),
makes it very intriguing. Nonetheless, contemporary Al
technologies combining supervised, unsupervised and
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reinforcement learning have quickly revolutionised the
machine learning field leading already, for example, to
generative Al applications such as ChatGPT by OpenAl,
launched recently.

More modestly, we could say that while Artificial
Intelligence (Al) is frequently manifested today in the
form of complex deep neural networks, smpler Machine
Learning (ML) techniques, whose inner workings are
understandable, might be useful to tackle small- and me-
dium-sized statistical, data mining and automation prob-
lems. Despite not being as fashionable as deep learning/
Al, simple, reliable and scalable ML approaches can
have apositive economic (aswell environmental) impact
(in apositive sense) in many applications where accurate
predictions and decisions are crucial.

The fractal, multi-level nature of innovation and
the fact that there are multiple transition pathways and
specific low-carbon innovations to reduce emissions in
each (sub)sector, which must be identified, designed, and
managed, indicate a wide range of relevant (potential)
applications for data-driven ML methods. As discussed
in Section 2.1, the existing limitations with respect to
business models, when there exists a relevant techni-
cal potential for savings, could be mitigated by simple
and effective digitalisation strategies and ML applica-
tions could help lower the entry-level barrier to knowl-
edge-based growth.

It is difficult to say whether AI/ML evolution will help
overcome economic stagnation and create futurejobsand
prosperity through grassroots innovation (Phelps, 2014)
while providing solutions to the problems discussed in
Section 3.1. However, the challenge of maintaining tech-
nical innovation with a“human in the loop” approach to
automation, fostering data analytics literacy and educa-
tion rather than merely stoking technology hype cycles
[44], is definitely worth attention.

In recent years, there has been a proliferation of ar-
tificial intelligence (Al) strategies designed by different
countries to maximise benefits while minimising risks.
Asindicated in comparative studies, the policy is funda-
mental, and the differences between, for instance, the EU
and US are significant [45]there has been a proliferation
of artificial intelligence (Al. Simultaneously, numerous
organisations have launched a vast array of initiativesto
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establish ethical principles for the adoption of socially
advantageous Al. Also in this instance, the proliferation
of principles threatens to overwhelm and confound.

The problem is analysed by Floridi and Cowls [46],
who propose five core principles to synthesise the pleth-
ora of emergent instances in this research field. To sim-
plify as much as possible, four of them are fundamen-
tal bioethical principles: beneficence, nonmaleficence,
autonomy, and justice. The fifth principle (specific to
Al) is explicability, which includes both intelligibility
(as an answer to the question “how does it work?’) and
accountability (as an answer to the question “who is re-
sponsible for the way it works?”) in the epistemological
and ethical senses, respectively.

Far from being generic, Floridi and Cowls' principle
of “explicability” requiresaclear commitment to the cre-
ation of Al/ML applications and technical aspects such
as “explainability” (i.e. the extent to which the internal
mechanics of a machine-learning algorithm can be ex-
plained in human terms) and “interpretability” (i.e. the
extent to which a human can understand the rationale
behind model output, given a change in input, and the
algorithmic logic can be quickly inspected) are called
into question. These two technical factors are essential
to guarantee the possibility of inspecting, auditing and
trusting the AI/ML model, contributing (at least partial-
ly) to minimise the risks outlined in Section 2.2.

This ethical dimension of AI/ML has direct implica-
tions for the construction industry in the context of in-
creasing digitalisation. Emerging technological solutions
for the digitalisation of design and construction process-
es, digitalisation of the supply chain of the construction
industry, predictive control of energy demand, predictive
maintenance of construction technologies, peer-to-peer
energy trading within energy communities, and many
other possible applications are heavily dependent on da-
ta-driven (AI/ML) models.

For this reason, the “explicability” principle must be
considered (due to the use of AI/ML models) alongside
the other decision-making principles discussed in Sec-
tion 2.2: feasibility (e.g., external constraints determined
by the use of natural resources [47]), viability (internal
constraints, specific project factors), and desirability
(e.g. compatibility with societal values, closely linked to
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behavioural changeissue). At the sametime, literacy can
improve comprehension of new technologies and their
effects and promote social acceptability and desirability
for the wider public.

3.3. OPEN RESEARCH QUESTIONS RELATED TO
INNOVATION AND KNOWLEDGE-BASED GROWTH

The growing awareness of the fundamental challeng-
es humanity faces on a globa scale, including climate
change mitigation, the prevention of ecosystem degra-
dation, and other mgjor problems, necessitates an ac-
celeration of innovation-supporting policies, as already
discussed. The ahility to grasp the dynamics of radical
breakthroughs and to fight inertia is at the centre of a
growing field of research dealing with “sustainable tran-
sitions’ and “low carbon transitions” are part of it.

Most transition research has focused on the emergence
of innovations in small niches and, in general, on scales
where empirical analysis can be conducted effectively on
the ground. As seen in Section 3.1, global scale problems
associated with low carbon transitions for the built envi-
ronment have direct (and frequently dramatic) implica-
tions at the loca scale, and it is necessary to reconcile the
grand visions (i.e. the top-down perspective) surrounding
the aforementioned challenges with the implementation
experiences on the ground (i.e. the bottom-up perspective).

The applications enabled by digitalisation and Al/
ML techniques could, in principle, align (at least partial-
ly) with the benign vision of knowledge-based growth,
whose critical assumptions and limitations were anal-
ysed in Section 2.1. Nonetheless, multiple technical and
ethical issues must be considered, and ten research ques-
tions, deemed pertinent from a bottom-up perspective,
are posed hereafter:

1. Are business models for knowledge-based growth
appropriate for low carbon transitions in the built
environment (e.g., are mechanisms and indicators
used in decision-making processes fit for purpose,
particularly in a long-term, whole life-cycle per-
spective?)?

2. Are accounting methods used transparently from
a system perspective (e.g., do they consider the
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potential shifting of impacts from one system to
another?)?

3. Isthe human dimension considered and correctly
accounted for (e.g., al the aspects connected to
behavioural change, which may have direct and
indirect impacts on carbon emission)?

4. Are uncertainty and risk dimensions accounted
for properly (e.g., in relation to energy pricing dy-
namics, behavioural change, etc.)?

5. Arelow carbon transitions promoting innovation,
digitalisation, productivity and competitiveness
(i.e. do they actually foster innovation compared
to the state-of-the-art? How can we measure it?)?

6. IsAI/ML “digital twin” paradigm suitable for low
carbon transitions in the built environment (e.g.
how can we design systems of interconnected Al/
ML models able to deal with the multiplicity of
aspectsinvolved?)?

7. Are ethical principles considered with respect to
digitalisation, automation and AlI/ML use in proj-
ects?

8. Are literacy and analytics changing the perspec-
tives in decision-making processes, or are other
contingent factors more influential?

9. What job opportunities are generated in the low
carbon transitions in the built environment, and is
job polarisation arelevant problem?

10. What can be the role of small-scale projects in pro-
moting skills development and regional ecosystems
of innovation from a globalisation perspective?

These questions can be expanded upon and can lead
to the formulation of hypotheses that can be then test-
ed on the ground in small niches and bottom-up projects
(for the reasons outlined previoudly), which can, in turn,
generate policy-relevant insights if experiments are ap-
propriately conducted, and research data is made avail-
able in open and accessible formats.

4. CONCLUSION

The fundamental challenges humanity faces on a global
scale regarding climate change mitigation, sustainable
water use, prevention of ecosystem degradation, reduc-
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tion of waste production and disposal, and regenerative
agriculture are the focus of “sustainability transitions’ [1]
research. Transition processes can be considered a “ Great
Reconfiguration” from a socio-technical perspective [3].
A “Great Reconfiguration” requires horizontal and verti-
cal policy efforts to accelerate innovation policies under
new inexperienced conditions. Socio-technical change
can be seen as an opportunity for radical innovation (as
part of paradigms like Quintuple Helix) and for entrepre-
neurial ecosystems at the local and regional levels.

One of the underlying assumptions in innovation par-
adigms such as Quintuple Helix is that knowledge-based
growth can bring several advantages. Some of the “auto-
matic” presuppositions behind innovation paradigms have
been critically analysed in Section 3.1, and the problem-
atic science-policy-society interaction and tensions have
been discussed in Section 3.2 in relation to the develop-
ment of policies. Addressing these tensions and increasing
the level of literacy regarding energy and environmental
themes (as well as their economic implications) appears
crucial today, as indicated in Section 3.3, together with
initiatives nudging behavioural changes, which may have
afundamental impact on low carbon transitions.

Further, traditionally innovation policies have focused
on the immediate technological and economic drivers of
acceleration (e.g. R&D investment, upscaling, taxes and
subsidies). However, “traditional” policies are unlikely to
deliver prosperity, social inclusion and competitive dy-
namism in and of themselves in a knowledge economy.
Further, sustainability transitions research has focused
on small niches and scales where empirical analysis can
be done effectively. Insights from niches and bottom-up
initiatives for low carbon transitions in the built environ-
ment can help adjust policies quickly and reconcile grand
visions (top-down perspective) with ground implementa-
tion experiences (bottom-up perspective).

On the one hand, multiple factors can contribute to
the creation of effective palicies, including rethinking the
role of information and knowledge from science to poli-
cy and society (i.e. science-policy-society interaction in
a knowledge society) to promote literacy. On the other
hand, digitalisation and AI/ML applications, in the context
of increasing automation, can be an opportunity to create
new prosperity in a knowledge-based growth perspec-
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tive, acknowledging opportunities and threats. Emerging
technological solutions for the digitalisation of design and
construction processes, digitalisation of the supply chain
of the construction industry, predictive control of energy
demand, predictive maintenance of construction technol-
ogies, peer-to-peer energy trading within energy commu-
nities, and many other possible applications are relying
heavily on data-driven (AI/ML) models.

Far from being a generic instance, Floridi and Cowls
ethical principle of “explicability” [46] implies a seri-
ous commitment in relation to “explainability” and “in-
terpretability”. These two technical aspects are essential
to guarantee the possibility of inspecting, auditing and
trusting AlI/ML algorithmic logic and models, making
them more “transparent” and contributing, at least par-
tially, to reduce the risks of their application.

Considering ground implementation experiences,
multiple research questions can be formulated, involv-
ing, for example, how business models are conceived
(e.g., are decision-making mechanisms and indicators fit
for purpose, especially in a long-term, whole life cycle
perspective?) and what are the state-of-the-art advanc-
es (are digitalisation, productivity, and competitiveness
dimensions addressed?) determined by low carbon tran-
sitions. Quantification of uncertainty and risk, trans-
parency of modelling strategies, and suitability of Al/
ML-based paradigms like “digital twins” are also crucial
issues in combination with human factors.

Finally, Section 3.3 research questionsaim to stimulate
the development of hypotheses that can be tested in small
niches and bottom-up projects, which can, in turn, gener-
ate policy-relevant insights if experiments are appropri-
ately conducted and research data made available in open
and accessible formats. Cresting a knowledge society in
a knowledge economy and promoting knowledge-based
base growth strategies require targeted and thought efforts
rather than grand visions inflated by rhetoric and hubris.
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Abstract

The global public health crisis generated by the spread of COVID-19 has
revealed — and is still showing — the strong correlation between two appar-
ently disparate fields of research: built environment and health. Although in
thistime of emergency, the science of architecture could offer aremarkable
contribution to rethinking new living and working spaces, the ongoing pan-
demic has, in terms of people’s well-being, disclosed the weaknesses of a
vast number of architectural design choices implemented until now. Hence,
the impact of the COVID-19 pandemic on the users’ space fulfilment has
been herein explored and analysed through a systematic literature review
process for collecting data and exploring gaps and opportunities revealed
in this period. The COVID-19 pandemic and especially the quarantine con-
strictions have revealed a high level of dissatisfaction with the quality of
living space as well as the lack of flexibility and adaptability. This study
has outlined the main critical aspects to be considered for shaping and
re-building new ways of living in a post-COVID-19 society. Thus, rather
than focusing on specific future solutions, this study aims to collect the
main issues and planning opportunities by showing the need for avaluable
transdisciplinary approach that could address peopl€’s demands, especially
from a sociological, anthropological, psychological and health perspective.
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On March 9, 2020, the Italian Government signed an Ex-
ecutive Order that has marked the history of the Country:
Article 1, Paragraph 1 of the DPCM introduced restric-
tive measures against the spread of the COVID-19 vi-
rus, starting from bans on travelling and restrictions on
leaving home without proven work requirements, situa-
tions of need and/or health reasons. China, the heart of
the pandemic, first adopted the restrictions (23-28 Jan-
uary 2020) that were afterwards introduced worldwide
through National Government orders. A slogan such as

“stay at home” was used in different languages to invite
people to contain the spread of the pandemic. Moreover,
schools, universities, offices, retail as well as commercial
activities were closed due to the increase in deaths and
the rapid and unstoppable transmission. Consequently,
people have been forced to stay home and reduce public
space use in lockdown conditions by reinventing them-
selvesand their available spacesfor different and unfore-
seen functions. People dealt with the importance of the
quality of life as it concerns their house and its spaces,




Vol. 9, No. 1 (2023)

their interior design, together with neighbourhood, city,
streets and so forth. This unprecedented and unexpected
set of conditions has caused professionals such as archi-
tects, engineers, planners, and designers to rethink spac-
es by offering suggestions for the future development of
New spaces.

However, the debate on the re-shaping of cities and
houses has divided into two different categories: the first
isrelated to the idea that everything will not be the same
and the design thinking should be reconsidered com-
pletely; the second is that everything will come back to
normality. On the one hand, solutions for liveable spaces
with physical distancing precautions as well as the in-
troduction of new design approaches that take into ac-
count flexibility, have been proposed. On the other hand,
the temporariness of this current pandemic situation
has been pointed out by outlining that, even if we live
in unique conditions, by adopting the business-as-usual
approach, everything will return to normal sooner or |at-
er. At the time of writing, approximately two years after
the diffusion of the pandemic, it is difficult to say who
isright, even if this can, in fact, be traced. It is interest-
ing to highlight how the pandemic forced us to reflect
on high-quality living and the fairness of the historical
design choices adopted to date. Houses, once considered
merely places to sleep, are now places to live al day:
they have, in fact, been jammed with all family mem-
bers, becoming, by necessity, offices, gyms, schools,
restaurants, places of recreation and so on. Public spac-
es (such as roads, streets, and squares) and semi-public
spaces (retail, offices, and businesses) have been emp-
tied and used just for purposes of necessity. All of this
has contributed to an ever-growing acquired conscious-
ness of the importance of the living quality for users and
inhabitants, better defining what they want and especial-
ly what they do not want for their spaces. For example,
there is a shared recognition of the significance of green
spaces with the proven correlation between their use and
benefits for physical/mental health. The exploration of
peer-reviewed articles has provided other fundamental
insights into what high-quality living means, especial-
ly after the outbreak of the COVID-19 pandemic. This
paper offers a point of view on the theme by collecting
and analysing peer literature reviews to provide initia
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documentation, which this study of the emerging factors
of the COVID-19 impact brings to light, and where the
adopted solutions of planning and design have failed.

2. METHODOLOGY

In order to analyse how and to what extent COVID-19
restrictions impacted the research on the built environ-
ment and its related issues, a systematic literature review
process has been conducted involving peer-reviewed ar-
ticle journals and conference proceedings. The state of
art methodology (Fig. 1) has been based on the research
method of Content Analysis, which determines the pres-
ence of certain words, themes, or concepts within some
given qualitative data (i.e., text). Using content analy-
sis, researchers can quantify and analyse the presence,
meanings and relationships of certain words, themes, or
concepts in a predefined domain of interest. There are
two general types of content analysis: conceptual and re-
lational. The first determines the existence and frequency
of conceptsin atext, while the second devel ops the con-
ceptual analysis by examining the relationships among
conceptsin atext.

No matter the chosen method, the analysis processre-
duces the volume of text collected, identifies and groups
categories together and seeks some understanding of it.
The presented research has been carried out by using
Conceptual Analysis and, according to the standardised
research process, it has been developed in three main
steps, each of which is subdivided into sub-sections:

» research’s definition with (1.1) related area delim-
itation and (1.2) keywords’ search identification;

» data collection of articles within the research’s
scope with (2.1) literature search through select-
ed databases corresponding to the total amount
of reached articles, (2.2) limitation of articles
in the field of interests, namely: the first level
of screening, limitation of essays depending on
publication type and language; the second lev-
el of screening (2.3) selection of articles related
to chosen keywords; the third level of screening,
with subsequent three levels of screening and se-
lection (Tab. 1);
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Fig. 1. State of Art Methodology.

» data analysis through word analysis and (3.1)
word analysis of databases results and (3.2) word
analysis of selected articles.

The research definition has first been conducted by de-
limiting the research’s area of interest, namely the im-
pact of COVID-19 on the perception of the built envi-
ronment, and second by identifying related keywords.
Therefore, the search has been conducted through the
following systems: “TITLE (COVID-19) or (Covid) or
(pandemic) and TITLE (architecture) or (‘built environ-
ment”) or (‘living space’) or (living)”. The second step of
the state of art methodology consists of data collection,
with the selection of databases, the limitation of articles
and the selection of targeted articles. Three academic
databases have been screened for literature review: Web
of Science [1], Scopus [2] and EBSCO [3]. This choice
guaranteed a broad coverage of the theme in the field of
the built environment, architecture, design, engineering,
and sociology. Thus, the research has been confined to
peer-reviewed articles and conference proceedings writ-
ten in English and Italian.

The targeted selection of articles concerned three
main screenings and depends on the field’s consistency,
such asthe theme’s congruence and consistency after the
abstract aswell asthefull article’sreading. Finally, care-
ful data analysis has been carried out through words and
content analysis. A first-word analysis was made on the
main results obtained through specific databases, thanks
to the use of Vos Viewer Software [4]. A second-word
analysis of selected targeted articles was made through
Voyant Tools. The content analysis has involved the out-
line of the main impacted and discussed fields and the
related prominent issues.

As shown in the following Table 1, atotal number of
419 articles were found, and after the above-mentioned
screening and the eimination of 22 repetitions, 49 pa-

pers have been deeply analysed.
Database Total Total after Total after Total after
1st screening = 2nd screening  3rd screening
WoS 141 71 36 18
Scopus 223 110 19 15
Ebsco 55 54 2 16
Total 419 235 77 49

Tab. 1. The total number of reviewed articles.
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3. RESULTS

This chapter discusses the data of the literature review
of the screened articles. Results are divided into Word
Analysisand Content Analysisto give aclear view of the
theme. Word analysis has been conducted on 235 articles
available on the three chosen databases and associated
with articles selected after the first screening related to
the consistency of the field. This choice has been pursued
both due to tool rules that, in fact, allow detecting key-
words directly from database history and, moreover, for
research approach reasons. Although not explicitly relat-
ed to the impact of COVID-19 on the built environment
but generally concerned with the search system “TITLE
(COVID-19) or (COVID) or (pandemic) and TITLE (ar-
chitecture) or (*built environment’) or (‘living space’) or
(living)” in the selected field, it is interesting to note the
main keywords referred to the screened articles. Subse-
quently, arestricted area of the 49 selected papers on the
theme has been analysed to give a specific overview of
the theme in their contents.
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3.1. WORD ANALY SIS

Word analysis from articles has been used to present the
frequency of different keywords over the same theme.
The content analysis in the related field of interest has
been done by investigating the three selected databases:
Web of Science, Scopus and EBSCO. Word frequency
analysis was detected within the titles, and the abstract
was then analysed through Vos Viewer Software.

Fig. 2 shows the words most used in articles collect-
ed on Web of Science. Asit is graphically depicted, the
most frequently used expressions related to the connec-
tion between Covid and the built environment are related
to green space, health, mental health, nature, experience,
solution, concept, perception, infection, and information.
Fig. 3 represents the same procedure in Scopus with the
following most common words: experience, need, con-
cept, green space, mental health, social distancing, re-
strictions, infections, survey, and experience.

On the other hand, Fig. 4 provides the most used
wordsin EBSCO: space, covid, pandemic, author, socia
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Fig. 2. Word analysis in Web of Science Database by using VOS viewer.
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Fig. 3. Word analysis in Scopus Database by using VOS viewer.

Fig. 4. Word analysis in EBSCO Database by using VOS viewer.
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Fig. 5. Word analysis and keywords detection through Voyant Tool.

distancing, environment, housing, community, crisis, and
challenge. Thus, usual terms such as green space, health,
mental health, concept, and perception cover the search
topic more frequently. Overall, this analysis shows how
the main keywords related to the impact of COVID-19
on the built environment focus more on health/mental
health/experience rather than on planning design choic-
es. Consequently, when considering that users experi-
ences should be a core topic of the architectural investi-
gation interests, the social and psychologica role of the
built environment emerged.

Another content analysiswas carried out by consider-
ing the authors’ and empirical content analysis keywords
of the 49 selected articles, again using Voyant Tool Soft-
ware. Regarding what has been said, Figure 5 and Figure
6 show the results. It appears that the most frequently
used words deal with the theme of architecture, space,
urban, covid, pandemic, public, green space, health,
quality, and resilience, confirming that besides the key-
words rightly used for finding purposes. The focus on so-
cial and psychological aspects has been confirmed by the
theme’s definition (such as covid, pandemic, architecture
and so on). The following section discusses how the built
environment has been intended in the foundation articles
and the main related aspects of relevance in terms of the
COVID-19 impact.

3.2. CONTENT ANALYSIS

Inall research, it is essential to begin by clarifying what
the researcher wants to discover, from whom and how.
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The purpose may be of a descriptive or exploratory na-
ture based on inductive or deductive reasoning. Induc-
tive reasoning is the process of developing conclusions
from collected data by interweaving it with new informa-
tion. The researcher analyses the text with an open mind
to identify meaningful subjects to answer the research
question. Deductive reasoning proceeds in an opposite
but logical way that moves from multiple premises —
generally assumed to be true — to a conclusion. Due to
the idea of the authors to identify future research lines
based on a systematic investigation, the adoption of in-
ductive reasoning has been used. The results are present-
ed in this paragraph. Figure 7 graphically depicts the re-
sults of the main impacted spaces and related issues due
to COVID-19.

Five space variables and their main issues were iden-
tified, indicating the main topics to focus on. As shown in
Fig. 7, the identified peer-reviewed articles and confer-
ence proceedings concentrate mainly on public spaces,
green spaces, city, interior design/nome and generically
built environments. Regarding this last aspect, the eval-
uation of the COVID-19 impact has generally been con-
sidered by authors at a different scale, starting from the
design scale and progressing to urbanism. In al scales
of the Built Environment, socia inequalities have been
pointed out by locating the correlation between financial
difficulties and dramatic inequalities that exist among
the spaces in which we live [5-8].

Following this aspect, it is crucial to highlight the as-
sociation between inadequate spaces and mental health

issues, especially concerning poor-quality views and in-
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Fig. 7. Topic issues due to COVID-19’s impact on life.

door areas that cause depressive symptoms [9]. On the
other hand, fewer symptoms of depression and anxiety
have been demonstrated when inhabitants can access a
garden or simply view nature [10]. Consequently, the
correlation between mental health and the built environ-
ment has a primary place [11, 12].

4. DISCUSSION

This paper finds that architecture has been under dis-
cussion due to the weak reaction to an unforeseen
event such as COVID-19, revealed in a lack of flexibil-
ity and adaptation. This points to such fragile planning
that mental, physical, and psychological health issues
of users have become the subject of significant debate
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by design professionals. In other words, COVID-19
brings to light a pre-existing problem not clearly dis-
closed until that moment: the planning's current lack
of resilience and its rupture with a strategy based on
one’s health.

However, if, on the one hand, the role of architectural
practiceto respond to living needs appearsto have failed,
on the other hand, the determination to shape, invent,
and re-build new ways of living in a post-COVID-19
society is preeminent. It should be based precisely on
socio-spatial non-fulfilment. As such, this section offers
insights into various design liabilities according to the
five planned spaces under investigation in this study:
built environment, green space, public space, the city
and design/home.
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4.1. BUILT ENVIRONMENT

The authors have analysed the importance of health
spaces at different scales. As reported by Fezi [13], who
outlined how the impact of COVID-19 on the built en-
vironment is related to object scale (among others) with
the related issues of hygiene; people scale with distanc-
ing and isolation; cities and transportation with prox-
imity, downscaling and mohility. According to Pinheiro
[14], historical pandemics such asthe Black Death, chol -
era, and tuberculosis have changed the design by mov-
ing thinking forward to minimalist design. However, in
the case of the COVID-19 outbreak, one of the main
aspects upon which we should reflect is the temporary
positive effects on the environment, with a win-to-win
relationship between nature, breath (fresh air) and the
safeguarding of health. Other studies have been conduct-
ed to highlight the association of built environmentswith
the spread of COVID-19 [15] with the aim to adopt new
design strategies, starting from air quality improvement
systems [16] or rediscovering both for health and social
reasons, filtering the air in areas such as courtyards, bal-
conies, stairs, condominium terraces [17].

By saying it with thewordsof Keenan[18, p. 219], we
should “learn from disasters’ and try to understand what
isworking and what is not in the face of this unique sit-
uation. Other main issues of the built environment relate
to privacy, adaptability, virtualisation and social interac-
tion. Thus, the built environment should be considered a
space that should help us live in a healthier way [21] by
reconsidering the evaluability and liveability of places.
A transdisciplinary approach that covers unrelated fields
is needed, but as COVID-19 has demonstrated, such as
psychology, sociology, medicine and so on, are not so.

4.2. INTERIOR DESIGN/HOMES

Pertinent issues, both in the generic built environment
and interior design/home, have emerged: adaptability,
privacy and virtualisation. Privacy has become a rele-
vant theme during the lockdown. Privacy concerns both
real and virtual spaces since the isolation brought about
enforced intimacy [19]. At the sametime, spaces are dis-
played through virtualisation and private surroundings
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have been indicated by demonstrating the boundaries
between public and private life [20, 21]. According to
Porcelloni [20], the inevitable online exhibition of per-
sonal space prompted people to show aslittle as possible
of their homes due to the perception of the equivalence
between private life/lhouse and what is revealed by the
screen. It is aso interesting to note, even in the space of
virtualisation, the mixed-use of domestic spaces which
host different activities connected with education (re-
mote school), productive activities (remote work) and so
on [22], due to their new multiple functions (gym, of-
fice, leisure, education and so on) that require adaptabil-
ity and flexibility [19]. The lack of privacy is a sensitive
subject connected to the consequences of the lockdown
measures, not only in terms of the public-private sphere
but also in terms of the co-existence of different family
members in the same place/space [23].

House is required to host more functions and contem-
porary users within the same place. For this reason, as
reported by Madeddu [24], the preeminent higher quality
of living required today is also indicated by the housing
market. The question in evaluating a house today asks:
could people face living in that same location if lock-
down occurs again? Finally, by strongly showing a pref-
erence for homes with hands-free contact and easy-to-
clean materials [14], the house has now been considered
a safe place to shelter. For this reason, it has become a
kind of holy place that sometimes has resulted in an “en-
trance ritual” [20, p. 641] with specific procedures such
astaking off shoes, washing hands, changing clothes and
SO on.

Other relevant aspects, such as the correlation be-
tween house and perceptions of loneliness, conditions of
vulnerability, psychological problems and health issues,
emerged.

4.3.CITIES

Cities have had a crucial role to play in virus transmis-
sion and shutdown. For this reason, the debate on the
relationship between cities and COVID-19 has been dis-
cussed, focusing on the main emerging issues. According
to Mazzolini [25, p. 23], «each city manages covid emer-

gency based on physical and conceptual [sic] specific to
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it», and this has led to the discussion of the main uncov-
ered issues in city planning. High-density space in cities
is undoubtedly a central problem that, by replacing the
car-centric city concept [25], flowed into the consequent
reclaiming of the streets for people and nature. Another
relevant term teamed with the idea of the city is “smart
city”, “loT city”, with the use of new technologiesto im-
prove citizens' lives with health and safety purposes in
mind: 10T infection controls[26].

4.4. GREEN SPACE

The most frequently discussed argument, regardless of
the specific planning area, is the significance of green
spaces. Nature has been considered the most crucia as-
pect to refer to during planning, especially after COVID-
19'simpact on peopl€'s perceptions, whether for housing
views, the redesign of public spaces or other purposes
within the city’s projects.

Nature, also called “blue-green space,” is sought for
its positive effects on mental health as well as for the
reduction of anxiety and depression [27], better physical
health, relaxation [28], and as a recreation place [29].
The demand for green spaces has also been measured
through Sina-microblog analysis [30] or a specific case
study like in Oslo [29]. However, probably more than
in any other field, green spaces represent current social
inequalities through the inability of all to privately en-
joy them because of financial difficulties [8]. Since the
green-blue space generates well-being and maximis-
es health, this aspect merges with the following public
space issues.

4.5. PUBLIC SPACE

Public spaces seem to be the most impacted places due to
the restrictions of socia distancing and the reduction of
leisure activities. Among others, the impact of COVID-19
on the design of public spaces has been mainly discussed
in terms of inclusivity, accessibility and proximity [7,
31-33]. For this reason, the study of possible best prac-
tices of public space design has been reported through the
analysis of cities as case studies (such as Roma, Siena,
and San Benedetto del Tronto [31]), to understand how
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we should rethink public space in times of the pandem-
ic. Streets, squares and, more generaly, areas for the
community have been reviewed for design optimisation:
walkability, proximity, easy access, and socia inequali-
ties have become the main key points [32—34].

In times when social distancing (actualy physical
distance) is required to prevent COVID-19 transmis-
sion, proximity and short walking distances are needed.
Thus, the design of public spaces should be reconsid-
ered by taking into account the importance of commu-
nity by guaranteeing easy access to services as well as
wider spaces and the careful analysis of the trajectory of
flows [35-37]. Moreover, for a higher quality of life and
mental/physical health benefits [38], the proximity and
flexibility of public spaces are mainly required in terms
of green aress.

5. CONCLUSION

This study provides outcomes on the impacts of
COVID-19 on public and professional perceptions of the
Built Environment. Showing the over-time vulnerabili-
ties of planning through a systematic literature review
should be considered abenchmark for the social satisfac-
tion of spaces during the current pandemic. Compared
to previous times, the lockdown restriction has revealed
a different fulfilment as well as a different awareness of
users. The pandemic has been, and till is, an incredible
opportunity for us to pause for a moment to understand
what is working and what is not in the choices Planning
has adopted to date, testing the resilience of spaces for
both living and working.

By revealing a high level of dissatisfaction exposed
from the perspective of COVID-19, the change in the
usage frequency of living places, such as the increased
number of hours spent at home and the parallel reduc-
tion of hours spent in public and semi-public spaces, has
contributed to achange in people’s perception of spaces.

Thus, rather than focusing on future solutions, this
study has aimed to collect the main issues and oppor-
tunities of planning. The critical aspects that emerged
from the literature review during this pandemic are the
importance of flexibility, proximity, green space and the
correlation between mental/physical health and architec-
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ture. Proximity is an ongoing debatable aspect in archi-
tecture since it allows for determining a cohesive com-
munity while retaining social distancing. Over the recent
years, we have witnessed the growth of cities with the
expansion of suburbs lacking associated system services
and mainly used as dormitories for the city. Today peo-
ple are asking themselves if they could live in a specific
space if faced with alockdown again, and for this, they
pay much more attention to their surroundings.

The same applies to green spaces and environments.
Views over the green-blue spaces and easy access to
them are in high demand. However, it is still challenging
to incorporate them due to the existing social inequali-
ties and the high price of what we consider today more
than ever, the new gold: nature. Moreover, from design
to urban planning, flexibility is another concept to con-
sider, whatever the planning scale. As living beings, we
are continuously evolving, and with us, natureisalso in
an ongoing process of change. We have learned that in a
very short time, everything could change, and we prob-
ably need to address the term resilience not only as it
applies to people and nature but also to the designing of
the spaces that inevitably surround us and affect us.

Thus, what emerged even more strongly is the lack of
avauable transdisciplinary approach that could address
peopl€e’s needs to design the best places from a stylistic
point of view and from the sociological, anthropologi-
cal, psychologica and health perspectives. These aspects
were so far not considered to be significant, judging from
the current opportunitiesin planning. For this reason, in-
formative research about what high-quality space means
in different fields should be more deeply analysed in or-
der to refer to it as a regular informative method upon
which planning should be based.
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Abstract

Following the “ Cognitive Building” concept, in afew years, building au-
tomation systems were drastically improved to collect a large amount of
user data. However, despite this evolution and the research efforts in the
field, human-building interaction remained one of the least mature fields
of building science due to the occupants’ complexity and diversity. Col-
lecting data became simple and cheap, but transforming collected “data’
into valuable“information” able to create an effective interaction between
buildings and occupants remains compl ex.

This work contributes by proposing a method to translate unstructured
data, coming from Computerized Maintenance Management System
(CMMY), into information useful to improve the interactions between
occupants and buildings in the management of the maintenance process.
End-users’ maintenance requests, collected through a CMMS, were used
to create a technical sentiment lexicon able to predict the priority of an
intervention based on an inverted naive Bayes approach. Sentiment lexi-
cons are part of sentiment analysis, an interesting research field introduced
to study people’s opinions, sentiments, emotions, and attitudes through
Natural Language Processing (NLP). The technical lexicon is useful to
immediately perform the priority assessment of contemporary end-users’
maintenance requests, thus being more rapid than traditional Machine
Learning methods.

Keywords

Human-building interaction, Maintenance, Computer maintenance man-
agement system, Text mining, Sentiment lexicon.
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1. INTRODUCTION

No more than ten years ago, the “ cognitive building” con-
cept was introduced, based on the idea that the rapid evo-
lution of ICT and the availability of low-cost loT devices
would transform in a short time buildings from passive
“containers’ of occupants' activities to interactive envi-
ronments. The concept evolved quickly, and the idea of
the “digital twin” emerged to express the possibility of
predicting the interaction between occupants and build-

ings in a digital replica of the real building. Following
these concepts, and thanks to the large availability of low-
cost sensors| 1], building management activitieswere sub-
stantially improved during the last years [2], and CMMS
(Computerized Maintenance Management System) was
extensively introduced to manage building stocks.
CMMSs can collect end-user’s maintenance requests,
trace the management process, and collect information
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about the state of the systems and the occupants' per-
ception. CMMSs can manage unstructured data [3, 4],
typically e-mails written by non-technical end-users to
give information about a specific issue. However, due to
the use of the natural language and the characteristics of
the occupants (e.g. level of experience with buildings,
systems and components), this information is often im-
precise and often mixed with personal perceptions about
the system’s state. Thus, the translation of the end-users’
request into awork order (to solve the problem) by tech-
niciansis not asimple task, often requiring more time to
manage the request than to solve the problem. Further-
more, the complexity of such atask increases depending
on the number of daily contemporary requests, which
can be particularly high in case of wide organizations
hosted in large building stocks.

In other fields, text mining tools were introduced to
solve this type of issue, thanks to their ability to discov-
er hidden knowledge from massive and complex data
stored in databases or other information repositories [5].
Text mining methods were used to translate occupants
feedback, comments and reviews on socia and commer-
cial platforms (data) into “information” useful to im-
prove products and services [6].

Among the text mining methods, sentiment analysis
(SA) recently received particular attention [7]. SA studies
peopl€'s opinions, sentiments, emotions, and attitudes, of -
ten employed to extract opinion polarity and degree from
different sources [8]. SA was also introduced in facility
management to collect information about the status of
building systems directly from end-users’ perceptions [9]
and to improve preventive maintenance strategies [10].

The most important indicators of sentiments are the
“opinion” words[6], but aso phrases and idioms can ex-
press sentiments [7]. A list of such words and phrases
iscaled a sentiment “lexicon”. Several general lexicons
have been realized and are available, i.e. General in-
quirer lexicon, HU-LIU lexicon [6], MPQA subjectivity
lexicon [11], SentiWordNet [12], and also emotion lexi-
cons. Over the years, researchers have designed numer-
ous algorithms to compile and improve such lexicons,
considering that “opinion” words may have opposite ori-
entations or polarities in different application domains
or sentence contexts. Sentences without “opinion” words
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can even imply positive or negative sentiments or opin-
ions of their authors, and many words or sentences may
have opposite orientations or polaritiesin different appli-
cation domains [7].

Sentiment analysis methodol ogies have been applied
to analyze severa aspects of the building management
process [13] and to collect information about people’s
preferences and concerns about energy policies[14].

More recently, Natural Language Processing (NLP)
models were aso applied to the facility management
of buildings, collecting sentiments and opinions from
end-users [4], in order to improve the building operabili-
ty and the cost of the management process [15]. Bortolini
and Forcada devel oped a methodology, based on the TF
analysis of words expressing the severity degree, to deter-
mine the typical problems that end-users complain about
the building systems and their perceived severity [9].
Gunay et al. analyzed operators work order descriptions
in CMMS, extracting information about failure patterns
in building systems and components [16]. The results
provided insights into equipment breakdown of failure
events, top system and component-level failure modes,
and their occurrence frequencies. Bouabdallaoui et al.
proposed a machine-learning algorithm based on NLP to
manage day-to-day maintenance activities [17]. Sexton
et al. compared NL P methodologies to extract keywords
from maintenance Work orders[18]. Two emotion lexicon
databases, the Ho-Liu database [6] and the NRC emotion
lexicon, were used to extract data from semi-structured
interviews and focus group discussions regarding hous-
ing management in India. Sentiment lexicons were con-
venient since they were much faster and less computa-
tionally intensive than Machine Learning (ML) methods.
Indeed, just consider that the training and testing process
of an ML method, such as an LSTM or BiLSTM RNN,
normally used to manage this type of data, could require
hours or days depending on the dimension of the dataset
and the number of dedicated GPUs or CPUs.

Several general-purpose subjectivities, sentiment,
and, also, emotion lexicons have been realized and are
publicly available [6, 11, 12, 19, 20], but the accuracy of
proposed methodol ogies and |exicons should be properly
evaluated when applied to specific domains or to extract

specific aspect-based sentiments.
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Several studies have been performed to check the
concordance of different lexicons in different domains
[21]. Various combinations of existing lexicons and NLP
tools have been evaluated against a human-annotated
subsample, which serves as a gold standard. Cambria et
al. described several comparative works based on human
annotation approaches (Best-Worst, MaxDifY) [7].

However, despite a significant amount of research,
challenging problems remain. A general, quick-to use and
effective method for discovering and determining domain
and context-dependent sentiments is still lacking [22].

D’ Orazio et a. [23] demonstrated that SA is a power-
ful method to extract information from unstructured data
but also that general and easy-to-apply word-based lexi-
cons commonly used in other contexts cannot be smply
applied to the field of building facility management be-
cause “technical” words are not recognized as “opinion”
words in other fields. An example is represented by the
words “falling” and “ceiling”. These words express a se-
rious problem for a technician when they jointly occur in
a maintenance request, but this connection seems to be
not properly recognized by lexicons, even if they are in
the same polarized cluster [23]. Thenit is necessary to de-
velop technical lexiconsto correctly apply these methods.

Given the above, this work proposes a method to
translate unstructured data, coming from CMMS, into
information useful to improve the interactions between
occupants and buildingsin the management of the main-
tenance process. End-users’ (occupants’) maintenance
reguests collected through CMMS are used to create a
technical sentiment lexicon able to predict their priority,
thus being sensitive to the application context of building
maintenance. In particular, the method adopts an invert-
ed naive Bayes approach [24], which can be powerful by
considering (1) the possibility of combining the priority
impact of each “technical” word in thelexicon, aswell as
common words, and (2) the application quickness for the
use of real-world data and in real-world conditions, also
in respect to other common ML methods. This method,
automatizing the priority assignment process, will re-
duce the time necessary to solve maintenance issues, im-
proving the satisfaction level of the end-users about the
functionality of the systems (HVAC, electricity, water,
etc.), and thus also including impacts on building opera-
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tion and comfort issues (e.g. indoor temperature, IAQ) as
well as on the safety of the users (e.g. referring to safety
systems, elevator, etc.).

2. METHODOLOGY

2.1. RESEARCH FRAMEWORK

A mathematical approach is proposed based on the Naive
Bayes theorem to develop the technical lexicon. In par-
ticular, the theorem has been inversely applied, deriv-
ing the polarity of technical words when used together
from the priority scores assigned to a subset of a corpus
of end-users’ maintenance requests manually annotat-
ed by technicians with different expertise. The corpus
comprises more than 12000 end-users maintenance re-
guests. These requests were generated over 34 months
by the personnel employed at Universita Politecnica del-
le Marche (Ancona, Italy) and collected into the CMM S
managed by the facility management general contractor
(ANTAS spa). The Human Manual Annotation (HMA)
process is based on a BWS (best-worst-scale) approach.
20 annotators, with three different expertise levels
(high, mean, low), depending on their skills and work
experience in the construction field, were presented with
several 4-tuples of requests and asked to select the most
positive one and the most negative one. 10 high-level, 4
mean-level, and 6 low-level annotators participated in the
HMA task. A random subset of sentences has been extract-
ed from the dataset, respecting the proportion of sentenc-
es by category type. 150 distinct 4-tuples were randomly
generated through the “bwstuples’ python script (http:/
valeriobasile.github.io/) so that each term was seen in five
different 4-tuples. The score is given by the ratio between
the number of timesan itemischosen as*“ best /worst” and
the number of timesit appears[25]. The concordancelevel
due to the different annotators has been checked through
acorrelation analysis based on the spearman method. To
be robust with respect to possible outliers, the work of
each annotator characterized by a rho-spearman correla-
tion coefficient < 0.8 (for the mean value of the group
of annotators) has been discarded, and the Krippendorfs
alpha coefficient was calculated. The K-alpha coefficient
measures the concordance degree used in several fields.
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The final score obtained for each of the 150 sentenc-
es, for the remaining annotators, is the mean of scores
each annotator gives. The number of sentences used in
the process has been chosen to grant that more than 90%
of the words employed in the whole dataset are part of
the subsample.

Thanks to the availability of annotated sentences, a
mathematical reformulation of the naive Bayes approach
has been performed to extract the specific technical po-
larity content of each word. A method to calculate the
technical-specific content has been proposed in Section 3
by assuming that: (1) the scores attributed by the techni-
cians to each specific sentence are due to the words con-
tained in the sentence, and that (2) the technical words
are also opinion words.

Finally, the method has been applied to the extracted
dataset to derive the proposed technical lexicon. R sta-
tistics (rel. 4.3) language has been used to perform the
operations necessary to derive the lexicons by applying
the mathematical formulation proposed in the following
section.

2.2. THE NAIVE BAYES APPROACH AND THE
RELATED CRITERIA FOR EFFECTIVENESS
ANALYSIS

Naive Bayes is a well know ML classification method
based on the Bayesian theorem. It has been extensively
applied to classify data and text and predict a particu-
lar state of a system based on conditional probability
calculation. In particular, from the number of times an
event has occurred, the Naive Bayes method derivesthe
probability that it may again occur in future trials or
observations [24]. The probabilities of the events are
computed from their observed frequencies (a-posteriori
probabilities).

In particular, Naive Bayes theorem states that, given
two events a and b:

P(alb) = 2L ppy > 0 1]

P(b)

where:
P(alb) = conditional probability of observing an event a
giventhat bistrue
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P(bja) = conditiona probability of observing an event b
giventhat aistrue

P(a) = unconditional a priori probability of a without
any regardtob

P(b) unconditional a priori probability of b without any
regard to a

Knowing the unconditional probability of “a’ and “b”
(observed frequency) and the conditional probability of
“b” given that “a’ istrue, it is possible to calculate the
conditional probability of “a” given that “b” is true. To
clarify the concept and show the application to the NLP,
a smple example, adapted from [24], is explained con-
sidering a binary system (only two possible values for
each sentence).

Suppose to have a dataset of 7 annotated sentences,
regarding the internal climate, with an attributed polarity
score: @ (positive); © (negative).

itisnice climate @
itiscold ©

itisnot very cold ®
not nice ©

very cold ©

cold ©

very nice climate @

No o hMwDdDE

By starting from the dataset, it is possible to calculate
the frequencies of each word in each sentence and in the
whole dataset:

w1 =it; 2 occurrencesin @, 1 occurrencein ©, intotal 3;

w2 =is; 2 occurrencesin @, 1 occurrencein ©, intotal 3;

w3 = nice: 2 occurrencesin @, 1 occurrencein ©, intota 3;
w4 = climate: 2 occurrencesin @, 0 occurrencein ©, intotd 2;
w5 = cold: 1 occurrencesin @, 3 occurrencesin ©, in total 4;
w6 = not: 1 occurrencesin @, 1 occurrencein 6, in totd 2;
W7 = very: 2 occurrencesin @, 1 occurrencein ©, intotal 3.

Through the cal culation of the frequency, we can pre-
dict the probability Pthat asentence containing the words
(it, is, not, nice, cold) will be positively or negatively an-
notated, using the equations 2—7 obtaining PNB+, PNB-,
and CNB, as described in the equations 8-11.
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The Naive Bayes approach can also be used to pre-
dict the class of a specific sentence, for n-class systems,
where n = number of annotated sentences, when each
sentence has been “annotated” with a different specific
value instead of a category.

3. THE INVERTED NAIVE BAYESMETHOD
FOR END-USERS MAINTENANCE
REQUESTSANALYSIS

The Naive Bayes approach described in Section 2.2
can be inverted to obtain from an “annotated” dataset

e

of sentences the contribution of each word contained
in the sentence to the annotated score attributed to the
sentence.

Starting from the assumption that each word com-
prised into a specific sentence can contribute to the score
attributed to each sentence, it is possible to apply the
method described in Section 2.2, inverting equations 6
and 7.

In particular, if we consider a dataset of sentences
containing a set of words (A, B, ..., N), equations 6 and
7 can be rewritten, for each sentence, to obtain equations
12 and 13:

B Fag urinee . Flinsmmenss a0 3t SEHEE) o
B Tl Tl T = on () =""3g=" 1]
| AR TRRERERR ) T TR i ':.—|4-—
Br. T e TFa i 8a =+ P(S)=""g5— [13]
wfee e
Fin. n D e "AYUBY e N word frequency in the Gsentence
EE e AT BT e TN word fregquency in the & sentenee
TEAR. Nopogue = A" B o0 SN word frequency in the corpus
Sia o 0y = number of positive ov negative sentesees
S = fatal number of senfences
P Pa = presatie, negutive closs pridvlalily

56
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Having a corpus where each sentence is annotated

with a specific score, we can simplify equations 12 and
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13, assuming equation 14. Then, joining equations 12 and
13, we can obtain a set of linear equations (equation 15).

ba Siay = 1 [14]

1 Xi v -Faisenianes X132 Fiasnienc VT ) p—— .
B My R Ry M e Erore,

1 Xa 1 Fisenbance X0 Fispniino Ko o sl i i = ¥ .

B TPawrser T s | e [15]

1 N a Fokeprsi X e a-Fa n T L Tr— J i

5T Tharnus . — i e— SCOTE

X1, 1,....,N, Nare the unknown coefficients express- K, , (andZ, | (equations16and 17), the whole set

ing, for each sentence, the contribution of each word to
the score attributed to the sentence. If we now define

of linear equations appears in the following form (equa-
tions 18):

Bia o= T Pl 4 Beorps v TF-".V-.-.- “ I-'i
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It is not possible to directly solve the linear equation
set because of the impossibility of finding two sentences
composed of the same words, but it is possible to find an
approximate solution. Assuming that the contribution of
each word to the score of each specific sentence is equal

Xia =X Xiw=0h,
.J_:'_,l AN = Srorey [20]
(s ".L,-'l-.'r-.-m-,-?'lal- 1
£y
{da
0= e )
(n

(equations 19), we can write, for sentence 1, equations 20
and 21. Repeating the same process for each annotated
sentence, we can obtain avector Q expressing the contri-
bution of each word contained in each specific sentence
to thetotal score attributed to the sentence (equation 22):

Wi = words m the sembenee 1|19

() = polarityy "1:|I.-".-a‘|"'r}.li'."-.'|- i:'.‘ [23]

"'-:I_'h'n ....... i by e

S 7Y . o i s B e e LS

sentemars cemvnimang dhe word

24|
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Considering that the BWS process, used to annotate
the sentences, produces scores ranging from -1 to 1, it is
necessary to correct the Q eguation extracting the polar-
ity (the sign of the score) to avoid errors as described by
the equation 23, where polarity, = -1 or 1 (depending on
the polarity of sentence 1).

Considering that for the same word we will obtain
different Q, for each sentence we will obtain the approx-
imate solution of the unknown coefficients (equation
18), summing Q values obtained for each word and each
sentence and dividing the obtained value by the number
of sentences comprising the word (equation 24). The ap-
proximate solution can be furtherly refined with an itera-
tive process until convergence.

4. THE MANUAL ANNOTATION PROCESS
ON THE CASE STUDY

In order to apply the proposed method, a manual anno-
tation process based on the BWS (best-worst-scale) ap-
proach has been performed to attribute a score to each

sentence within a sample of 150 end-users’ maintenance
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requests. Twenty annotators attributed a priority score
to the sentences through the BWS approach. The score
ranges from -1 to 1 and represents the intervention prior-
ity to assign to each end-users’ request with respect to the
other maintenance requests.

A correlation analysis (Fig. 1), based on the spearman
method (due to the non-normality of the sample), has
been performed to check the concordance between the
annotators. For the same sentences, the scores attribut-
ed by different annotators concerning each other and the
mean value were correlated. Observing the values of the
last column (Spearmans’ Rho coefficient for each anno-
tator concerning the mean value), three annotators appear
strongly diverging from the others (two negative correla-
tions and one not-valuable result). The other annotators
attributed similar scores with correlation coefficients in
therange of 0.71-0.9. In order to reduce discordances and
obtain a unique score for each sentence, the whole work
of the annotators diverging from the mean of the group
(rho < 0.8) was discarded. The final Krippendorfs’ alpha
coefficient was then calculated, obtaining a value = 0.714
(> 0.67), thus expressing an adequate concordance level.

(N [sefen] o ] e fsdunfendor fua fraafe bs e s or Joss] e fare] o]
RN - [refe Qs fon] o funbusfor] oo fomda s oo fasfenifunsusm] o | =
23 i fusf e fon fosfn]aof o foo Juafea fussfosd. |

43

HNCODNREDETOETDEE
3 BEISCEECETE
B feolsne] oo fucforfoo Juifor s foe
3 2 oo sfurfuryfon) i
41

rowddeansidal ita)

Fig. 1. Correlogram based on the Spearman method. Colour represents a positive or a negative correlation. White numbers inside the boxes rep-
resent Spearmans’ Rho coefficients. Red numbers represent the code of each annotator. The last column, named rowMeans(dati_ITA), shows the
correlation coefficients of each annotator with the mean value of the group of annotators.
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Fig. 2. Distribution of the BWS scores obtained through the HMA.

Then, the mean of the scores attributed by the remain-
ing annotators was calculated for each sentence. Finally,
the 150 sentences were ordered on a scale of -1 (high
priority) and 1 (low priority).

Figure 2 shows the distribution of the scores ob-
tained through the manual annotation process based on
the BWS approach. As expected, the scores are normally
distributed.

5.APPLICATION OF THE PROPOSED
METHOD TO THE CASE STUDY

To show the application of the proposed method, an R
script has been written, and the Q values were calculat-
ed for the words contained in alimited set of sentences,
starting from the dataset of sentences previously ana-
lyzed and applying the equations described in the previ-
ous Section 3. Four sentences of the dataset were adapted
to have a limited set of words to calculate frequencies
and Q values. Table 1 shows the sample sentence set and
the scores attributed to each sentence. After a prelimi-
nary remotion of the stopwords (common words hot ex-
pressing specific opinions), symbols and punctuations,
performed using the TM package, the phrases were re-
duced to alimited set of words repeated in the sentences.
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M A
1] s i
EA ol
Code | Original sentences Reduced sentences | Score
1 The tap leaks water tap leaks water -0.4
Thetap leaks alot of water tap leakslot water | -0.6

The tap leaks ariver of water
The tap leaks a little amout of
water

tap leaksriver water | -1
tap little leaks little|-0.1
amount water

AlWIN

Tab. 1. Original and reduced sentences, with the attributed scores.
Reduced sentences were obtained with a stopword remotion process.

Then the DTM (document term matrix) was built. A
DTM isamatrix expressing each word's presence or ab-
sence in each sentence (Tab. 2).

Sentence/| tap | leaks | water | little lot river |amount
Word

1 1 1 1 0 0 0 0

2 1 1 1 0 1 0 0

3 1 1 1 0 0 1 0

4 1 1 1 1 0 0 1
Frequency| 4 4 4 1 1 1 1
Q -0.19851-0.1985 | -0.1985 | -0.0520 | -0.0550 | -0.0625 | -0.0520

Tab. 2. Document term matrix.

Finally, equations 20-24 were applied, obtaining fre-
quenciesand Q valuesfor each of thewordscomprisedin
the dataset. The little differences that we found between
“little”, “lot”, and “river” can be explained by the very
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limited dimension of the sample chosen to show the ap-
plication of the proposed method. Only with avery large
number of sentences is it possible to calculate frequen-
cies, not depending on the specific dataset, and to reach
enough accuracy to realize a general technical lexicon.

6. CONCLUSION

This work proposes a method to use polarity scores at-
tributed to a set of annotated end-user maintenance re-
quests to extract the “specific polarity content” of each
word contained in the dataset. The technical lexicon is
useful to quickly predict the priority to assign to contem-
porary end-users’ maintenance requests with respect to
traditional ML methods.

The work is based on the end-users’ maintenance re-
guests collected into aCMMS by a general facility man-
ager contractor. From a dataset containing more than
12000 end-users’ maintenance requests, 150 sentences
were extracted, and a BWS manual annotation approach
was applied. The manual annotation was performed by
20 annotators obtaining priority scores for each sentence
ranging from -1 (high priority) to 1 (low priority). Then
a mathematical reformulation of the naive Bayes clas-
sification approach has been proposed to extract from
the annotated sentences the priority expressed by each
word. Concerning the other common ML methods, the
proposed approach, based on SA methods, can give af-
fordable results with very limited use of computational
resources.

The proposed approach has been applied to a limit-
ed sample dataset to show the validity of the approach.
Following the proposed method, future works will trans-
form data collected through CMM Ssto create acomplete
technical sentiment lexicon able to predict the priority
sentiment expressed by occupants through unstructured
end-users’ maintenance requests. This effort will ensure
applying the lexicon and the proposed methodology to
building mai ntenance and management tasks in complex
built environments.

The real-world application could take benefit from
the outcomes of this work. Relational databases used in
commercial CMMs could be easily integrated with the
proposed methodology, and thus the textual data collect-
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ed (end-users requests) could be simply pre-processed
to calculate the priority score thanks to the proposed
technical sentiment lexicon. Then, collected data can
be then screened by technicians once the automatic as-
signment process has been performed, by then (1) sup-
porting the quick identification of the most urgent needs
that can cause interruptions of services for users, as well
as safety and discomfort issues, and (2) allowing tech-
nicians to focus on the next management tasks. Such a
kind of aid could be fundamental, especially for facility
management in large and complex organizations. Tech-
nicians could then focus on the deployment of corrective
actions, e.g. by detecting and assigning which staff mem-
bers' expertise is needed to solve the fault. In this sense,
future works could also employ ML methods to support
other maintenance tasks, e.g. work category assignment,
thus further reducing manual effort by technicians and
boosting fault solutions.
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Abstract

Natural Language Processing (NLP) is a branch of Artificial Intelligence
(Al) concerned with allowing computers to process natural human lan-
guage. NLPisapplied to solve several tasksin the design and construction
process. However, in scientific literature, no applications are related to
the pre-design phase and the processing of quality objectives and needs.
The pre-design phase aims to reach a consensus between the stakeholders’
quality demands and the design solution, relying on written natural lan-
guage. Human language is the most pervasive and richest form of human
knowledge representation and communication; however, at the sametime,
it is ambiguous, prone to misinterpretations, and hardly machine com-
putable. Moreover, the mandatory procedural steps of the public tender
procedure exacerbate the risk of misinterpretations inherent in using nat-
ural language. The study provides a methodology to design, assess, and
evaluate an NLP tool based on the latest language model (i.e., BERT) to
trandate quality demands sentences into an evaluation grid in the Italian
public tender context. The methodology is validated against a case study
of an educational facility tender. The first results show good accuracy and
capability of the NL P system to translate natural language into anumerical
grid to support communication and foster consensus among actors, clari-
fying the appointing party and end-users’ objectives to be reached via the
design proposals.

Keywords

Deep Learning, Natural Language Processing, Knowledge mirroring,
Knowledge representation, Educational facilities tender.

1. INTRODUCTION

1.1. TEXT SOURCES AND NATURAL LANGUAGE
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PROCESSING (NLP) IN THE CONSTRUCTION
SECTOR

The combination of the latest technological advances
and the increasing number of different typologies of
available data sources has fostered data-driven research

in the construction industry. The design and construc-

tion process deals with different and complex forms of
information that are mainly captured and exchanged
using text documentation: in the construction sector,
«documents are interfaces, used to access and navigate
through collections of information» [2]. Among the re-
cent technologies, various text-based knowledge discov-
ery techniques (i.e., Text Mining, Text processing, and
Natural Language Processing) have emerged asarapidly
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growing set of literature, aiming at processing text data
and information as one of the leading sources of analysis
[1]. In particular, existing studies assessed and applied
Natural Language Processing (NLP) technology to pro-
cess different document types in the construction sector
[8], such as contracts and legal agreements [3], design
requirements specification [4], risk and safety reports [5,
6], building legidation [7].

NLP refers to the branch of Artificial Intelligence
(Al) concerned with giving computers the ability to
process natural human language in written or verbal
form. Project, Safety, and Risk Management are the ar-
eas with the highest number of applications. Moreover,
cases of combined applications of the Building Infor-
mation Modelling (BIM) method and text processing to
streamline Automated Compliance Checking tasks are
currently being investigated, and NLP-based systems
to convert regulatory information represent an active
field of research [9]. However, in the scientific litera-
ture, no applications are related to the pre-design phase
and specifically to the processing of quality objectives
and needs expressed in written form via text documents
[10]. The pre-design phase’s main objective is to foster
a consensus between the stakeholders’ and end-users’
quality demands and the design solution. The definition
and sharing of quality demands primarily rely on natu-
ral language, which is the most pervasive and valuable
form of human knowledge. However, natural language
is subject to ambiguity and misinterpretation and is
hardly machine-processable [11].

NLP technology can still be considered an innova-
tive topic, especialy for NLP applicationsin the design
and construction research field. Consequently, the fol-
lowing section proposes an overview of the latest de-
velopments in NLP algorithms in the computer science
research field.

1.2. NLPLATEST DEVELOPMENTS

Recently, NLP research has significantly improved with
novel approaches that emphasize semantic meaning and
context awareness, using the generalization capability of
modern Deep Learning (DL) algorithms that enable se-
mantic meaning processing and streamline NL P tasks.

e-ISSN 2421-4574

Leading global companies such as Google and Face-
book have helped popularize the use of pre-trained lan-
guage models for word embedding (i.e., the conversion
of text into numbers). In fact, for computers to compre-
hend human language, text must be converted into num-
bers (i.e., matrixes and vectors). The first pre-trained
word embedding models, such as Word2vec, released by
the Google team in 2013 [12], and Glove, published by
the Stanford NLP research [13], are defined as non-con-
textual models. These models could not differentiate the
different meanings of a word according to the context,
failing to capture theimpact of surrounding words on the
meaning of individual words.

The limitations of non-contextual models prompted
the development of language models able to provide
contextualized embedding. The first example is ELMo
(Embeddings from Language Models), which provides
adeeply contextualized word representation that directly
addresses the challenges of modeling complex character-
istics of word use and how words use varies according to
the context (i.e., polysemy phenomenon) [14]. The latest
exampleis BERT (Bidirectional Encoder Representation
from Transformers), released by the Google research
team, which overcomes the main limitation of previous
standard language models, which are unidirectional and
limit the choice of architectures that can be used during
the pre-training phase [15]. Both ELMo and BERT-based
models can learn contextual relationships between words
in atext by emphasizing semantic meaning and the im-
pact of the context and, as a result, they are defined as
context-aware models. A further key contribution of
Google’s BERT was the use of the pre-training using un-
labeled text by conditioning jointly on both left and right
context in all layers and the possibility to fine-tune the
model [15, 16]. In fact, the BERT model is pre-trained
on a massive amount of text data in an unsupervised
manner to learn general linguistic patterns. The BERT
model can be easily fine-tuned by adding a single output
layer to create state-of-the-art models for a wide range of
NLP applications on specific knowledge domains with-
out an excessive array of new data [15]. From this point
of view, BERT can be defined as a basic framework and
a starting point for producing BERT-like versions fine-

tuned on specific knowledge domains.




Vol. 9, No. 1 (2023)

1.3. NLPAPPLICATION IN ITALIAN PUBLIC
DESIGN CALL FOR TENDERS

Considering the Italian public design cal for tenders
procedure, three main actors are involved: the appoint-
ing party, the design teams competing for the tender, and
an external commission in charge of evaluating the de-
sign proposals. Each actor in the tender procedure has

well-defined goals and roles:

1. the appointing party defines needs, objectives, and
requirements, representing the end-users’ needs to
be satisfied through the design project. The Italian
regulation requires the appointing party to com-
municate the needs in text form via adesign guid-
ance document called Documento di Indirizzo alla
Progettazione (DIP);

2. the design teams participating in the call for ten-
dersaim to deliver adesign proposal to satisfy the
appointing party and end-users’ demands and win
the call for tenders;

3. the externa committee, composed of experts ap-
pointed by the appointing party, evaluates the var-
ious design proposals to identify the best design
project, i.e., the most compliant with the DIP.

The DIP represents the appointing party and end-us-
ers’ expectations about the design and, ultimately, about
the building in atext form. The DIP structure isregul ated
by national law, and it has different mandatory contents
which can be grouped into two main sections. A quanti-
tative section provides technical requirements (e.g., min-
imum square meters per student (m?/student)), economic
and legal constraints (e.g., construction cost (€/m?)), and
regulations (e.g., minimum dimensions required by reg-
ulations: minimum height) that can be defined through
alphanumeric parameters. A qualitative section describes
quality objectives, needs, and demands defined and
shared through verbal and natural language expressions
(e.g., space flexibility or spatial and volumetric integra-
tion within the context).

During the design call for tenders procedure, the dif-
ferent actors are prohibited from communicating with
each other. Moreover, each design team and the external
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committee must refer to the DIP to understand the main
appointing party objectives during the design proposals
definition and evaluation, respectively. Consequently, a
hierarchical organization of the appointing party’s objec-
tives and needsistypically manually implemented based
on the actors’ education, knowledge background, and
experience and, accordingly, can be strongly subjective.
This can lead to different interpretations of the relative
importance of each quality objective due to the subjec-
tivity of the DIPinterpretation caused by the impossibil-
ity of confrontation and the absence of consensus among
the involved actors. This, in turn, can ultimately cause a
quality gap between the DIP quality objectives and needs
and the design proposals. In fact, design proposals are
typically defined and evaluated relying on the subjective
view of individuals, thus increasing the risk of misinter-
pretations inherent in the use of natural language.

In such a context, the study proposes a methodol ogy
to design, assess, and evaluate an NLP tool based on the
latest language model (i.e., Google BERT) to trandate
quality demands sentencesincluded in aDIPinto numer-
ical values to support the definition of an evaluation grid,
aiming at:

 reducing misinterpretation, or at least minimizing
the different interpretations, of the relative hier-
archy of quality objectives expressed by the ap-
pointing party, by defining a common and shared
evaluation system;

 supporting the design teamsto clearly identify the
relative importance of the quality objectives and
demands to be pursued by the design proposals;

e supporting the external committee in evaluating
the design proposal's according to the importance
of the quality objectives and demands expressed
inthe DIP.

Summarizing, the evaluation system set by process-
ing the DIP qualitative section viathe proposed NLPtool
aimsto create a consensus about the relative hierarchy of
quality needs and objectives among the three main actors
involved. Consequently, the possible interpretations of
the hierarchy and weights of the appointing party objec-
tives by the design teams and the external committee are
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minimized by providing them with an evaluation grid of
the hierarchized objectives resulting from applying the
NLP tool to the DIP quality objectives section. A case
study is selected to assess the proposed methodology on
areal DIP document for designing and constructing an
educational facility.

2. METHODOLOGY

In order to develop an NLP-based tool to process and
translate the quality objectives expressedinaDIPinto an
evaluation grid, which must represent the computational
counterpart of the natural language information, the au-
tomatic labeling task was identified as the most suitable
to achieve the goal .

Among the NLP techniques, the Multi-label Text
Classification (MTC) was selected, which is a text analy-
sis technique that automatically applies one or more pre-
defined classification labels to a single text or sentence.
Unlike common classification tasks, in which class labels
are mutually exclusive, multi-label classification allows
predicting and assigning multiple mutually non-exclu-
sive classes, i.e., the predefined labels.

As stated, the research study aims to develop an NLP-
based system to perform a multi-label classification to au-
tomatically process and trandate the needs expressed in
a DIP document into an evaluation grid. The predefined
labelsfor the MTC are the general objectives guiding the
design processes and evaluating design proposals. The
MTC isperformed to automatically assign labels, i.e., the
predefined objectives, to each DIP sentence, also assign-
ing a weight to each label depending on the correlation
of the sentence with each objective/label. Once applied
the NLP tool to all DIP quality section sentences, a pri-

{<}
N~
DIP QUALITATIVE
SECTION

Fig. 1. Schema of the proposed methodology.

—
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ority ranking of the DIP quality objectives is generated
according to their total weights. Consequently, an evalu-
ation grid is defined, which can eventually be revised by
the appointing party and then shared with design teams
and the eval uation committee to achieve a convergence of
consensus among the three main actors (Fig. 1).

2.1. NLPTOOL DEVELOPMENT AND EVALUATION

Asstated, the NLPtool istrained to classify sentences by
assigning multiple labels, taken from a predefined list,
to the natural language expressions. The main activities
to develop the tool, explained in detail in the following
paragraphs, are listed as follows: labels definition, train-
ing and validation dataset production, model fine-tuning,
and performance evaluation.

2.1.1. LABELSDEFINITION

The NLP tool must be trained to classify sentences ac-
cording to a set of predefined labels. To create a consen-
sus on labels, which represent the interests and quality
objectives of appointing parties and end-users, the set of
labels must be jointly defined by them, when possible,
and by domain experts (architects, building engineers,
and designers).

2.1.2. TRAINING AND VALIDATION DATASETS
DEFINITION

The proposed NLP tool is based on the BERT language
model, which is based on a neural network architec-
ture optimized for language processing. The pre-trained
BERT language model must be fine-tuned to solve the

RANKING

Objectives/Criteria
Al
B.1_
C.1_
D.1
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multi-label classification problem in the architecture
and design knowledge domain. Consequently, a certain
amount of training and validation datais needed. In par-
ticular, two datasets are defined:

* atraining dataset for the first fine-tuning activity,
which isused to further train the BERT model: the
mode! learns from this dataset;

e avalidation dataset to evaluate the performances
of the trained model: the validation dataset is the
set of data used to provide an unbiased evaluation
of the model.

The general dataset is defined and then randomly split
into the training and validation datasets at 2 0.8:0.2 ratio.

The general dataset is defined by selecting DIP sen-
tences and manually assigning labels, which is a criti-
cal task influencing the tool’s accuracy and capability to
automatically process and properly label the needs and
guality objectives.

The production of the general dataset must result from
a collaboration among experts with knowledge in the ar-
chitectural, design, and construction fields. In addition,
experts of specific knowledge domains, according to the
specificity of each practical application of the methodolo-
gy, must beinvolved in producing the general dataset. The
involvement of domain experts allows for a proper repre-
sentation of the knowledge domain and the avoidance of
biasin the production of the general dataset. Consequent-
ly, the pre-trained BERT language model can be proper-
ly fine-tuned, representing a less biased capability of the
group of expertsto represent the knowledge domain.

Moreover, to further avoid any bias in the production
of the dataset, each expert must be asked to independently
propose a hypothesis for labeling each sentence. Then the
experts would share their hypothesis and, in case of dis-
agreement on some labels, they would be asked to share
the motivation for their label choices and converge on a
single common proposal. In fact, the construction of the
dataset by different experts alows the model to represent
and use their collective knowledge in the labeling activity.

By representing a collective intelligence of agroup of
people, larger than the ability of a single expert to judge
and classify quality objectivesrelated sentences, the NLP
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system aims to avoid subjectivity in interpreting textual
information. Furthermore, the NLP tool will likely out-
perform the capability of a single expert to manage the
complexity of analyzing several sentences, representing
the group of experts' knowledge.

2.1.3. MODEL FINE-TUNING PARAMETERS

Once defined the dataset to properly train the BERT
model, a set of hyperparameters must be defined. A hy-
perparameter is a variable configuration external to the
model whose value cannot be estimated from the data.
Thelist of hyperparameters used for the BERT NLP tool
training follows:

* MAX LEN: maximum number of tokens (words)
processed during the training;

* TRAIN BATCH_ SIZE: refers to the number of
training examples used in one iteration. A batch
size of 32 meansthat 32 samplesfrom the training
dataset will be used to estimate the error gradient
before the model weights are updated;

* VALID BATCH_SIZE: refers to the number of
examples used to validate in oneiteration. A batch
size of 16 means that 16 samples from the valida-
tion dataset will be used to validate the model;

* EPOCHS: an epoch is an entire transit of the train-
ing data through the algorithm. At each epoch, the
internal model parameters of the dataset are up-
dated. A training epoch ends when the learning al-
gorithm has made one pass through the subgroups
of the training dataset. The dimension of the sub-
groups is defined by the training batch size;

« LEARNING RATE: it defines the adjustment in
the neural network weights with respect to theloss
gradient descent, determining how fast or slow the
model will move towards the optimal weights.

2.1.4. PERFORMANCE EVALUATION METRICS

In order to measure the system’s accuracy, the mod-
el predictions are compared with the human annotation,
considered the best standard, and the F1-score metric is
selected to measure the accuracy [17]. An explanation
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of the metrics utilized for the evaluation of the model is
provided as follows:

» False Positives (FP) occur when a classifier pre-
dicts a label that does not match the input sen-
tence. Considering the sentence “ Spaces must
be accessible”, if the model assigns the labels
“Space flexibility” and “Space maintainability”,
both errors are false positives;

» False Negatives (FN) occur when a classifier
misses alabel that matches the input sentence.

Considering the previous example, if the classifier
does not predict “ Space accessibility”, thisisan example
of afalse negative.

Similarly, there are two ways classifier predictions
can be corrected: True Positives (TP) and True Negatives
(TN), described as follows:

* True Positives occur when a classifier correctly
predicts the existence of alabel;
* True Negatives occur when a classifier correctly

predicts the in-existence of a label.

All the combinations are shown in Table 1.

) Predicted lalsel
|
[ Positve (P

Megative {Mp)

Positive (1) [ True Positive (T | Falss Mugative (F)

Actuul lubel

Megative (M) | Faleas Poedilve (FI | True Megative {T)

Tab. 1. Possible combination of True/False positives and True/False
negatives.

Consequently, performance metrics can be calculat-
ed, i.e., Precision, Recall, and F1-score [18]:

» Precisionistheratio of correct predictions among
al predictions of a certain class, i.e., the propor-
tion of True Positives among all positive predic-
tions (1);

» Recall is the ratio of examples of a certain class
that the model has predicted as belonging to that
class, i.e., the proportion of True Positives among
al true examples (2);
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e Fl-score is the harmonic mean of a certain class
Precision and Recall; it can be considered as an
overall measure of the quality of the classifier pre-

dictions (3).
Preciston (P) =TP/ep o rp m
Recall (R) = T'PJ-"FN +TP {2)
=R (3)

F1-score values can range from 0 to 1. F1-score values
equal to 1 represent amodel that perfectly matches each ob-
servation with the correct label, and F1-score values equal
to 0 represent a random classifier, i.e., a model that cannot
match any observation with the corresponding label. Con-
sequently, to evaluate the model performances, for each la-
bel, the authors agreed on a threshold value of the F1-score
equal to 0.5, which is used to evauate the tool predictions.

2.1.5. NLP TOOL OUTPUTS

Once the model is fine-tuned and the tool performances
are evaluated, the NLP tool can be used to process new
sentences and assign the corresponding labels (e.g., O.1.
Spatial flexibility) and the accuracy degree with which the
labels are associated to the new sentences (Fig. 2). The ac-
curacy degree values of each processed sentence represent
the weights of the labels and thus the relative priority of
the labels/quality objectives for the single sentence.

[ ] Imput = “Mew sentence"

4.1 1 @.08

B.1 7 @594 Il'lnlrllll |.|:'h._'||i|'.|_l
I"'-'I' ] @?5 :IE&'.'I.II:'-L';\I qu_'lgn_'q.'
0.1 3 8.65

E.1 : @,34

Fig. 2. NLP tool outputs format.

The accuracy values/weights of the labels obtained
by processing al the sentences can then be summed and
normalized to define the total weight of each label for the
entire DIP (4).
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Label Weight, = Z (L)

FL (L) +E (L) + E (L3)
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4 T (L) @

where Lfdenotes the confidence of the o label, i = /AL 85 C 1., F1)

Thetotal weights of the labels represent therelativeim-
portance of the quality objectivesto be pursued by the de-
sign teams in the definition of the design proposals and, at
the sametime, the evaluation criteriato be used by the ex-
ternal committee in the evaluation of the design proposals.
The use by the design teams and the external committee of
the same set of objectives, prioritized according to the ap-
pointing party’s needs as expressed in the DIP, allows for
an increase in the consensus among the three main actors
about the most important objectives for the specific design.

3. CASE STUDY

3.1. CASE STUDY: PROGETTO ISCOL@

As introduced in Section 1, the case study aims to ap-
ply and assess the proposed methodology on a DIP
document to design and construct a new school build-
ing. Since a school project has a high heterogeneity of
quality objectives, needs, and requirements, and a high
impact on the social and urban context, it was considered
an appropriate building typology to assess the methodol-
ogy. Specifically, the NLP tool is assessed on an Italian
regional project, Progetto Iscol @, started in 2014 to re-
alize severa new school buildings in Sardinia. The Sar-
dinian Regional Council introduced the Progetto | scol @
to address the problem of the backwardness of the re-
giona educational system. The Iscol@ team aims to
renovate and expand the regional school building stock,
improving the educational offer. The public investment
of 265 million euros aso has the economic objective of
reactivating the Sardinian construction industry, setting a
school system focused on architectural quality and social
and environmental sustainability of the interventions.

At the beginning of Progetto Iscol@, the Sardinia
Region shared general indications and guidelines for the
drafting and the main contents of the DIPs to be pro-
duced by the involved local municipalities. Using com-
mon guidelines ensures that all DIPs follow the regional
strategies, homogenizing the objectives of the interven-

tions on the building school regional portfolio. In addi-
tion, a standardized evaluation grid for the design pro-
posals evaluation process was established by the Iscol @
team and shared with the local municipalities.

After completing the first set of calls for tenders and
school designs of Progetto Iscol@ in 2021, it was pos-
sible to analyze the impact of using a standardized eval-
uation grid (with fixed priority and weights of the pre-
defined objectives) for all projects. On one hand, it was
a useful tool to define and keep the focus on shared cri-
teriaand objectives that are in line with | scol @ strategic
goals. On the other hand, a standardized evaluation grid
with fixed priority and weights of the objectives is an
overly rigid method to evaluate projects located in dif-
ferent contexts and with divergent specificities. In fact,
there is an inner specificity of design and construction
projects. buildings are considered “prototypes of them-
selves” and are strictly correlated and influenced by the
context and the specific socio-economical and territorial
needs. The use of fixed objectives priority and weights
ultimately tends to flatten results, preventing a focus on
the specificity and needs of each project.

Customizing the order priority and weight of the ob-
jectivesfor each call for tender, which isthe output of the
proposed NLP tool, can introduce the proper flexibility
and specificity in the procedures.

Two phases of the Progetto Iscol@ have been per-
formed as of now: the first phase included ten project de-
sign competitions, and the second phase fifteen calls for
tenders. All ten DIPs from the first phase and ten DIPs
from the second phase were collected and used to pro-
duce the dataset (training and validation datasets), while
the remaining five DIPs of the second phase were used to
test the fine-tuned NLP system.

3.2. TOOL DEVELOPMENT AND EVALUATION

In this sub-section, the NLP tool fine-tuning is presented.
The tool is trained and evaluated through the following
steps described in the methodol ogy section.
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3.2.1. LABELSLIST and end-users (i.e., architects, designers, pedagogues,

agronomists, and citizens). The list of predefined labels/
A list of predefined labels, defined within Progetto  gpjectives and the number of related sentences for the
Iscol@, was already available for the proposed case definition of the dataset (training and validation datasets)
study. The labels result from cooperation among experts  isprovided in Table 2.

LabeleThhjectives Fis Number of
Sentenies
A Socioculurl vohse
| A1 Cnpobikity of the schood buibdineg fo be used as o Civic Cenler | 150
H Creatsen of ciologeal awaniess in wers
.1 Wisibality seal integratson of sesiniva b dessgn chowees (aducational medium) o insegeanon of the 4l

infervention avio nature and opplication of lmdsape enhancement stnbegies
C Development of 8 sense of belenging and respect fos the common thing:

L. | Posabdily ol per=omalization of spaces und eoumpmseal o prevenl vancdalism Lru-ullug a leelmg vl 24
helging
|'!l .-'..'n.hq . :.l.nd |uﬂ-l' ﬂjl.ll"l.l ||-'|'Ih-. [nh.-rw.'rﬂllrrl ar] ||1I.|:p|.r||r|[| walhy the pre- fxlﬂl'l‘ eyl
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and anchitectorl quality of the intervemtion as & building containing pablic TincBons
E Chraliey of Iy plan:
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fanctioes, inelading asing colees and sagnages |
F 2 Presence of green spoces &2 i intepsal pet ol the s L)
F Enidceor space quealily
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1.2 Inchoor adr quality aml Leadildnes 26
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LS| l'.'“i-ﬁ.l.nuhilil:..,-durll:-il iy, irtaimabiliny, asd repleceshility of lasdecaping, msteralks, mid grosnenye 46
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Tab. 2. Labels list and description.
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3.2.2. TRAINING AND VALIDATION DATASETS
DEFINITION

In order to fine-tune the model, the dataset was defined
by manually identifying, collecting, and labeling the
sentences from the qualitative sections of the DIPs,
according to the procedure described in the methodol-
ogy section. The production of the general dataset re-
sulted from a collaboration between three experts with
knowledge in the architectural, design, and construc-
tion fields. In addition, since the proposed NLP system
is applied to a specific case study (Progetto Iscol@), a
deep knowledge of the strategic objectives of Progetto
Iscol @ was needed to correctly label the training sen-
tences. Since Iscol @ members could not be directly in-
volved in the project, apreliminary study of the overall
goals, guidelines, and context of Iscol @ was conducted
by the three selected experts before labeling the train-
ing sentences.

In addition, the authors want to highlight that, as the
labeling and dataset definition is a group activity, the
dataset should represent the collective ability and sen-
sitivity of the group of people and experts. The dataset
and, consequently, the NLP tool should be less biased
and with a lower grade of subjectivity in automatically
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labeling new sentences and defining the evaluation grid.
Thetool, in fact, represents the numerical counterpart of
the ability of the group to prioritize quality objectives
and needs, representing their collective and common
knowledge.

3.2.3. MODEL FINE-TUNING PARAMETERS

The values of the hyperparameters were defined accord-
ing to the dataset characteristics and after a cycle of trial
and error (Tab. 3).

Consequently, these are the values of the hyperpa-
rameters that allow the obtainment of the best fine-tuned
model considering the available dataset.

3.2.4. PERFORMANCE EVALUATION METRICS

Precision, Recall, and Fl1-score are calculated for each
label (Tab. 4).

The performances of the NLP tool in the sentence la-
beling task seem to be good, showing only two labels
with an Fl-score value below the threshold of 0.5 and
nineteen labels with an Fl-score above the threshold.
Consequently, the model can be considered properly
fine-tuned.

MAX LEN TRAIN _BATCH _SIZE "lr'.-"Ll.Il‘_B.-'Ll'f.'ll_b:liEE_ EPOCHS LEARNING RATE

B3 - 3 20 a E-05
Tab. 3. Hyperparameters values adopted for the model fine-tuning.

Meteies | A1 (Bl Cl1 (D1 El | E2 Fi F2 |Gl | 1| 12

Precision| 071 075 075 0 656 088 | 067 068 100 | Lok 067 | (0.55

Recall 0.92 | 0.75 [0 | 042 o064 | 0033 077 [0 | 093 067 @ (.26

Flegscore | 080 075 05 | 048 074 | 044 072 100 | .95 .67 | 067

Metries | LJ L2 MI M2Z M3 M4 NI 01| 02 Pl

Precistom | .67 85 067 | d2  bG67 | 0064 LU0 T 8 A O T S W

Recall | 0.80 039 |00 090 085 060 050 071 078 100

Fl-seore | 0.7 054 030 | 086 075 062 067 078 056 079

Tab. 4. Precision, Recall, and F1-score values per each label.
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4. RESULTSAND DISCUSSION

In the following paragraphs, the fine-tuned NLP tool
is applied to new sentences from one of the five avail-
able DIPs of Progetto Iscol@ second phase to evalu-
ate the results of the application of the proposed meth-
odology.

[27] test_cossenil = "Sparl dells aule

TEMA: Technologies Engineering Materials Architecture
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4.1. NLPTOOL SENTENCE LEVEL EVALUATION

In order to demonstrate the tool’s ability to translate
sentences related to qualitative aspects into numerical
values in the context of Progetto |scol @, the developed
algorithm was tested on a sample of sentences belonging
to a new DIP among the five available. Three examples
of the labeling and numerical translation of quality-relat-
ed sentences are provided in Figure 3.

deyong asiere agertl, modulablill, facllsente rlgontlgorafdll. | aula deye dlventare urse sgagiod
Flessibils o dove adattarsl alle muovs oslgenre dells didattics che preveds che in guestd spazl)
slane sviluppatl laworl di groppo, Interazionl cootlrese fon 1°'Insegnante che Ln guesto spezleod
prapara & wirlfles la prograssarione didattica <omplesddva”

_a best predicticn = tralned scsdel{encoding] "Loput_Loe™], entoding[ "sttentlon_=ask™])
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-] e
0.1 : B 97
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Arevadare ' altermants TR percatd] o gparl per le aselglnents &) STTIVITE 11" eserta, assare)
progetiato come luogo priviloegiato per 11 gloco in spazl in onbra @ spari pid solegglati, 114
sowimento, 1'apprendinento sttivo, 1'incontro tra pard g tre L dewr ordind di =coola; dove’
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et _predlctlion = Tesl_prediotion. flatiend) nuspy( )

for label, predictlon in @isfLASEL_COLWMNS, Test_prediction):

i prudictlen { THEZMOLO:
ConT NS
print{f {labal}: (prediction}™}
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Lol =

:

[34] test_scementd = “Esppreseifecd |1 lusgs d*incantes peivileglate tra 1a scwcle gellinfenils & 1 siwals prisaria’
pue I sktivita legats o] Progetts cantinuita e copfitulra o spagic df sediazicew tra §14
gipailere & L& dfuale. sablta dl posslblle saclallizagions del geclicorl, ipadio adepaslo p=i'
attivita satrascolastiche. Sark uno spazio funzionale ad ospitare wardfestaziond, metters int
scena ragpretentazioni @ organizzara attivita laboratoriall, anche sotto forma &l grandl taeall’,

it lawora, prolerionml di covbenutl sultisediali.”

ot

test prediction = test_prediction. Flatten{] . nuspyy )

test prediction s trained model{encodingi“inpot_ids"]. encoding]®asttention_nack®])

for lebel, predictian in plpd LADEL_COLUMME, tesi_prediction);

if prediction « THRESHOLA:
cent i
primt (F7( labat ) : {prediction}™)

Al I B.&H
L-1 ¢ a.&F
0.2-5 @.91
Pl & 8.4

Fig. 3. Example of the programming code developed to process and label three new sentences.
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T E
Labeels Al K.l E.2
Confidence sum {343 .05 .72
Criteria weights T8 195 1298
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M A
1.1 L2 .1 2 P
L.hE .72 .58 (.51 IRET
29.96 Fa.n 17.64 1 6.940 1.54

Tab. 5. Weights values calculated per each label/criterion according to the NLP outputs.

Considering only the results of the three sentenc-
es from the selected DIP, it was possible to define the
evaluation grid customized to the DIPtextual content, as
shown in Table 5.

The grid obtained through processing the three sen-
tences (Fig. 3) represents the numerical counterpart
of the objectives expressed in natural language. The
highest weight is obtained by objective L.1, related
to integrating space and innovative teaching based on
group work and peer learning. Objectives O.1 and O.2,
respectively related to space flexibility and extracurric-
ular use (temporal flexibility), get the second and third
highest weights. According to the grid, the remaining
objectives are sorted as follows: L.2, the openness of
indoor space to outdoor space; E.2, the presence of
greenery; A.1, the capability of the school building to
be used as a Civic Center; P.1, the integration of space
and technology and widespread presence of ICT tech-
nologies; and, finally, B.1, the visibility and integration
of sustainable design choices as an educational medi-
um. The identified objectives and the related weights
assigned by the NLP tool seem to reflect the meaning
of the sentences used as a sample, confirming the sys-
tem’s ability to identify and translate the objectives,
expressed in textual form in the DIP, into a numerical
scale of objectives/criteria.

5. CONCLUSIONSAND FURTHER
DEVELOPMENTS

The study stands as the first application of NLP methods
and tools to documents belonging to the pre-design phase
in the Italian construction sector. It demonstrates good
levels of precision and recall during the fine-tuning pro-
cess and useful results in processing samples of textual
information derived from a DIP of Progetto Iscol @ pre-
viously excluded from the training and validation data-
sets of the NLPtool.

The ability of the NLP tool (i.e., a Multi-label Classi-
fier based on the latest language model BERT) to trans-
late DIP quality demands sentences into numerical val-
ues to support the definition of an evaluation grid will
reduce the possible misinterpretations about the relative
hierarchy of the appointing party quality objectives by
the design teams and by the external committee. Conse-
quently, the proposed system enables the definition of a
common and shared evaluation system fostering a con-
sensus among the involved actors.

Moreover, having been the training dataset definition
a group activity, the tool seems to be able to mirror the
collective ability, sensitivity, and knowledge of the group
of experts involved in the dataset definition. Consequent-
ly, the NLPtool can be considered less biased and with a
lower grade of subjectivity on the definition of the eval-
uation grid, being the tool the numerical counterpart of
the ability of a group to prioritize quality objectives and
needs. These aspects are discussed in more detail in the
following chapter.

5.1. FURTHER DEVELOPMENTS

The next step of the research involves measuring the de-
veloped system’s ability to assign labels/objectives rely-
ing on the collective capability of the expert panel and to
produce customized evaluation grids for each DIP and,
consequently, for each project. For this purpose, two sce-
narios A and B are proposed.

Scenario A aimsto measure the NLPtool’s subjectivity
degree and capability to represent collective knowledge
and intelligence. The NLP tool will process sentences re-
lated to the quality objectives, and aweight will be provid-
ed for each abjective. Firstly, the expertswill manually an-
alyze the same sentences, individually providing aweight
for each objective. Then the group of expertswill perform
the same activity collectively. The scoresassigned individ-
ually, collectively, and by the NLPtool will be compared.
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Scenario B intends to evaluate the customization ca-
pability of the NLP tool to customize the outputs, mir-
roring the contents of different DIPs. DIPs of different
school buildings (primary and secondary schools) will
be processed, and different evaluation grids will be pro-
duced using the NL P system. The customized evaluation
grids will then be compared with the standardized evalu-
ation grid of Progetto Iscol @.

The proposed further developments of the research
will further improve the NLP tool, verifying the subjec-
tivity degree and capability of customization employing
the two proposed scenarios.
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Abstract

In Europe, the energy renovation of the existing building stock is agreat
opportunity to significantly reduce energy consumption and greenhouse
gas (GHG) emissions and reach the European sustainability targets. In
this framework, building energy simulations (BES) tools are very use-
ful in verifying energy retrofit measures’ effectiveness and compliance
with national standards. However, an inaccurate numerical prediction,
the so-called “performance gap” between measured and numerical per-
formance, is often obtained, mainly due to the inherent uncertainty of
model input. Due to its stochastic nature, the occupants’ behavior (OB)
is considered among the key contributors to this gap. However, the most
recent Building Energy Model (BEM) approaches adopt deterministic
hourly-defined profiles for characterizing OB, thus neglecting the related
uncertainty. In this work, the impact of OB uncertainties on energy con-
sumption (EC) prediction is evaluated by adopting a Karhunen-Loeve
Expansion sampling technique, used to randomly perturb OB profiles
such as heating setpoint (HS), internal thermal loads (IL), and windows
opening (NV). Two BEMs of a typical Italian residential building in
pre- and post-renovation scenarios are considered and calibrated on real
EC data. The results demonstrated that HS uncertainty has the highest
impact on EC in all scenarios. Moreover, the higher the energy perfor-
mance of the building, the higher the impact of OB, especially for IL and
NV patterns.

Keywords

Occupants’ behavior, Uncertainty analysis, Natural ventilation, Internal
loads, Heating setpoint.
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In the European Union, 40% of the overall EU energy
consumption (EC) and about 35% of the total greenhouse
gas (GHG) emissions are attributable to the building sec-
tor. Thisis mainly due to the low energy performance of
most of the building stock [1-3], which uses half of this
energy for heating households [4]. In the next ten years,
the energy demand is expected to increase by more than

20% [5]. Thence, improving the energy performance of
these buildings represents an urgent need and opportu-
nity to significantly reduce the European EC and GHG
emissions and reach the European sustainability and en-
ergy efficiency targets.

Inthisframework, building energy simulations (BES)
are generaly used by practitioners to identify the best
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energy retrofit strategy and to verify its compliance with
the requirements set by the National Standards. Still, a
discrepancy between the experimental and numerical en-
ergy performance caled the “energy performance gap”
can be found for both new and existing buildings, reach-
ing values up to 250%. This discrepancy can be traced
back to the difficulty in obtaining the exact values of
all the thousands of inputs needed for characterizing a
Building Energy Model (BEM).

Among them, those needed to represent the actual oc-
cupants' behavior and interaction with building systems
(OB) are generally the most difficult to be defined. This is
mainly due to the stochastic nature of the occupants' be-
havior, especially in residential buildings. Several stud-
ies found the occupants’ behavior (OB) to be the main
responsiblefor the energy performance gap in residential
buildings[6, 7]. Indeed, different occupants’ interactions
with thermostats, electric appliances, lighting, domestic
hot water appliances, and windows may produce a huge
differencein building energy consumption, which can be
higher or lower than that forecasted by a building energy
model (BEM).

Modeling OB can ease the understanding of occu-
pants’ impact on building energy use. The more recent
Building Energy Performance Simulation (BEPS) tools
(e.0. [8]), however, model the OB through deterministic
hourly-defined profiles, neglecting the OB’s stochastic
nature. While ssmple and easy to understand, this ap-
proach does not consider the OB uncertainties, leading to
evaluating the energy performance of one of the possible
scenarios, which can greatly differ from reality.

The increasing power of the actual computer makes
it feasible to conduct parametric BEPS in a reasonable
time frame with thousands of simulations and stochastic
inputs. As aresult, over the past 20 years, the impact of
OB uncertainty on building energy use has aroused in-
creasing interest in the research field, where several stud-
ies concerning parametric analyses[9, 10] and stochastic
OB models [6, 7, 11-13] have been carried out. How-
ever, most of these works regard office buildings, while
just afew of them focus on residential ones. Moreover,
these works mainly investigate the impact of OB on EC
by comparing the results abtained through different OB
(see e.g. [6]), while few of them consider the inherent

e-ISSN 2421-4574

uncertainty that can be present in aknow, experimentally
inferred, OB.

In a common application, indeed, the OB can be
qualitatively known since inferred from occupants
interviews. However, this investigation method leads
to OBs' patterns characterized by a degree of uncer-
tainty that may affect the reliability of the EC pre-
diction. To consider this uncertainty, O'Neill and Niu
proposed an interesting approach based on applying
a Karhunen-Loéve expansion (KLE) sampling tech-
nique [7], which alowed them to consider the spatial
and temporal uncertainties of a known OB pattern in
BES. In particular, they applied this procedure to a US
DOE prototype BEM for modeling the uncertainty of
occupants' presence, lighting, heating, and cooling set-
point patterns. However, a very small range of uncer-
tainty of OB (a Coefficient of Variation, CV, of about
3.76%) was assumed, while the uncertainty related to
some very important OB, such as windows opening,
was neglected [14]. Asaresult, they found an impact of
OB uncertainties on heating consumption of about 4%.
Moreover, they conclude that a higher input parameter
variation should be used to provide more insights into
the impact of different behavior patterns on energy con-
sumption. However, applying this procedure to real res-
idential buildings, calibrated simulations, and window
openingsis still rare in the literature.

This paper presents an application of the KLE tech-
nique to a real, multi-family building in the Italian
Marche region (Ancona). A BEM is purposely created
and calibrated on observed monthly energy consumption
to increase the reliability of the numerical outcomes.
Since the impact of OB on EC may vary the buildings
energy performance levels, both pre (calibrated) and
post-energy retrofit scenarios are considered. For each
renovation scenario, three uncertainty analyses (UA) are
carried out by applying the KLE technique to internal
loads (IL), heating setpoint (HS), and window opening
(NV) patterns. To provide more insights into the impact
of different behavior patterns on energy consumption, a
higher input parameter variation than that adopted in [7]
is considered. In this way, the robustness of EC predic-
tion related to the three different OB pattern uncertainty
is examined.
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2. PHASES, MATERIALS, AND METHODS

2.1. PHASES

This work can be subdivided into the following three
main phases.

 firstly, a BEM of a real residential building is cre-
ated and enriched through information about OB
collected through questionnaires;

 then, to increase the reliability of the numerical
results, the BEM is calibrated to real EC data;

* finally, UAs on OB in both pre and post-retrofit
scenarios are performed, having the twofold aim
of estimating the impact of OB uncertainties on
EC before and after energy renovation, and eval-
uating the energy prediction robustness to OB un-
certainty.

2.2. CASE STUDY

A typical Italian multi-family building built between
1970 and 1975 and placed in the hot-summer Mediter-
ranean climate of Ancona, Italy (Csa climatic zone ac-
cording to Kdppen climate classification [15]) has been
selected in this study. The building consists of six sto-
ries and 12 dwellings, with a floor area for each story of

a
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280.8 m? (Fig. 1a). Each floor has three dwellings ex-
cept for the first floor, which is unheated and below the
ground level, and the second and the last floors, which
have one and two dwellings, respectively.

For the aim of this study, the dwelling highlighted in
Fig. 1b, belonging to the third story, was selected for cal-
ibration and UA. The flat consists of two bedrooms, a
bathroom, a kitchen, and a living room, and is occupied
by three persons, i.e., a couple with one son. The overall
area of the apartment is about 80 m2,

2.3. NUMERICAL MODELING OF PRE- AND POST-
RENOVATION SCENARIOS

The building described in Section 2.2 has been mod-
eled through the DesignBuilder ver. 6.1 [16], which is
a graphical interface of the EnergyPlus software (see
Fig. 2a). The Conduction Transfer Functions (CTF) have
been used as heat balance algorithm, while TRAP and
DOE-2 as surface convection algorithm for inside and
outside convection, respectively. An IdealLoadsAirSys-
tem model was adopted to compute the HVAC heating

energy demand with an infinite heating capacity, and
an HVAC Coefficient of Performance (CoP) was used
to calculate the heating energy consumption from ener-
gy demand [17]. Model inputs, such as thermophysical

Fig. 1. (a) Overview of the six-story multi-family building; (b) plan of the third floor with highlighted the case study apartment used for numerical

simulations.
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T E M A

Property Pre-renovation  Post-renovation
U-value - Exterior walls [Wim® K 065 - (.90 032
U-value - Internal walls betwesn flat and stairs [W/'m® K] {165 - (1,90 .32
U-value - Internal walls betwesn rooms [Wim® K] L0 — 200 calibrated value
U-value - Windows ['Wim® K] B0~ 2.2 1.20
SHGC [«] 0,65 - (.85 .33
Infiltration rate | ACH| .30 - (.50 calibrated value
CoP -] e - 075 0.5
Hemting setpoint - Slesping area [*C] 18- 20 cillibrated valoe
Heating setpoint - Living anca [*C] 18- 20 calibrated value
Maximum internal thermal gain [Wim?] I-12 cilibrated value
Maximumm windows qming. area fracton [%) 5= 100 calibrated value

Tab. 1. Uniform probability distributions of BEM properties in the pre-renovation scenario and deterministic values in post-renovation scenarios.
SHGC: Solar Heat Gain Coefficient; CoP: Coefficient of Performance of the space heating system.

characteristics of opaque and transparent components,
CoP, and infiltration rate, as well as some OB-related in-
puts, such as maximum internal thermal loads, have been
initially estimated from a detailed energy audit, occu-
pants interview, and literature. Due to the uncertainties
in these data, a uniform range of variation has been de-
fined for each relevant property instead of a determinis-
tic value, as summarized in Table 1. These ranges define
the search space for the calibration process described in
Section 2.4.

Concerning the post-renovation scenario, all the con-
struction elements and heating systems are considered to
be upgraded according to the Italian Law on buildings
energy performance [18], significantly improving the
thermal performance of the entire building. The deter-
ministic input values considered for the post-renovation
scenarios are summarised in Table 1.

The patterns related to the interactions between oc-
cupants and building systems, i.e., ILs, HS, and NV,
have been inferred from questionnaires submitted to
the occupants. The obtained information has been then
translated into the estimated daily profiles shown in
Fig. 2b, c and d. These data have been used as a starting
point for BEM calibration (Section 2.4) and UA (Sec-
tion 2.5). Concerning the ILs, the pattern in Fig. 2ais
multiplied by a maximum value to obtain the related
hourly value of ILs, whose range of variation isindicat-
ed in Table 1 [19, 20]. Regarding the HS, two different
thermostats are in the apartment, i.e., one in the sleep-

ing area and one in the living area. Then, according to
occupants' information, two different heating activa-
tion profiles were considered, which were multiplied
by a different HS. Finally, the NV schedules reported
in Fig. 2d indicate the time when the occupants open
the windows to ventilate the apartment. According to
the ASHRAE book of fundamentals [8, 21], the result-
ing flow rate from windows is then computed through a
superposition process as the combined effect of the air-
flow driven by wind (Q,,) and the airflow due to stack
effects (Q,). In particular:

Qw = CwAoV 1

Qs = CpAg+/2ghlT; — Tyl/T; ¥

where C,, is the opening effectiveness computed as
reported in Eq. 3 [8, 21]; A, is the opening area of win-
dows, which i1s unknown and then will be defined in the
calibration phase (a range between 10 and 100% of the
total opening area is assumed, see Tab. 1); V is the ex-
ternal wind speed; C, is the discharge coefficient equal
to 0.4 + 0.0045|T,-T_|; g is the standard gravity; h isthe
height from the midpoint of the lower opening to the
neutral pressure level; T, and T, are the internal and ex-
ternal air dry-bulb temperatures, respectively.

Cw = 0.55 — 0.25|Angle dif ference|/180 (3)
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Fig. 2. (a) BEM of the residential building; (b) OB’s patterns for internal gains; (c) OB’s patterns for heating; (d) OB’s patterns for natural ventilation

inferred from occupants’ questionnaires.

2.4. MODEL CALIBRATION

BEMs generally provide inaccurate numerical predic-
tions if not calibrated or validated on real data [22].
Despite this, uncalibrated BEMs are often used in the
literature to address the impact of OB on EC [7, 11]. To
increase the accuracy of the numerical predictions, the
developed BEM has been calibrated against monthly en-
ergy consumption in this study, as requested by relevant
international Standards on BEM calibration [23]. The
selected baseline period for data collection and simula-
tion goes from the 1st of November 2016 to the 24th of
March 2017, corresponding to the period during which
Italian national authorities allow space heating in Anco-
na, Italy, i.e., where the building is located. During this
period, weather data such as the outdoor air temperature,
relative humidity, horizontal global solar radiation, wind
velocity, and direction were collected through a weather
station placed 1 km away from the building.

An automated calibration tool purposely developed
by the authors and based on Artificial Intelligence opti-
mization agorithms has been used to perform the BEM
calibration. In particular, the Non-dominated Sorting
Genetic Algorithm (NSGA-II) has been implemented
for the optimization process, which is one of the most
used and efficient for automatic BEM calibration [24].
Thetool automatically searches the set of input data that
minimizes the error between simulated and measured
time-series data, given a search space defined by the in-
put ranges of variation.

Two error functions can be used for assessing the
error, 1.e., the Coefficient of Variation of the root mean
square error (CVRMSE) and the Normalized Mean Bias
Error (NMBE). According to the ASHRAE guideline 14
[23], amodel is considered calibrated on monthly energy
consumption when the CVRM SE and NMBE are below
or within specific thresholds, equal to 15% and +5%, re-
spectively [23].
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2.5. UNCERTAINTY ANALY SES

Three distinct “local” uncertainty analyses (UAS) have
been carried out on the pre-renovation and post-renova-
tion scenarios to evaluate the impact of OB uncertainties
on building EC and then the robustness of the calibrated
BEM energy prediction to OB. Each UA concerns the
variation of one of the estimated OB patterns shown in
Fig. 2b, ¢, and d, i.e., the internal load pattern (IL-UA),
the heating setpoint pattern (HS-UA), and the natural
ventilation pattern (NV-UA), respectively. The pattern
variation is obtained by adopting the Karhunen-Lo¢ve
expansion (KLE) sampling technique, which has been
successfully used in the literature to eval uate the impact
of OB on EC [7, 25].

Similar to the Fourier analysis, a KLE allows repre-
senting a stochastic process as an infinite linear weighted
combination of orthogonal functions, reducing its di-
mension by converting time-dependent uncertainty into
time-independent stochastic parameters. In practice, the
KLE represents a stochastic process x(t) through the fol -
lowing equation:

x(t) = e () + 22 VAW D)y 4)

where () is the mean value at the time t, i (t) isa
temporal basis function, and 4, and y, are the eigenvalues
and eigenfunctions of the covariance function C(x,, X,).
In particular, y, is a time-independent stochastic parame-
ter expressed as Gaussian variables characterized by an

Realisaton of the Karbunen Lowse Expansion

X
Timse [h]
i
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average equal to zero. The most used types of correlation
functions are Gaussian, exponential, or turbulent func-
tions [26]. In this study, the following exponential cova-
riance function is adopted:

X1—X 2
C(xl,xz) =cC e_(%)

®)

where c is a variance scaling parameter correspond-
ing to the Coefficient of Variation (CoV) of each nor-
mally distributed hourly value. A different value of ¢ has
been adopted for the different OB patterns. Being ILs
and NV characterized by high uncertainty, a high val-
ue of ¢, equal to 20%, has been assumed in these cases.
Conversely, a smaler ¢ value (2.5%) has been consid-
ered for the HS-UA to have plausible values for hour-
ly HS, corresponding to a maximum deviation of +1°C
from the calibrated value.

Assuming that x (t) is equal to 0, the KLE is used
in this work to obtain 1000 sets of 24 “hourly” random
coefficients, as shown in Fig. 3a. The sample dimension
is chosen to ensure the convergence of the UA result.
These coefficients are then used for computing 1000 new
hourly patterns for each UA according to the following
formulation:

X®=X®-(1+x@®) (6)

where X(t) is the estimated OB pattern, while the
X* (1) represents the perturbed one. In Fig. 3b, the 1000
patterns obtained for the IL are plotted as an example.

Intemad harmal loads prafiles Based on KL Expansion

m
it [H]

Fig. 3. (a) 1000 realizations of the KLE; (b) exemplary application of the KLE technique on the internal thermal loads’ estimated profile.
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3. RESULTSAND DISCUSSION

3.1. MODEL CALIBRATION

This section reports the results of the model calibration
used to increase the reliability of numerical prediction.
Figure 4 shows a comparison between observed and pre-
dicted EC after BEM calibration, while the calibrated
values of the model inputs are reported in Table 2.

The automated calibration tool alowed for reach-
ing a good match between experimental and numeri-
cal data. Overall, the obtained CVRMSE and NMBE
values are equal to 13.57 and -3.56%, respectively,
i.e.,, lower than the thresholds set in the international
Standard to consider aBEM calibrated (equal to 15 and
+5%, respectively, according to the ASHRAE guideline
14 [23]). The obtained model can then be used for reli-
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Fig. 4. Comparison between predicted and observed EC for space
heating after BEM calibration.
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able EC prediction in both pre and post-renovation sce-
narios since it represents the actual energy performance
of the building [23]. Since observed data are obtained
from energy bills and predicted data (from calibrated
simulations) are deterministic values, it should be not-
ed that measurement accuracy and confidence interval
of numerical predictions cannot be determined in this
case.

3.2. UNCERTAINTY ANALYSIS IN THE
PRE-RENOVATION SCENARIO

Starting from the calibrated BEM, a KLE-based UA has
been carried out for each considered occupants-related
profile, i.e., internal loads (IL-UA), heating setpoint (HS-
UA), and natural ventilation (NV-UA). The results of the
IL-UA, HS-UA, and NV-UA are reported in terms of
yearly EC distribution (Fig. 5a) and monthly EC (plume
graph in Fig. 5b). A comparison between calculated and
measured monthly EC isalso shownin Fig. 5b. It should
be noted that only occupantsrelated parameter are varied
in the uncertainty analyses carried out in this study since
other uncertainty parameters (e.g., building envelope
features) have been fixed to deterministic values through
the calibration process (see Tab. 2). This allowed us to
focus our work on the impact of OB only on numerical
results.

For each UA, the yearly EC can be considered nor-
mally distributed, characterized by a mean value of

[rput paramciers Calibrated vahies
U-value - Exterior walls [W/m? K] RT3
U-value - Internal walls between fMat and stairs [Won K] L
U-value - Internal walls between rooms [Wim® K] 1.43
U-value - Windows [Wim® K] 1.96
SHGC [-] 065
Infiltration rate [ ACH] 031
Col =] .75
Heating setpoint - Slegping area [*C] 151
Heating setpoint = Living anea ["C] 2000
Maximum intcrnal thermal gain [Wim'] 737
Baximunm windows ﬂpmhkg. drea Iraction [%a) A6

Tab. 2. Calibrated values for the pre-retrofit scenarios.
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Fig. 5. (a) Yearly and (b) monthly EC for the three UAs in the pre-renovation scenario.

about 4300 kWh. Some differences can be noted in
terms of standard deviation, equal to 236.5, 189.2, and
141.9 kWh, for HS-UA, IL-UA, and NV-UA, respective-
ly, corresponding to a CoV, equal to 5.5, 4.4, and 3.3%.
Thence, in the pre-renovation scenario, the HS schedule
uncertainty has the highest impact on the EC, followed
by IL and NV uncertainties.

Considering the lower variability assigned to the HS
pattern (CoV = 2.5%) compared to that assigned to the
IL and NV ones (CoV = 20%), thelarger CoV of EC pre-
diction obtained in the HS-UA denotes a high impact of
the HS pattern on EC. Conversely, the lower CoVs of EC
obtained for IL-UA and NV-UA indicate the lower im-
portance of IL and NV patterns. These results are similar
to those obtained in other works. In[7], for example, the
author obtained a higher impact of HS pattern uncertain-
ty than that obtained for ILs for office buildings. Howev-
er, it should be noted that comparing the results among
different studiesis not an easy task due to the differences
that can be found in building characteristics, type of use,
OB patterns, and location. This notwithstanding, it can
be stated that a correct characterization of the HS pro-
file can be considered fundamental for obtaining realistic
predictions of EC in existing buildings with low energy
performance.

3.3. COMPARISON BETWEEN PRE AND
POST-RENOVATION SCENARIOS

In order to evaluate how the impact of OB on EC may
vary from a pre-renovation to a post-renovation scenario,
the same three UAs considered in Section 3.2 have been
replicated but by considering an improved energy perfor-
mance of the same case study (see Tab. 1). In Figure 6,
the results of the two scenarios are plotted and compared
in terms of box plots of yearly energy consumption.

The first evident results regard the expected reduc-
tion of the yearly building EC for all the considered
UA, which pass from an average of about 4300 kWh in
the pre-renovation scenario to about 2800 kWh in the
post-renovation, corresponding to a decrease in EC of
about 35%. The standard deviation values of the three
EC samplesare equal to 187.0, 168.5, and 154.0 kWh for
HS-UA, IL-UA, and NV-UA, respectively, correspond-
ing to a CoV equal to 6.6, 6.0, and 5.5%. These values
are higher than that obtained in the pre-renovation sce-
narios. The increase obtained in terms of CoV is mainly
due to the lower average value of yearly EC, but they
differ among different UAs. In particular, the highest in-
crease isobtained for the NV (+67%), followed by the IL
and HS (+36% and +20%, respectively). This indicates
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Fig. 6. Box plot of yearly EC in pre- and post-renovation scenarios.

that higher building performance can lead to a higher
impact of OB uncertainties, particularly those related to
heat gains or |osses that remain quite constant after reno-
vation, such asinternal loads and air changes. Then, this
result highlights that the higher the performance of the
building, the higher the importance of IL and NV uncer-
tainties in simulations.

4. CONCLUSION

Thiswork allowed us to investigate the impact of uncer-
tainties of known occupants’ behavior (OB) information
on the energy consumption (EC) of areal existing resi-
dential building located in Italy in both pre and post-ren-
ovation scenarios. At this aim, a BEM model is created
and calibrated on real monthly energy consumption data
to increase the accuracy of the numerical prediction.
Then, three uncertainty analyses are carried out by ex-
panding, one at atime, occupants’ behavior uncertainties
related to internal loads (IL), windows opening/natural
ventilation (NV), and heating setpoint (HS) patterns
through the KLE sampling technique. A pre and post-ren-
ovation scenario is also considered to evaluate how the
impact of occupants behavior on energy consumption
may change to vary building energy performance levels.

Results demonstrated that the HS uncertainties al-
ways have the highest impact on EC regardless of the
energy performance level of the building, followed by
IL and NV. In particular, the low uncertainty assigned
to the HS variation has always led to the largest CoVs

e-ISSN 2421-4574

of EC, denoting the high importance of the HS pattern
uncertainty, regardless of the energy performance of the
building. Conversely, the high uncertainty of the IL and
NV patterns, and the obtained low variation on EC, de-
note alow impact of IL and NV uncertaintieson EC, es-
pecially for the pre-renovation scenario. However, when
the energy performance of the building is increased, the
importance of IL and NV uncertaintiesin simulationsin-
creases accordingly. Thus, the uncertainty in IL and NV
should be accurately considered in high-energy perfor-
mance buildings.

The main limitation of this work lies in the use of a
local UA approach. Thence, further studies are needed to
evaluate the overall EC probability distribution by vary-
ing all the occupants’ patterns. Moreover, more climatic
locations and building use/type scenarios should be con-
sidered to draw more general conclusions.
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Abstract

The regenerative concept of design and construction is gaining relevance,
as it is changing the sustainability paradigm toward the ecological tran-
sition for the built environment, representing a track on which economic
and financial support policies are currently being routed. One of the ways
to achieve ecological transition is to use sustainable insulating materials
in buildings. In addition, certification systems have been developed to ac-
tualize and renovate the concept of sustainability. The literature review
showed that no studies deal with the influence of different insulating ma-
terials on green building rating systems. This research applies ITACA and
LEED protocols to quantify the impact of insulating materials on certifica-
tion levels. Starting from the comparison between these protocols and the
analysis of credits related to sustainable building materials within LEED,
the rating systems were applied to an existing multi-story residential build-
ing by varying the insulating materials for the building envelope, such as
glass wool, expanded polystyrene (EPS), and two types of natural materi-
als (e.g., mineralized wood fiber and kenaf). The results showed that every
envelope configuration obtained the certification in both protocols, except
EPS, which did not obtain the certification in LEED. However, although
kenaf and mineralized wood fiber can be considered sustainable materials,
they do not reach the maximum achievable category score influenced by
the insulating material choice.

Keywords

LEED, ITACA, Renovation project, Sustainable envelope, Environmental
protocols.
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1. INTRODUCTION

The conventional building design and construction process
negatively impact the environment and natural resources
[1]. With the current development speed of contemporary
society, these issues cannot be fully addressed with the
traditional concept of sustainability, which is primarily
concerned with reducing environmental harm. Thus, re-
generative design and construction are gaining relevance,
as it is changing the sustainability paradigm toward the

ecological trangition for the built environment and the de-
livery of a human-centric environment, coupled with the
circular economy, which aims to ensure the natural envi-
ronment is renewed, restored, and revitaized [2]. In order
to take these elements into account, a more thorough and
integrated approach is needed, which allows for defining
buildings’ global efficiency. Energy and environmental
certifications support this process and allow for building
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assessment in terms of energy consumption and efficiency
and their impact on the environment and human health [ 3].

As new buildings are characterized by reduced oper-
ating energy utilization, additional consideration should
be given to the embodied elements, e.g., the Embodied
Energy and the Global Warming Potential (GWP) because
of construction materials and systems [4, 5]. Embodied
effects are the ecological burdens created by the purchase
of raw materials, their handling, production, moving to lo-
cation and construction during the entire lifetime. Embod-
ied elements are important in energy-efficient construc-
tions as demonstrated by several researchers: incorporated
impacts are a percentage of the overal equal to 45% in
[5], 50% in [6], and 57—74% in [7]. In severa cases, bur-
den shifting can aso be produced, and LCA isavauable
method of assessment to avoid it [8, 9].

In general, two approaches exist in assessing building
sustainability [10]. The qualitative or score-based method
relies on certain requirements corresponding to weights
and scores, the total sum of which indicates the level of
building energy efficiency and environmental sustainabil-
ity. These score-based assessment tools responded in a
simple, accessible, and easily replicable way to the needs
of the market and industry professionals. Differently, the
quantitative method is related to LCA (Life Cycle As-
sessment), which quantifies the environmental impact of
severa indicators, including energy used by the building
in its life cycle. Therefore, it is a rigorous environmen-
tal analysis of the entire construction process, including
building management and end of life. For this reason, a
recent study conducted by Tagliabue et al. [11] defined
that the most influential rating systems worldwide avail-
able for building sustainability assessment (e.g., LEED,
BREEAM, etc.) updated their checklists, including crite-
ria related to the reduction in energy for extraction, pro-
duction and materials transportation on the field.

Certification systems were developed globally to ac-
tualize and renovate the concept of sustainability degree
[12]. Among the voluntary protocols around the world,
including Building Research Establishment Environ-
mental Assessment Method (BREEAM, UK), Deutsche
Gesellschaft fur Nachhaltiges Bauen (DGNB, Germany),
Haute Qualité Environnementale (HQE, France), Green
Star Rating Tools (Green Star, Australia) and Istituto
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per I'innovazione e Trasparenza degli Appalti e la Com-
patibilita Ambientale (ITACA, Italy), the most used and
widely recognized is Leadership in Energy and Environ-
mental Design (LEED, USA). Many studieswere carried
out to analyze and compare different methodological
approaches to green rating systems. At the end of this
study, the analysis of previousresearch comparing LEED
and ITACA isreported. Asdrubali et al. [13] proposed a
comparative study between these two building environ-
mental assessment methods applied to two residential
buildings located in Italy. The authors demonstrated that
there are no important technical differences between the
two certification methods since the common scientific
basis in both cases follows international standards and
regulations. Buffoli et al. [14], after a deep analysis of
the state of the art focusing on the previously mentioned
evaluation systems, identified the main strengths and
weaknesses of such tools concerning Sustainable Health-
care’s project final objective. The authors concluded that
both systems lack a multidisciplinary approach and the
consideration of all three spheres of sustainability, not
including, for instance, user-centrality, health outcomes,
or managerial issues. Finally, Mattoni et al. [15] investi-
gated the differences and similarities between LEED and
ITACA. This alowed for the understanding of which
factors most influence the final performance rate of each
system and provided useful suggestions for improving
the existing protocols.

Since the built environment contributes about 40%
of globa carbon emissions, and emissions embodied
in building materials and construction contribute about
11% of global emissions (as much as all automobiles),
it is up to architects and other building professionals to
reduce harm, and, when possible, contribute to environ-
mental regeneration and restoration [16, 17]. In order
to achieve these objectives, one of the ways is to use
sustainable materials for building construction projects
[18]. Regarding the sustainable properties of materials
used in green buildings, it is necessary to check whether
they are renewable, reusable, or recyclable [19]. Renew-
able materials can be manufactured or generated quickly
enough to keep pace with the use speed. These materials
can be derived from natural or synthetic products and
often include recycled components. They could also be
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from natural, renewable sources such as plantation for-
ests and those made from agricultural waste products.
The reuse potential of a construction material is another
criterion by which the sustainable property of a materi-
al could be analyzed. Reusing a certain material means
using it again for the same purpose that it was original -
ly made for or an entirely different purpose (adaptive
reuse). Reusing building materials ensure they do not
become waste and end up in landfills. Salvaged, refur-
bished, and reused materials can all contribute to reduc-
ing the demand for virgin materials. Finally, recyclable
materials, components, and assemblies play a significant
role in conserving limited and depleting resources while
eliminating waste from landfills.

Various previous research is aimed at evaluating the
ability of alternative insulation materials, although their
usage is still limited. The interest is in naturally derived
materials, normally realized from agricultural residues
[20] or wasterecycling [21]. Other works have previous-
ly obtained data regarding Embodied Energy and GWP
of plants or animal-developed insulation boards: As-
drubali et al. [22], for example, suggested a study on the
acoustic, thermal, and environmental characteristics of
alternative natural insulation materials, Schiavoni et al.
[23] examined the thermal, acoustics, environmental, fire
and water vapor resistance of conventional, natural, and
advanced insulation materials. It was demonstrated that
some natural materials (e.g., cork) have elevated Embod-
ied Energy and GWP, while some commercial materials,
such as stone wool, showed great environmental char-
acteristics with decreased Embodied Energy and GWP.

While there was a wide range of research mainly fo-
cused on the energy use and emission production during
the operation phase of LEED-certified buildings and on
the analysis of the weight of specific items on the envi-
ronmental rating assessment [24], research on the role of
building envelope materials in green rating systems con-
sidering the environmental aspects is a growing field of
interest. Yu et al. [25] compared the bamboo-structure
building with an alternative brick-concrete building to
distinguish the intrinsic differences between Embodied
Energy and carbon emission. The authors conducted a
comprehensive life cycle assessment along material flows
based on technical potentials and the current LEED stan-
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dard. Alshamrani et al. [26] developed an integrated LCA-
LEED model for the enhanced sustainability assessment
of structure and envelope types of Canadian School Buil-
dings. Various combinations of structure-envelope options
are tested by using concrete, masonry, steel, and wood as
structural materials, and precast panels, steel stud, wood
stud, and cavity wall as envelope systems by considering
all thelife cycle phasesfor alife span of 75 years.

Theliterature review showed that no studies deal with
the influence of different insulating materials on green
building rating systems, especially when natural mate-
rials are used to reduce environmental impacts. In addi-
tion, most of the previously described studies evaluated
and compared different protocols only from a theoreti-
cal point of view without considering real case studies,
mainly focusing on new construction building projects.
In order to fill these knowledge gaps, this research aims
to apply ITACA (the most used protocol in Italy) and
LEED (the most used protocol worldwide) to quantify
the impact of natural insulating materials on the certi-
fication levels. After a major renovation intervention,
an existing Italian residential building was chosen as a
case study to validate the methodological approach. The
sustainability rate was evaluated by simulating different
insulating materials applied to the external surface of the
building envelope: e.g., glass wool, expanded polysty-
rene (EPS), and two types of natural materials (mineral-
ized wood fiber and kenaf). Due to national incentives,
installing the thermal insulation layer on the external
wall surface is the most common technique currently
used in Italy for building energy renovation. Therefore,
this case study is representative of the existing buildings
undergoing renovation interventions.

2. METHODOLOGY

The categories and credits influenced by the variation of
building materials were analyzed for ITACA and LEED
to evaluate the impacts on the partia (single category)
and final scores. Starting from the comparison between
the protocol s using the approach developed by Asdrubali
et a. [13] and the analysis of prerequisites and credits
driving the use of sustainable building materials with-
in LEED, the two different rating systems were applied
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to an existing multi-story residential building located in
Catania, Sicily, by varying the insulating material for the
building envel ope.

2.1. LEED AND ITACA SYSTEM COMPARISON

For the description of the protocol structure, refer to the
technical guidelines. LEED categories related to build-
ing materials are “Energy and Atmosphere” (EA), “Ma-
terials and Resources’ (MR), and “Indoor Environmen-
tal Quality” (IEQ) (Tab. 1). The first category includes
the “Optimization of energy performance’ parameter
influenced by the variation of insulating materials and
allows a maximum of 27 points over the total category
score equal to 30. Therefore, it strongly weighs on both
the partial category score and the final score. Most of the
parameters included in the MR category are affected by
the change of insulating material, having a high impact
on the partial category score, counting up to 10 points
over the total category score equal to 15, and, therefore,
they have a remarkable impact on the final score. These
parameters are described in the next paragraph. Focusing
onthe|EQ category, only the“ Acoustic” parameter isin-
fluenced by the variation of insulating materials, count-
ing up to 2 points over the total category score equal to
20, so it has a not significant impact on both the partial
category and final scores (up to 100). Therefore, the im-
pact of the insulating materials on the acoustic perfor-
mance was neglected.

Among ITACA categories, the ones influenced by the
change in insulating materials are “Resource Consump-
tion” (RC) and “Indoor Environmental Quality” (IEQ)
(Tab. 2). Unlike LEED, the RC category includes build-
ing energy performance and materials parameters. This
category counts for 53.60% of the final score. Insulating
material variation influences five of the nine parameters,
accounting for 29.40% of thetotal score. Like LEED, the
IEQ category is affected by insulating material change,
impacting the partial category score of 18.20% and the
total score of 4.55% through the “ Acoustic insulation of
building envelope” parameter. In this case, too, this pa-
rameter was neglected.

The comparison between the two methods was devel -
oped based on the procedure described by Asdrubali et
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al. [13]. By observing Table 1 and Table 2, it is easy to
notice the differences between the macro-areas of LEED
and ITACA protocols because they are not defined in the
same manner; thus, comparing results is difficult. In or-
der to make the two methods comparable, the common
itemsincluded in each LEED and ITACA category were
identified to define five macro areas: Site, Water, Materi-
als, Energy, and Indoor Environmental Quality. Refer to
Asdrubali et a. [13] for more information about param-
etersincluded in LEED and ITACA categories and how
they were grouped to create the new macro aress.

The scores obtained in Site, Water, and Indoor Envi-
ronmental Quality categories are not influenced by the
change in insulating materials. However, these catego-
ries were analyzed to evaluate the effect of the building
renovation project on the partial score related to these
categories compared to the total achievable score. Ta-
ble 3 shows the new distribution of the parameters into
five categories, highlighting the differences between the
scores achievable with LEED and ITACA.

LEED categories Maximum score

Sustainable Sites 23
Water Efficiency 12
Energy and Atmosphere 30
Materials and Resources 15
Indoor environmental quality 20
Total 100

Tab. 1. Areas and scores of LEED certification.

ITACA categories Maximum score

Site quality 4.0%
Resource consumption 53.6%
Environmental loads 17.5%
Indoor environmental quality 18.2%
Service quality 6.7%
Total 100%
Tab. 2. Areas and scores of ITACA certification.
Indoor
System Site Water Materials Energy Environmental Total
Quality
LEED 23 12 15 30 20 100
ITACA 43 182 10,4 47,6 19,5 100

Tab. 3. New macro-areas and scores for LEED and ITACA.
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2.2. "“MATERIALSAND RESOURCES’ CATEGORY
IN THE LEED PROTOCOL

Within the MR category in LEED rating systems, some
prerequisites and credits drive sustainable building ma-
terials' use. They include, amongst others, storage and
collection of recyclables, building life cycle impact re-
duction, and sourcing of raw materials.

2.2.1. STORAGE AND COLLECTION OF
RECYCLABLES

Storing and collecting recyclables is a mandatory re-
quirement in LEED. The intent is to reduce the landfills
and incinerators burden generated when building occu-
pants haul and dispose of waste through reduction, re-
use, and recycling service and education. The approach
involves providing dedicated areas accessible to waste
haulers and building occupants to collect and store recy-
clable materials for the entire building. Recyclable ma-
terials must include mixed paper, corrugated cardboard,
glass, plastics, and metals. Access to the recycling loca-
tion should be as convenient as possible to ensure em-
ployees participate in the recycling program.

2.2.2. BUILDING LIFE CYCLE IMPACT REDUCTION

ThisLEED credit intends to encourage adaptive reuse and
optimize material environmental performance. The aim
is to demonstrate the reduction in environmenta impacts
during initial project decision-making by reusing existing
building resources or reducing materias use through life
cycle assessment. The first approach involves maintain-
ing the existing building structure, envelope, and interior
non-structural elements. Materials reused or recovered
off-site and incorporated into the building can also con-
tribute to the calculation of credits. The whole-building
approach to credit involves cradle-to-grave life cycle as-
sessment of the designed building structure and envelope.

2.2.3. SOURCING OF RAW MATERIALS

This credit requirement encourages the use of products
and materials for which life cycle information is avail-

e-ISSN 2421-4574

able, and they have environmentally, economically, and
socially preferable life cycle impacts. Project teams are
rewarded for selecting products that are extracted or
sourced responsibly. Some LEED practices encourage
responsible sourcing of raw materials, including ex-
tended producer responsibility, use of biobased prod-
ucts, use of certified wood, and reuse and recycling of
materials.

2.3. “ECO-FRIENDLY BUILDING MATERIALS”
CATEGORY IN THE ITACA PROTOCOL

ITACA indicates the characteristics of “eco-friendly
building materials”. The ones usually deemed eco-friend-
ly are not toxic, reusable, renewable, recycled, or locally
found.

I TACA encourages the reuse of materials or the usage
of recycled materials. Hence the criteria: Recycled/Sal-
vaged Materials intends to assess the percentage of recy-
cled/salvaged material that isrequired. Additional points
are allocated when materials are derived from renewable
resources, that is, those products whose makeup partially
comes from plants or animals.

The supply of building materials from local manu-
facturers reduces the distance of the route that a certain
element takes to reach the construction site. Thiswould
help decrease the emissions generated during the trans-
port of the material. To determine thisindicator, “local-
ly sourced material” is considered, meaning a distance
of 300 km from the location. In addition, the percent-
age of components treated with ornamental materials
of regional manufacture is considered, i.e., materials
produced within a distance of 150 km. One more cri-
terion 1S “eco-sustainable materials”, which determines
the percentage of eco-sustainable materials, i.e., con-
struction materials whose eco-friendly attributes are
accredited.

24. CASE STUDY

A building constructed in the early 1970s was chosen
to represent typical multi-story residential buildings in
European cities undergoing energy renovation interven-
tion. This study was developed in the city of Catania,
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Fig. 1. Aerial view of the urban area where the reference building is located (Catania, Italy).

Southern Italy (37.52° N, 15.07° E). The Mediterranean
climate typical of this geographical areais characterized
by hot summers and mild winters. The case study used as
areference consists of a seven-floor multi-story building,
awidespread type in the densely urbanized area close to
the city center of Catania (Fig. 1) and, therefore, located
near the mass transport systems. Each floor consisted of

two residential apartments (Fig. 2). The structure of the
building is reinforced concrete, while the floors are rein-
forced concrete with hollow bricks.

The building walls are described in Table 4. Thistype
of vertical envelope, widespread in buildings belonging
to the same period, is characterized by low thermal per-
formance (U-value 0.975W-m2-K™"). Single transparent
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Fig. 2. Typical floor distribution (on the left) and perspective view (on the right).
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panes of glass were used with a thickness of 3mm and
thermal transmittance Ug=5.89W-m2-K!. The window
frame was aluminum without athermal break and with a
thermal transmittance of UF=5.88W-m2-K"!. The over-
all thermal transmittance U of the existing flat roof was
1.12W-m 2K,

Apart from the thermal insulating material applied
to the external wall surfaces (without changing win-
dows), the energy renovation project concerns the in-
stallation of a new and high-efficiency heating system
in each apartment, photovoltaic panels, electric charges
for cars, and a new elevator. No interventions were de-
signed to improve the water supply’s efficiency and re-
duce water consumption.

The energy performance assessment in LEED is
based on the whole building’s performance, involving
adynamic simulation. In this paper, DesignBuilder with
EnergyPlus engine was utilized. LEED requires to ex-
hibit a percentage increase in the energy performance
of the analyzed building, compared to the evaluation
of energy utilization of a reference building. The latter
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should be modeled following the creation of a prototype
described in Appendix G of ASHRAE 90.1-2007 [27]
with some modifications to adjust the model to the Ital-
ian condition. The comparison among the energy per-
formance of the analyzed building and the reference one
has to exhibit an increase of a minimum percentage of
10%; it is possible to achieve the highest result demon-
strating an increase of 66%.

In ITACA, the energy performance evaluation is sep-
arated into four sheets that assess the thermal transmit-
tance of the envel ope, the primary energy for heating, the
net energy for cooling, and the CO, emissions that need
computations based on the method defined by the UNI
TS 11300: 2008 [28].

The important difference between ITACA and LEED
lies in the method: the tool sheets need specific outcomes
resulting from a simulation of the projected building,
while LEED necessitates the simulation of two models,
one corresponding to the real building and the other with
features established by the Appendix G of ASHRAE
90.1-2007 [27].

Material Thickness Oven Dry Density  Thermal Conductivity Specific Heat Thermal transmittance
[mm] [kg-m] [variable] [kJkg™K 1] [W-m2K ]
Plaster 20 1860 A=0.72 W-m!-K"! 0.84 36.00
Hollow brick 120 - R=0.31 m*K-W! - 3.23
Air gap 60 R=0.18 m*K-W! 5.55
Hollow brick 120 - R=0.31 m*K-W! - 3.23
Plaster 20 1860 A=0.72 W-m'-K! 0.84 36.00
Tab. 4. Stratigraphy of the existing external wall in the case study building.
2.5. INSULATING MATERIALS e
. Density  Specific heat .
. ) . . Material ] 1w conductivity
Table 5 shows the insulating material properties of the (kgm?] kIR iy
building envelope, e.g., glass wool, expanded polysty- Glass wool 21 1.0 0.035
rene (EPS), mineralized wood fiber, and kenaf, as iden- EPS 22 13 0.035
. . . Mineralized wood fiber 533 18 0.065
tified by Schiavoni et al. [23] because they have compa- Kenaf 100 17 0.030

rable thermal conductivities but diverse environmental
characteristics: EPS has higher embodied energy than
the glass wool, while wood fiber and kenaf have lower
embodied energy. These insulating materials are applied
to the external surface of the existing building envelope,
which is the most common technique for existing build-
ing retrofitting in the Italian context.

Tab. 5. Insulator input data used for thermal calculation of the case
study.

The first material, glass wool, is produced by mix-
ing natural sand and glass (usually recycled). The trans-

formation in fibers occurs thanks to centrifugation and
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blowing processes. Then, the fibers are bounded thanks
to the addition of resins. Several studies demonstrated
that the thermal insulation performance of glass wool
materials for building applications seems to be not af-
fected by high temperature and moisture conditions. The
producing manufacturers can recycle used glass wool.

The second materia is expanded polystyrene (EPS),
usually obtained by evaporating the pentane added into
polystyrene grains. This process allows the realization of
a white, rigid, and closed-cell foam characterized by low
thermal conductivity. Research activities demonstrated
that the thermal conductivity of EPSis affected by mois-
ture. They are usually commercialized as panels, easily
handled and cut without losing performance. Specialized
industries perform the recycling process of these kinds
of materials.

Mineralized wood fibers are obtained by applying a
mineralizing process to wood materials derived from pop-
lar, fir (or other fast-growing plants), or residues of the
sawmill industry. This process improves the fibers’ resis-
tance to fire, rodents, and insects. Portland cement is used
as a binder to create panels that are quite heavy. These
materials could be recycled even as concrete aggregates.

Finally, kenaf fibers are obtained from the Hibiscus
cannabinus, a fast-growing plant able to reach 3.5 m of
height in 2 years. Fibers are usualy mixed with poly-
ester and fire retardants. The absence of protein makes
kenaf not attractive to rodents or insects. Concerning the
environmental impacts, the kenaf fiber insulation board
proved that if the plants are cultivated near the factory,
and the disposal scheme of the exhaust panels consists
of incineration with energy recovery, this material isless
impacting than glass wool.

3. RESULTSAND DISCUSSION

Concerning the comparison between LEED and ITA-
CA, it is noticeable that LEED gives more importance
to material selection since a specific category (MR) has
been assigned to thisitem (Table 1), and a maximum of
39 points depends on the insulation material properties
(29 pointsin EA, 10 pointsin MR and 2 pointsin |EQ),
whilein ITACA they can reach up to 33.95% of the total
score (29.40% in RC and 4.55% in IEQ). In addition,
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although in both certification methods, “Materials from
renewable resources’ and “Local materials’ parameters
are considered, LEED pays attention to using recycled
materials as a strategy for reducing waste. This aspect is
not considered in ITACA.

Both rating systems were applied to the examined
building by analyzing the effects of different insulating
materials on the partial and final scores. Tables 6 and 7
show the results considering the original categories be-
fore normalization. By observing the total scores, ev-
ery building configuration obtained LEED certification
(except the case with EPS) and Class C certification in
ITACA. As aresult, the impact of changing the insulat-
ing materials is very similar for both procedures, and
the effects are about the same. In LEED, when EPS is
installed as an insulating material, the building project
does not reach enough points to obtain the certification,
and, therefore, the proper choice of the insulating materi-
al is fundamental in achieving the certification.

As gtated in the previous section, the insulating mate-
rials affect the results of two original LEED categories:
“Energy and Atmosphere” and “Material and Resources’,
while in ITACA, only the “Resource Consumption” cat-
egory is affected. Regarding LEED, in EA and MR cat-
egories, the use of EPS leads to a reduction of the partial
score compared to the other cases. On the contrary, kenaf
and mineralized wood fiber solutions have the highest
scores in both categories. Regarding ITACA, in the RC
area, EPS results as the worst choice as in LEED, while
kenaf and wood fiber reach the highest partial score. These
differences are mainly related to the different origin of the
raw materials and the possibility of recycling or reusing
them at the end of their life cycle. In addition, considering
the material properties shown in Table 5 and the specif-
ic climate conditions of Catania, mineralized wood fiber
is the most performing material in the energy categories
because it is characterized by higher thermal conductivity
and higher density related to thermal mass. As observedin
Section 2.2, the proximity of materials production to the
building construction site is relevant. For instance, kenaf,
which can be found locally, alowed achieving a higher
score compared to the other materials. Therefore, when
selecting an insulating material, it is important to look at
the environmental and energy performance they provide.
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T E M A
LEED Glass wool EPS Mineralized wood fiber Kenaf
Sustainable Sites 13 13 13 13
Water Efficiency 2 2 2 2
Energy and Atmosphere 17 16 20 18
Materials and Resources 4 3 6 7
Indoor environmental quality 5 4 4 4
Total 40 38 45 44
Rating level Certified - Certified Certified
Tab. 6. Results for the LEED protocol.
ITACA Glass wool ERS Mineralized wood fiber Kenaf
Site quality 3.00 3.00 3.00 3.00
Resource consumption 24.19 23.42 26.45 2551
Environmental loads 5.50 5.50 5.50 5.50
Indoor environmental quality 5.48 5.48 5.48 5.48
Service quality 3.52 352 3.52 3.52
Total 41.69 40.92 43.95 43.01
Class C c C C

Tab. 7. Results for the ITACA protocol.

After the normalization process described in Asdrub-
ali et al. [13] and the definition of the new five catego-
ries (Tab. 3), the results of the two rating systems were
compared in Figure 3 and Figure 4. Thetotal valuesrefer
to the maximum score achievable for each category, and
it shows that LEED continues paying more attention to
the “Materials’ category (15 total points) compared to
ITACA (10.4 total points). Differently, LEED pays less
attention to the “Energy” category (30 total points) com-
pared to ITACA (47.6 tota points).

The only two areas affected by the materials change
are “Materials” and “Energy”, smilar to LEED. Focus-
ing on the “Energy” category, the energy consumption
of the building case study with glass wool was 30.73
kWh/m? calculated with DesignBuilder, while in the
configurations characterized by the use of EPS, kenaf,
and mineralized wood fiber, the energy demands were,
respectively, 31.27, 31.15 and 30.75 kWh/m?. In LEED,
it results in different scores achieved by the insulation
materialsin the “Energy” category. Glass wool obtained
about 63% of the maximum achievable category score
influenced by changing the insulating material, the EPS
obtained the lowest score (about 59%), while kenaf and
mineralized wood fiber allow obtaining the highest score
asdesign solution (about 67% and 74%, respectively). As

described in the previous section, in ITACA, the impact
onthe“Energy” category islessaccurate than LEED due
to the energy assessment method adopted by modeling
thereal building and using a performance scale to assign
points. Concerning “Materials’ category in LEED, glass
wool and EPS obtained, respectively, 40% and 30% of
the maximum achievable category score influenced by
changing the insulating material. Kenaf achieved 70%
and wood fiber about 60%, resulting in the best perform-
ing in this category. However, these results show that,
although kenaf and mineralized wood fiber can be con-
sidered sustainable and energy-efficient materials, they
do not reach the maximum achievable category scorein-
fluenced by changing the insulating material. Therefore,
future research should consider alternative materials op-
timized for specific climate conditions.

Finally, in LEED, as can be seen in Figure 3, the ren-
ovation design project allowed to achieve about 57% in
“Site”, about 17% in “Water”, and about 20% in “Indoor
Environmental Quality” on the total achievable score for
each category. Differently, in ITACA, the renovation de-
sign project obtained higher scoresin “ Site” and “ Water”
(more than 65% and 35% of the total achievable score,
respectively), while in “Indoor Environmental Quality”,
it was lower than 30% of the total score (Fig. 4). These
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results are not influenced by the change in insulating
material and, therefore, their analysisis out of the scope
of this research. However, it can be concluded that the
building obtained many points in the categories related
to the position of the building thanks to its closeness to
both the urban city center and the mass transportation
systems. At the same time, few points were obtained in
the water and indoor quality categories because no inter-
vention was included in the renovation project.

4. CONCLUSIONS

In this paper, a comparison between ITACA and LEED
protocols applied to a renovation project in an Italian
residential building was carried out. Five new categories
were defined (Site, Water, Energy, Materials, and Indoor
Environmental Quality) for comparing the two methods
and their scores, according to previous research [13]. In
addition, this research showed how and to what extent
the insulating materials characteristics can affect the
two methods in the partial category and final scores. The
sustainability rate of the building chosen as a case study
was evaluated by simulating different configurations of
the building envelope, characterized by thermal insula-
tion made of glass wool, EPS, and two types of natural
materials, mineralized wood fiber and kenaf. The follow-
ing are the main results:

e after normalization, LEED pays more attention
to the “Materials’ category (15 total points) com-
pared to ITACA (10.4 total points). Differently,
LEED pays less attention to the “Energy” catego-
ry (30 total points) compared to ITACA (47.6 total
points);

» by observing the total scores, every building con-
figuration obtained LEED certification (except for
the case with EPS) and Class C certification in
ITACA, demonstrating that the proper choice of
theinsulating material was fundamental in achiev-
ing the certification level desired;

» the mineralized wood fiber was the most perform-
ing materia in the energy categories because it is
characterized by higher thermal conductivity and
higher density related to thermal mass. At the same
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time, kenaf, which can be found locally, alows
for achieving a higher score in material categories
thanks to the closeness of materials production to
the building construction site;

» although kenaf and mineralized wood fiber can
be considered sustainable materials, they do not
reach the maximum achievable category score in-
fluenced by changing the insulating material be-
cause some of the points attributed to the “ M ateri-
als’ category directly depend on the building and
the manufacturer locations and none of the mate-
rials proposed are manufactured close to the site.

Future research on thistopic should consider other nat-
ural insulating material's (such as hemp, sheep wool, straw
bale, etc.) that can allow for reaching the maximum scores
attributed by therating systemsto the insulating materials.
In addition, historic buildings represent most of the build-
ings located in the city center in which it is not possible
to apply the thermal insulation layer on the exterior wall
surface and, therefore, innovative materials should be ex-
plored to increase the thermal resistance of the envelope
(such as aerogdls, vacuum insulated panel, etc.).
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Abstract

As the building stock plays an essential role in meeting Europe’s cli-
mate target, suitable strategies are necessary for the sector transition.
This paper compares two dry-multi-layer walls characterized by dif-
ferent compositions: one applies heat reflective insulation with Phase
Change Materials (PCM), while the second uses traditional glass wool
batt. The experimental tests were conducted in a retrofitted building, the
VELUXIab, a multi-testing laboratory located at Politecnico di Milano
University (Italy), as one of the main outputs of the TEPORE proj-
ect granted by the Lombardy Region. The temperatures and Heat Flux
were measured through sensors between the inner and outer surfaces
of the traditional wall (Dry Wall) and the false-wall with PCM (Active
Dry Wall). The goal was to compare the two technologies evaluating
the performance during daytime and nighttime in the winter season.
Outcomes showed the advantages of the PCM application on space
heating energy needs, revealing that their integration into the false-wall
decreases the temperature by 1°C for a 30-40% thermal savings in the
building envelope heat |osses per week during cold seasons compared
to the traditional wall. The study reveals that the PCM layer reduced
the peak Heat Flux by 2.67 W/m? during the accumulation and release
period.

Keywords

PCM, Dry construction technology, Energy efficiency, Thermal inertia,
Sensors.
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1. INTRODUCTION

The European Parliament and the Council’s request for
highly efficient buildings [1] regard not only the near-ze-
ro annual balance between produced and absorbed ener-
gy (NZEB) [2] but also the reduction of life-cycle-relat-
ed greenhouse gas emissions [3]. Indeed, almost 40% of
in-home energy use is due to occupants’ interaction with
the building’s systems [4, 5], generating an enormous
amount of environmental impact [6, 7]. In this perspec-

tive, the adoption of Phase Changing Materials, mainly
in lightweight technology [8], can be a suitable “car-
bon-effective” investment to refurbish existing build-
ings [9] or new constructions [10]. Even though the
buying price of PCM is relevant, it has been observed
that the payback cycle of the system is efficient thanks
to the cost of energy saved [11] by lowering the cooling
and heating demand. In active systems, the PCM is a
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possible heating peak load shifting strategy for build-
ings to achieve indoor thermal comfort, especially for
applications to existing buildings to improve the current
installation’s performance [12]. On the one hand, aux-
iliary studies on dynamic energy simulation show that
construction solutions with PCMs can cut consumption
by flattening the indoor temperature fluctuations and
reducing/shifting the load peak [11] due to the heating
store capacity of the material (artificial inertia). On the
other hand, the monitoring campaign on indoor envi-
ronmental quality metrics and energy consumption of a
building designed with PCM and installed in the second
story of the west unit [13] shows that the installation of
PCM had a positive effect on thermal comfort, reducing
the estimated annual overheating hours from about 400
to 200 and that has a significant impact on the building’s
energy consumption.

Some other research [14] demonstrated that a suitable
storage system capable of accommodating the thermal
loads arising within the room during the daytime, a 5
cm layer of microencapsulated PCM (25% by weight of
the ceiling material) and gypsum in a ceiling panel are
sufficient to maintain a comfortable room temperature
in standard office buildings [15]. The addition of a PCM
layer to building walls [16] shows that: (i) the PCM-in-
tegrated walls are advantageous mostly in moderate cli-
mates and when the daily temperature swings should be
favorable to permit free ambient cooling/heating; (ii) the
transition temperature of the PCM should be optimized
to enhance the utilization of the PCM; (iii) the location
of the PCM in the wall should be tweaked so that the
layer can interact with both the exterior as well as the
interior environments. A further study [17] highlighted
that incorporating PCMs in buildings’ walls, floors, and
ceilings can significantly release load management. In-
deed, PCM can offer a higher storage capacity [18] as-
sociated with the latent heat of the phase change, accu-
mulating and discharging heat and cold on-demand, and
controlling humidity in various applications. Additional -
ly, different parameters may influence the performance
of PCM, as the location of the PCM layer embedded in
walls and the environmental conditions [19] affect the
thermal proprieties, as the absorption and release of la-
tent heat can radically change. The study reports that
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PCM with a transition temperature of 22-24°C, located
in the middle of thewall, reduces the annual heat gain by
3.5%-47.2% and the annual heat loss by -2.8% and 8.3%,
depending on the location considered in this reference
study using USA climate [16].

Although the literature shows many studies related to
the PCM effectiveness measurement, only some studies
compare their efficiency by analyzing data from case
studies instead of digital/theoretical models. Therefore,
the need to further investigate the PCM application with
a work aiming to compare the behavior of two real false-
wall, one with PCM, to assess their inertial capacity in
heating mode. The intention is to support the ecological
transition to a more sustainable — and ethical — approach
to buildings by estimating the amount of energy savings
thanks to the combined use of sensors and a thermo-
graphic survey. This double method of analysis looks at
meliorating not only the quality of life and integrity of
buildings but al so that of individuals according to climat-
ic zones and comfort requirements.

Accordingly, the obtained results for the winter sea-
son could be examined and verified in further develop-
ment for the summer season, where the artificial inertia
capacity of Phase Changing Materials allows for flat-
tening the temperature peak around noon and releasing
stored heating during the night.

2. METHODS

The present paper aims to compare two types of portions
of multi-layer technology false-walls — the first is called
Active Dry Wall with alayer of phase change materials
(PCMs) between the gypsum boards, and the second is
atraditional Dry Wall [20]. They were installed as two
portions of counter wall in VELUXIab, a Politecnico di
Milano test building. This work is part of the TEPORE
project, a research project supported by the Lombardy
region (Italy) that evaluates the application of innovative
envel ope technology based on the heat sink effect [21] in
efficient and intelligent buildings under heating through
a sensor-based upgrade approach [22]. The selected tech-
nologies were chosen because of their market diffusion
as a standard dry wall solution to compare with an effi-
cient PCM layer composition among materials furnished
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by the project partners. The comparison between various
building components and productsis carried out through
their on-field performance by checking, monitoring, ana-
lyzing, and optimizing the energy consumption and com-
fort in heating mode.

Several sensors were installed between the false-
walls to detect the surface temperature and heat flow.
Realizing two sensor walls with different stratigraphy al-
lows for verifying their efficiency by an on-site survey of
adata series derived in a digital environment. The smart
control technique is applied to enhance and monitor their
performance and make them cost-effective [12] from the
sustainable design perspective, i.e., BIM 6D [23].

The research evaluates PCM'’s energy performance
for 69 days within atest facility building to observe the
winter seasons' behavior compared to traditional dry
wall technological solutions [14, 21]. The progress en-
sured by the data collected is crucial to understanding the
material’s behavior in different climate conditions (rainy,
cloudy, and clear sky), the humidity of the environment
and the radiation level as a parameter of influence for the
artificial inertia performance. The survey was taken from
24th November 2018 until 1st February 2019. Theresults
are reported both in a medium-term perspective (Section
3.3. Weekly Analysis: 24th—30th November), with adaily
focus (Section 3.2. Daily Analysis) and on-the-spot com-
parison, as expected behavior of the technology during
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the winter period (Section 3.4. Weekly Comparison of
Active Dry Wall and Traditional Dry Wall). Parall€lly,
on the 6th and 12th of November 2018, a thermograph-
ic survey (Section 3.1. Thermographic Survey) analyzed
the surface temperature of the wall to check and com-
pare results with analytical data from sensors (Section
3.5. Temperature Section Analysis).

2.1. COMPONENTS FEATURES

The energy performances of the two dry wall technolo-
gies (Active Dry Wall and Dry Wall) are compared using
the monitoring data collected by sensors. In particular,
sensors are inserted into different layers of the two false-
walls installed on the existing building envelope, as de-
scribed in Section 2.2 Experimental setup. The stratigra-

phies of the two false-walls are:

» Active Dry Wall: plasterboard, PCM sachets,
plasterboard, reflective honeycomb thermal insu-
lation, air cavity, thermal reflective insulation;

» Dry Wall: plasterboard, air cavity, plasterboard,
glass wool insulation, air cavity, thermal reflective
insulation.

The main thermal properties of the wall materials are
reported in Table 1.

Width x " Specific Heat Tharmal
Ttem Haight T'“’{mm'?ﬁ m'f‘mt_'} Capacity  conductivity  Quantity
{(mm} {3/ kgk] (W / mi}
Latha for fising Mubki- 5
Bl tiot Trelstion #0 x 2,000 15 = = - L
Cu
Metal frame 40 % 2,000 F F4m
Gypsum board 1,200 x 2,500 12,5 B0 1,000 0.21 10 m?
Thin Multi-Reaflective 2
Tnsulation 1,220 x 2,000 20 1,450 0.0 5
Honeyoomb 3
o R . L. ..
GGlass wandol a0 x 2, 000 73 21 1,030 0.33 Fll i
Sedid state 003
5,000 i
PCM 124 x 1232 125 14,000 T B sachets
Licjuict state 0.5
2,000 n

Tab. 1. Material items referred to Dry Wall and Active Dry Wall installed on the south side of the east wing of VELUXIab. Characteristics of Thermal
Capacity and Thermal Conductivity of PCM in the solid and the liquid state.




Vol. 9, No. 1 (2023)

Specifically, thermo-reflective insulation is multi-re-
flective thin insulation based on sheep wool, airtight and
watertight. It is positioned to detach the two false-walls
from the effect of the external closure behind them. In par-
ticular, it preserves results from direct radiation affecting
the west wall during the afternoon and avoids heat loss
from inside to outside during the night. The honeycomb
insulation ensures winter and summer thermal insulation,
acoustic insulation, and airtightness of buildings. The
glass wool is used for thermo-acoustic insulation of walls,
false-walls and false ceilings made with the dry system.
Findly, the PCM used is a commercial solution (ClimSel
C21©) in salt hydrate-based material in aluminum pack-
ets. Its main components are sodium sulphate, water, and
additives. The starting melting temperature range is be-
tween 21°C (solid) and 26°C (liquid); the latent heat of
fusion is 134 kJkg for aliquid density of 1.4 kg/l.

The internal false-walls were positioned in contact with
the existing vertical closure, detaching the two walls by in-
serting thin reflective insulation using a galvanized light-
weight metal framewith C studsand aU transom to contain
the insulation. Different insulation layers characterize the
systems because of their diverse behavior: the thermo-re-
flective insulation has no inertial performance, provided by
the PCM sachets, while the traditional Dry Wall provides
it through the glass wool. The two systems are selected be-
cause they are two conventional dry wall layers available
on the market with comparable thermal transmittance.

The two walls are mainly differentiated by the pres-
ence of a layer of Phase-Change Material in the Active
Dry Wall between two layers of plasterboard, whereas
the traditional Dry Wall has an air cavity. The hydrate
salt materials accumulate significant amounts of heat
while maintaining a constant temperature during the
transition phase (between 21°C and 26°C for the PCM
material adopted: sodium sulphate, Na, SO,-10H,0).

The two walls' comparative performance analysis is
based on the PCM characteristic to exploit the cycles of
heat release and heat absorption, allowing the regulation
of the thermal condition of indoor environments during
the heating time. The material allows heat flow while
maintaining the same physical state. The material allows
heat flow while maintaining the same physical state. The
material startsits phase transition during its melting tem-
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perature, maintaining a constant temperature until the
transition is complete when the heating flux restarts. The
heating flux can be considered positive during the day
when PCM stores heating by absorbing it from external
radiation and negative during the night when the heating
absorbed is released. The capability to store thermal en-
ergy related to phase transitions, allowing a temporary
accumulation of thermal energy at a higher temperature
and itsrelease at alower [21], can be described as “ arti-
ficial inertia” [24]. According to the comfort temperature
setup, the melting temperature of PCM is21°C, athough
the inner temperature and the PCM surface temperature
can be higher because of their location. The salt-hydrate
superficial temperature can come up to 26°C in the win-
ter because they are affected by direct sun radiation from
the south window. The temperature can continue to in-
crease once the transition to the liquid state is complete.

The comparative analysis of the performance [25] of
the two walls in the facility building of VELUXIlab, fo-
cuses primarily on the monitoring process through “ sens-
ing”. The sensorization of walls is functional to collect
data through the surface temperature and heat flow of the
two technologies in the inner and outermost layers. As
the building’s nature is an office, comfort temperature is
settled at the 20-26°C range and a working schedule of
8:00-18:00. During the winter season, the outside tem-
perature float between -5°C and 10°C, with 2°C-7°C of
average temperature in December.

2.2. EXPERIMENTAL SETUP

The case study of this research, which is part of the TE-
PORE project in collaboration with Smart Living — an ini-
tiative to investigate technologies and products application
in home buildings — is VELUXIlab, a multi-test building of
the Politecnico di Milano a Bovisa Campus neighborhood
in the northern part of the city (Fig. 1). The false-wall was
installed against aportion of thewest wall of the east wing of
the VELUXIab, near three roof windows that allow light to
enter and break down against the new construction (Fig. 2).

Thedatasurvey took place from 24th November 2018
until 1st February 2019 with atime step of 15 minutes.
It was functional to test the proper functioning of these
sensors and design the system of graphic representation
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Fig. 1. The 3D view of the east wing monitoring system: the Dry Wall, on the left side, and the Active Dry Wall, on the right one, installed on the
south side of the east wing of VELUXlab.
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Fig. 2. The horizontal section of the Dry Wall on the left side and the Active Dry Wall on the right one, installed on the south side of the east wing of

VELUXIab, highlighting the sensor’s location and the technology layers’ composition. The two false-walls are detached from the existing vertical
closure thanks to a vertical insulation layer (B) and the wooden batten (F).
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of the data collected. As described in Figure 2, the fully
sensorized wall was equipped with the following:

» five surface temperatures and two flow sensors:
LSI-LASTEM type (Temp.1 Dry Wall, Temp.2
PCM, Temp.3 Dry Wall, Temp.4 Dry Wal,
Temp.5_PCM, Flux6_Dry Wall, Flux7_PCM).

[The LSI-LASTEM features for Temperature
(T) and Heat Flux (HF) are, respectively: Op-
erational temperature range (°C), -50 to +70
(T), -30 to +70 (HF); Accuracy measurement,
+/-0.1°C (T), +/-5 kW/m? (HF); Resolution
sensors, 0.01°C (T)].

* two aerial temperatures and two flow and surface

temperature sensors. GreenTEG type (Temp.110

Dry Wall, Flux.110 PCM, Temp.108 Dry Wall,

Flux108 PCM, Temp.108int_PCM, Temp.110int_

PCM).

4

\.
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[The GreenTEG features for combined Tem-
perature and Heat Flux are: Operational tem-
perature range (°C), -40 to +80; Accuracy
measurement, +/-0.1°C (T), +/-3 % (HF); Res-
olution sensors, 0.01°C (T), 0.09 W/m? (HF)].

The technology of materials and layers is defined as
“invisible” because of the high performance achieved in
small thicknesses. The use of multi-reflective materials
and the high thermal capacity of PCM turn the building
into “active” and even more“reactive’ to external climatic
stimuli in a shorter time. The experiment is conducted by
creating two new false-wall portions instead of modifying
the existing vertical closure. Sensorsinstalled in the smart
dry walls have constantly monitored the real performance
of the envelope-plant-interior environment system (indoor
comfort). The montage was carried out over the two half-
days on the 10th and 11th of July 2018 (Tab. 2).

L

3 Instalation of The shes dmﬂﬂhenr
Fraimia vl Meofrene SiTifs on slemenks, with themee
the Foor asd fatws mailing raftie aradation

2T
I | ._"_i

B: Iretaation of ta
piliber Board ersss

21 Irstatangn oF POM agadpticn
Fepat Mhva Gcaies

Tab. 2. The installation phases with eight steps of the Dry Wall on the left flank and the Active Dry Wall on the right one, installed on the south

side of the east wing of VELUXlab.
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The two Dry Walls are identically sensorized (Tab.
2 phases 6, 7 and 8) to collect and retrieve data. Data
collected are analyzed from generic data (thermographic
survey) to specific (sensors analytical values) and from
the instantaneous moment to weekly behavior to extend
the results to the whole winter season. This approach fol-
lows incremental knowledge progress by understanding
the global effect of the PCM compared to a simple dry
wall at first with lower precision data coming from the
thermographic survey and then validating the results by
quantifying the effective benefits of heating flux savings
by the analytical sensor data collection.

Survey on the 061272018

(Wi | 2731008 - §2:00

TEMA: Technologies Engineering Materials Architecture
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3. RESULTS

3.1. THERMOGRAPHIC SURVEY

A thermographic survey campaign was conducted with
the support of aFLIR T400 thermal camera. This survey
aims to verify the thermal operation of the two technol-
ogies by observing the radiation emitted in the infrared
range of the electromagnetic spectrum. The external
temperature and westher conditions are collected by the
closest weather station located in the northern area of
Milan because of the influence of direct radiation and
environmental temperature on the results.

DR 272005 - 14:00 D5 13018 - 1600

i3 Actve Dy Wall wigh PLM 061373018 - 14100 CH/1Z204E - B6;00
Bomdary condilions Tt 10,30 Tout; 119 °C Tok: (080
Westher condilions: parbalty  Wealer condilions! surehiny  Westher condiions: Sunshry
e s e o e mm
Survey on the 1171272018
R

3t Ory Wil

1173018 - 1300

13/ 122008 - 12:00

Tout: 12.8%C
Weather conditions: mnshing  Weathar canditions: sunshiny

#: At Dry Wall with PCM
Bounciary condttions

112018 - 1600

117122008 - 14:00 11133018 - 1650
Tout: 13.3%C Taugk: 115 *C

Wrather CoMOns: sursiny

Tab. 3. The thermographic survey performed from 06/12/2018 to 11/12/2018 on the Dry Wall on the left flank and the Active Dry Wall on the right

one, installed on the south side of the east wing of VELUXIab.
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The analysis was carried out simultaneously in three
hours steps (12:00, 14:00 and 16:00), selecting days
with similar weather conditions (sunshiny) to avoid the
influence of environmental and climatic conditions of
the place under analysis. The two chosen days are the
6th and the 11th of December (Tab. 3).

The results show a constant difference between the
surface temperature of the Dry Wall insulation and the
Active Dry Wall for both surveys. around 1°C higher
for the glass wool insulation due to PCM’s most sig-
nificant heat absorption by its phase change. In the first
survey (Tab. 3) on 6th December, the surface tempera-
tures of the PCM and the glass wool insulation are sim-
ilar (19.9°C and 20°C, respectively) because there is
no direct sunlight affecting the wall (partially overcast
weather conditions). In the second survey on 11th De-
cember, the initial delta at noon is higher (1.3°C, re-
sulting from 24.9°C of the Dry Wall and 23.6°C of the
Active Dry Wall) because of the radiation affecting the
false-wall throughout the morning.

The higher reduction of the outside temperature
from 13.3°C to 11.9°C accelerates the PCM inertial ca-
pacity reversion. It released the heat accumulated to the
internal environment, having asimilar surface tempera-
ture to the Dry Wall (0.5°C of the deltaat 16:00 on 11th
December instead of 1°C on 6th December).

3.2. DAILY ANALYSIS

The proposed analysis realized through fully sensorized
walls aims to estimate their energy performances. The
heat flow graphs measured on the Dry Wall (sensor
Flux6_Dry Wall in Fig. 3a) and the Active Dry Wall
with PCM (sensor Flux7_PCM in Fig. 3b) highlight the
effect of both walls from the radiation metrics (the blue
bar in the charts) as general behavior, with positive val-
ues when the sun is present. As a result of the solar ra-
diation intensity peak (6.53 W/m? at noon), the surface
temperature of the two walls (Temp.4_Dry Wall and
Temp.5 PCM) increases together with the inner tem-
perature, reaching the same temperature around 11:00
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(21.22°C and 21.24°C respectively for the Dry Wall
and the Active Dry Wall).

Instead, the different inertial capacity produces an ef-
fect on solar radiation: the Dry Wall closes the gap by
approaching the values between the inner air tempera-
ture and its surface temperature after the solar radiation
intensity peak (0.17°C at 15:00, 0.8% of the indoor tem-
perature), while the Active Dry Wall saves 0.88°C, that
is4.1% of the inner temperature. This deltais constantly
maintained during the whole day (0.76°C as the daily
average value, around 3.8%), while the Dry Wall release
more energy during the night, having at midnight a delta
of 1.68°C (7.5% of the inner temperature), compared to
0.62°C (only 2.7% of losses) of the Active Dry Wall.

The difference between the deltadaily average value
for PCM (1.28°C, 0.6% minor than the inner tempera-
ture) and Dry Wall (0.76°C, 3.5% lesser than the inter-
nal temperature) is 0.52°C. Therefore, it is 2.5 times
higher than the traditional solution, which reflects the
superior attenuation capacity of the artificial inertia of
the PCM material compared to the traditional one and
resultsin a higher surface temperature during the night,
levelling the peaks.

The Heat Flux analysis shows some delays between
the two solutions: the accumulation period of Dry Wall
starts at 6:00 (Fig. 3a), two hours before the PCM (8:00
in Fig. 3b), and finishes at 16:30, half an hour before
the active Dry Wall. The peaks also confirmed the de-
lay: PCM peak is 13.7 W/m? at 14:00, while the dry
false-wall is 11.1 W/m? at 13:00 with a delta of 2.6 W/
m? between the two maximum values. Comparing the
area under the curve, the PCM Heat Flux is 20-30%
higher in the accumulation period because of the delta
of peaks, despite 1.5 hours less of accumulation. The
trend is again confirmed during the night: the negative
peak is 1.9 W/m? for the dry false-wall at 19:00, while
the Active Dry Wall is -4.4 W/m? at 1:00. The discharg-
er phase (highlighted in blue) is 2.3 times higher for the
PCM due to its (artificial) inertial capacity. The global
heating energy transfer for a single day (30th Decem-
ber) results in a reduction of 40%.
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Dry wall) of the Dry Wall - related to Inner and Outer Temperature (Temp.IN/Temp.OUT) and the Solar Radiation. The surface temperature
(Temp.4_Dry wall) is close to the Inner Temperature peak at 15:00, while the discharger phase is relatively small compared to the accumulation
period. (b) The Heat Flux (sensor Flux7_PCM) and Internal Surface Temperature (sensor Temp.4_PCM) of the Active Dry Wall with PCM - related
to the Inner and Outer Temperature (Temp.IN/Temp.OUT) and the Solar Radiation. The surface temperature (Temp. 5_PCM) is constantly 0.9°C
lower than the Temp.IN, while the accumulation and the discharger phases are similar in embodied energy thanks to the heat sink effect of PCM

(artificial inertia).
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3.3. WEEKLY ANALY SIS

The weekly analysis (Fig. 4) shows a close to zero Heat
Flux exchange for November 24th and 25th because the
office was not populated, with closed shadings prevent-
ing radiation from acting on the false-walls and a set-
point for the heating system of 17°C minimum. From
Monday 26th to Friday 30th, the general path described
is confirmed, showing a flux delay of 1 hour, a higher
accumulation capacity of 20-30% and a similar gap of
2.7 W/m? in the negative peak. The accumulation peak
shrinkswhen the radiation islower: both are around 2 W/
m? lower on the 29th and 30th, while the heating release
isunrelated to the radiation path.

Besides, specific analysis for the portion of the wall
with PCM (Fig. 5) compares the Heat Fluxes measured
on the inner face of the plasterboard before the PCM
(sensor Flux110 PCM) and on the exposed surface in
the room after the PCM (sensor Flux7_PCM). The two
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surfaces have opposite Heat Flux curves due to the PCM
heat shield effect. In the morning, salt and paraffin col-
lect heat from the externa surface — thanks to the direct
sunlight — oppositely, the PCM releases the stored heat
to the inner space during the night. The honeycomb re-
flecting insulation avoids heat loss to the external side,
directing it to the inner side and coming to zero flux.
The global accumulation flux is 4.5 times larger than
the discharger peaks; the proportion between the sunlight
hours (13.73 W/m? on the 28th) and the night release
(-4.31 W/m?) is also confirmed on the 27th, as highlight-
ed in the graph (Figure 5). On this day, the delta between
accumulation (+15.31 W/m?) and the release peak (-5.88
W/m?) is also higher (21.19 W/m?on the 27th; 19.44 W/
m? on the 28th) because of the high level of the outer
temperature (14.5°C on 27th and 12.3°C on 28th).
Similarly, the releasing period shows the same path:
the discharger delta at night (around 1:00) is about 4.71
W/m?2on the 27th and 4.5 W/m?2on the 28th, respectively,

o 13,03
]

L1

Fluce [V ]

1600
17K

..
= 180
1]

011 A01E

L] P

Fig. 4. The image shows the Heat Flux path during the week for the Dry Wall (Flux6_Dry Wall) and the Active Dry Wall with PCM (Flux7_PCM).
The Active Dry Wall heat flux follows the Radiation flow during the day: the accumulation peak is lower, and the radiation during cloudy days on

29/11/2018 and 30/11/2018.
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Fig. 5. The comparison of Heat Flux measured on the plasterboard behind the PCM (sensor Flux110_PCM) and the external surface of the Active
Dry Wall (sensor Flux7_PCM). Fluxes are inverted during the day and the night: the deep blue line displays the PCM absorption during the day and
its release during the night toward zero. The dotted line displays how the false-wall surface releases heat during the night.

4.5 and 4.32 times the accumulation. Regarding the ab-
solute value, the absorption peak (15.31 W/m? and 13.73
W/m?) and releasing peak (-5.88 W/m? and -5.71 W/m?)
proportion is 2.4 on both days, 27th and 28th, respec-
tively.

3.4. WEEKLY COMPARISON OF ACTIVE DRY
WALL AND TRADITIONAL DRY WALL

The overlapping of the two graphs previously analyzed
(Figs. 4, 5) supports the parallelism of the two opaque
envelope technology thermal hour-by-hour behavior per
week.

The comparison (Fig. 6) between the flux and tem-
perature measured on the Dry Wall (Flux6_Dry Wall and
Temp.4_Dry Wall) and the Active Dry Wall with PCM
(Flux7_PCM and Temp.4_PCM) highlights that the Ac-
tive Dry Wall works as a “solar collector with artificial
inertia’. The Active Dry Wall with PCM has a similar
surface temperature during the sun hour, while the Heat

Flux is considerably higher, with a zenith around 14:00
when the direct sunlight stops affecting the wall. From
this moment, there is a reversion in the Heat Flux, having
a negative peak at midnight: the heat stored during the
day is released during the night, allowing better indoor
comfort for the users, as shown by the 1°C higher surface
temperature for PCM false-wall.

Location, inner and outer temperature, relative hu-
midity, and radiation are the same for both technolo-
gies, and the results clearly show the reverse behavior
of the two false-walls: the Dry Wall with traditional
insulation causes higher temperature variation on the
external surface (Temp.4 Dry Wall) with lower flux
variation. At the same time, the Active Dry Wall with
PCM has a stable surface temperature (Temp.4_PCM)
delta of 1°C from the internal temperature by a more
extensive range in positive and negative heating flux
(20-30%). However, the weekly global heating energy
transfer of Active Dry Wall saves 29% thanks to artifi-
cial inertial technology.
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Fig. 6. The comparison of the Heat Flow (sensor Flux6_Dry Wall and Flux7_PCM) and Internal Surface Temperature (sensor Temp.4_ Dry Wall and
Temp.4_PCM) of the Dry Wall and the Active Dry Wall installed on the south side of the east wing of VELUXlab. The weekly sum of the accumula-
tion and the release of heating results is 18.1 W/m? lower for the Active Dry Wall one.

3.5. TEMPERATURE SECTION ANALY SIS of both technologies during the day (black dot line) and

The weekly comparison of the two technologies analy-  hight (red dot line). The comparison is on the level re-
ses the temperature trends section (Fig. 7) at every layer  corded at 14:00 on 26/11/2018 and 2:00 on 28/11/2018.
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Fig. 7. The temperature trends of the walls installed on the south side of the east wing of VELUXIlab. The comparison of the measurements was
recorded at 14:00 (black dot line) and 2:00 (red dot line) on 28/11/2018 on the wall with the Dry false-wall (sensors Temp.1_Dry Wall, Temp.3_Dry
Wall, Temp.4_Dry Wall) and the Active Dry Wall with PCM addition (sensors Temp.110_PCM, Temp.108_PCM, Temp.2_PCM, Temp.4_PCM.
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On the left side, the surface temperature of the dry
wall is higher (+0.7°C) as well the one measured on the
second plasterboard (0.26°C); on the reverse, during the
night, the PCM shows a 20.66°C temperature, 1.11°C
more than the dry wall (19.55°C). Its artificial inertia
causes the temperature turnaround, having a higher tem-
perature on the thermo-reflective layer at night (17.62°C
against 16.75°C).

4. CONCLUSIONS

The theme addressed in this paper emphasizes the im-
portance of promoting research, development, innova-
tion, and the “home system” for achieving the EPBD
Directive 2010/31/EU request for NZEB buildings. The
research was developed within the TEPORE project,
performed at Velux Lab, a Politecnico di Milano test
building, analyzing PCM’s energy performance and ef-
ficiency concerning traditional Dry Wall technologies
for heating sink effect. The sensorization of the various
envelope layers has shown how Active Dry Walls with
PCM materials inside can accumulate considerable
heat during winter sunlight hours and release this heat
at night. This process leads to a weekly global heating
energy transfer saving of 29%, resulting in an energy
balance cost reduction. The thermal mitigation of the
heating peak around noon is 2.6 W/m? lower for the
PCM material due to the 20-30% higher heating flux
during the accumulation period, while the thermal peak
delay is one hour later than the Dry Wall.

Symmetrically, the discharger peak is 4.4 W/m2 2.3
times higher for PCM at night. Furthermore, the surface
temperature analysis shows a reduction of 1°C for PCM
Active Dry Wall compared to a glass wool insulation
Dry Wall due to the salt heating absorption by its phase
change, resulting in a higher environmental comfort for
users.

Subsequently, the results open a window to support
the meliorating of life and integrity of buildings and
individual s according to climatic zones and comfort re-
quirements. Thanks to the advantages of adding artifi-
cia inertiato an existing envel ope, the performance can
be improved by shifting the heating peak load and flat-

e-ISSN 2421-4574

tening the indoor temperature. The meliorating of the
quality of a space concurswith the ecological transition
creating a context where also individuals increase their
quality of life, under the possibility of also reducing en-
ergy costs. However, some implications can be related
to the summer season, which this study did not verify,
even though artificial inertia could act as heating stor-
age during the day and as a radiator that releases heat
during the night. The summer behaviour can be verified
as further research development through advanced dig-
ital monitoring and predictive instruments in the per-
spective of cognitive buildings. It, together with a Life
Cycle Cost (LCC) analysis, can answer the question of
the more convenient solution from the construction and
management point of view.
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Abstract

The study presented in this paper is part of a digitization project developed
for the University of Padua. It aims at demonstrating how IFC (Internet
Foundation Classes) 1SO Standard can be used as a reliable data model to
support Performance Analysis (PA) and code checking for construction dis-
ciplines. Fire Safety Engineering (FSE) is analyzed as a challenging test field
because it highly affects different building aspects and highlights interoper-
ability issues. The methodology proposed in the study consists in checking
adigital approach to PA based on information classes that can express both
users’ requirements and performance specification of technical elements to
develop computational code checking. This method is developed by creating
virtual classes representing built systems and using relation classes and per-
formance attributes to check if technical elements fulfil users’ requirements.
By forcing the model to be based on standardized information classes, the
study verifies if IFC, as an ISO standard, can be used as a universal and
scalable reference model for performance analysis and code checking. More
specifically, the study focuses on the availability of IFC’s information classes
and attributes that define a PA model. This research verifies the achievement
of the proposed goals for FSE (Section 2) and then highlights the interoper-
ability limits that affect an IFC-based approach to computational FSE code
checking (Section 3). Finally, the technical feasibility of the methodology’s
market implementation is presented (Section 4). The study’s innovative ap-
proach is related to the fact that IFC is often analyzed as an information
exchange format, not as a data model, where standardized rel ations between
building ontologies can be simulated. Digital ontologies of relational aspects
are experimented with by following this approach. These reports support
code conformance analyses of the technical element performance specifi-
cation. The study then indicates how the information modelling discipline
could be shaped to encourage standardized code checking better.

Keywords
IFC, Performance analysis, Code checking, System engineering.
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1. INTRODUCTION

The performance verification of a technical element de- nological system to which this element belongs. There-
pends on the requirements that the element isexpectedto  fore, it is necessary to set up a compliance control policy
satisfy. These requirements can be expressed by thetech-  to compare the systems' requirements and the related el-
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ement’s performance. Thus, the relationship between the
technical element and the technological system must be
communicated. At a methodological level, this approach
finds equivalence in the discipline of value analysis. This
discipline applied to the AEC industry (Architecture, En-
gineering and Construction) compares the cost of techni-
cal elements part of built systems (parametric or metric)
to the performance of the systems these elements consti-
tute (envelope, plant systems, load-bearing structures, fire
prevention systems, etc.). In order to support evaluation
processes in Value management procedures, there is a
need to standardize the definition of Performance Analy-
sis(PA) of building systemsto compare the performances
and costs of homogeneous technical solutions|[1, 2].

The relation between the performance of functional
units and their technical specifications is represented in the
General Architecture Reference Model (GARM) [3]. This
model istherefore replicated in the IFC (Internet Founda-
tion Classes) data model published by buildingSMART,
which s, at the same time, awidely diffused referencein
the AEC industry and an information standard for soft-
ware applications, as stated in IFC 1SO 16739 standard.
Concerning this aspect, there are several technologica
and disciplinary limits. Technical limits are related to the
fact that many software applications don't fully imple-
ment the | FC datamodel but only a part of it. Disciplinary
limits depend on the fact that building performance sim-
ulation and analysis are usually developed employing
software applications that recreate disciplinary modelsin
proprietary environments. Then, relational classes of IFC
at the basis of the PA approach are not cited in published
scientific works, while conceptual models representing
disciplinary aspects, such asthe GARM, are.

The study’s methodology consists of creating virtu-
al classes representing built systems and using relation
classes and performance attributes to describe the rela-
tions between building systems and constituent techni-
cal elements. Thisrelationship allows for developing the
computational checking of technical elements perfor-
mance compliance to requirements specification.

This information modelling and code-checking tech-
nigque exceeds current software limitations both in writ-
ing the .ifc file and reading it. The Ifcopenshell library
(available at http://ifcopenshell.org) was tested to over-
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head these limits. Using this python library, IFC models
can be edited and enriched when software applications
can’'t write classes that exist in the current version of the
IFC standard. The result of these tests was then validat-
ed using the application FZKviewer (available at https./
www.iai.kit.edu/english/1648.php) to demonstrate full IFC
compliance of the tested models to the SO standard.

The correctness of the data model and reliability of
the experimentation demonstrates that IFC, as an 1SO
standard, can be used as a reference model for perfor-
mance analysis and code checking.

2. TEST ON |IFC DATA MODEL MATURITY
TO SUPPORT PAATTRIBUTES

The test on the availability of adequate classes and attri-
butes is organized into the following:

» andyze the availability of adequate attributes for
compilation of domain-specific requirements in
parent classes and then check for performance spec-
ifications attributes both in parent and child classes;

e monitor the relationship between spatial or func-
tional superclasses and the related technical ele-
ments they host to compare a technical element’s
performance with the requirements of the space or
system in which it isinstalled.

2.1. REQUIREMENTSAND PERFORMANCE
SPECIFICATION IN IFC HIERARCHICAL
STRUCTURES: FROM ATTRIBUTES TO THE USE
OF IFCRELASSOCIATESCLASSIFICATION CLASS

In the IFC schema, most domain-specific attributes
are assigned directly to constituent materials using the
IfcMaterialDefinition resource. In this way, each techni-
cal element inherits domain-specific properties by ma-
terial layer, profile or constituents. Further performance
information of technical elements is given because
each class hierarchically child of IfcElement (including
IfcBuildingElement, 1fcSystem, IfcGroup, and IfcZone)
indicates several environmental and performance indi-
cators.) shows several environmental and performance
indicators.
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To support a PA approach, spatial containment and
functional superclasses should express general require-
ments to check if referring technical elements develop
consistent performances.

To date, the validity of IFC's superclasses, such as
IfcBuilding and IfcSystem, has been confirmed concern-
ing their potential in terms of spatial organization and
item instantiation. On the contrary, an effective standard-
ization of information modelling and management re-
garding performance and condition assessment is not yet
fully valid for the higher classes and the hierarchy of 1FC.

In IFC, functional and technical systems are described
using object grouping entitiessuch aslfcAsset, Ifclnventory,
and IfcSystem. 1fcSystem allows grouping elements sharing
the samefunctions or objectives (construction systems, sec-
tors, plants). This information can be defined by the Pset
ServicelifeFactors, in which there are properties concern-
ing the adjustment of the servicelife. Although the presence
of these properties is appreciable, the information range is
too restricted to face afully interoperable PA methodol ogy.
The IFC implementation of classification references offers
one possible solution to this limit. Further attributes can be
implicitly linked using the IFCRelAssociatesClassification
relationship. The assignation of anitemto an IFC classand
its reference to a classification system allows the possibility
of compiling requirements, superclasses performances and
condtituent elements just by mapping the references in a
specification matrix as the one expressed in the Specifiers
Properties information exchange (SPie) [4].
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2.2. FUNCTIONAL AND SPATIAL RELATIONS
MAPPING

Creating relations between building elements and func-
tional or spatial entities is fundamental for the correct
setting of PA procedures. The objectified relationship,
IfcRel ContainedInSpatial Sructure, is the typical proce-
dure used to assign elements to a specific spatial struc-
ture: 1fcSte, IfcBuilding, IfcBuildingStorey or IfcSpace.
The IFC exporter automatically builds that relationship
for both software used, Graphisoft ArchiCAD 24 and Au-
todesk Revit 2021. Sometimes further spatial connections
areneeded to trace the presence of atechnical elementina
spatia container such asIfcZone or IfcSpatial Zone. These
classes group two or more spaces by function (i.e., a fire
compartment) or performance specification (i.e., thermal
zone). Zones represent virtual groups of spaces that have
no spatial structure assigned, while spatial zones have a
spatial containment given through the IfcRel SpaceBound-
ary class. In this case, the connection is managed by the
relationship IfcRel Referencedl nSpatial Sructure.

The IfcSpatialZone class is not yet correctly imple-
mented in the modelling software analyzed. In Graphi-
soft Archicad 24, exporting this entity at all is impossi-
ble. Instead, in Autodesk Revit 2021, no system families
represent the SpatialZone. The only way would be to
create with the tool “Ared’ atridimensional object and,
through the IfcExportAs parameter, export the object as
an IfcSpatialZone.

AETOARRT LR GRS
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Fig. 1. IfcZone and IfcSpatialZone in STEP file exported from Autodesk Revit 2021.
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IfcRelAssignsToGroup is used instead to aggregate
gpaces and entities in zones [5]. The IFC exporter man-
ually adds that relationship for both software used, Gra-
phisoft ArchiCAD 24 and Autodesk Revit 2021. Revit
does not have a concept of architectural/fire safety zones.
However, IFC zones are exportable using the shared room
parameters (Fig. 1). By adding the shared text parameter
“ZoneName’ to the Revit “Rooms’ category in the “IFC
Parameters’ parameter group, auser can specify the name
of the zone that the room belongsto. Revit will then create
one IfcZone for each unique “ ZoneName” value and asso-
ciate all theroomswith that valueto that zone. In addition,
the shared parameters “ZoneObjectType’ and “ZoneDe-
scription” can be used to set the object type and descrip-
tion of the IfcZone. A Revit room can be associated with
up to 1000 zones by adding extra shared text parameters:
including the shared parameters “ZoneName #” (where #
=2, 3, 4, etc.) adds more zones to aroom. In addition, the
“ZoneObjectType’ and “ZoneDescription” parameters can
also be similarly extended to, e.g., “ZoneObjectType 2.
A room will be associated with each zone defined for that
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room. It is possible to export the properties of the Pset_
ZoneCommon for aZone, asshown in Figure 2, containing
an extract of the IFC shared parameter file. However, since
these parameters are associated with spaces, if a space be-
longs to different zones, it is not yet possible to associate
Property Sets (such as Pset_ ZoneCommonth IfcZone).

Other properties, such as Pset_SpaceFireSafetyRe-
quirements or Pset_SpaceOccupancyRequirements that,
according to IFC standards, could be assigned to the
class IfcSpace or IfcZone; in Revit, can only be asso-
ciated with spaces. A shortcut would be to use Revit's
Zones in the “ Spaces and Zones Panel” of the Analyze
tab. However, this second way is correct only for HVAC
zones. On the other hand, Graphisoft Archicad 24 ex-
porter does not show any problems in this respect: its
IFC project manager allows the creation of new spatial
relations among spaces creating an IFC Zone.

Functional or logical relations between physical enti-
ties are then managed with IfcRel AssignsToGroup rela-
tion that can instantiate objectsin any IfcGroup subclass:
asset, inventory, or system.
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Fig. 2. Revit IFC shared parameters.
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As demonstrated, the data model offers a complete
set of possible connections so that it is possible to map
any relation underlying performances of building sys-
tems and activate class-based PA procedures.

3. INTEROPERABILITY LIMITS

Not many types of software write the relations highlight-
ed before, and even fewer can show their presence in a
graphical or hierarchical representation. Besides the lim-
itsof information mapping and visualization, it isrelevant
to highlight that the maturity of the data model is higher
than the possibility of writing those classes using com-
mercial software applications. Several types of software
do not read all the classes and attributesof | FC. Therefore,
these applications can’t develop PA procedures based on
the methodology proposed. These issues are irrelevant to
the study because they depend on the IFC certification
of each software. As tested, every application can solve
these issues just by adding some libraries to read the full
schema, as well as official IFC visualizers do. The evi-
dence of this statement is supported in this work by the
successful editing of IFC files through the IfcOpenShell
library and the correct and verified visualization of the
information in FZK Viewer, asvisible in Section 4.

As mentioned, the problem is to gather information
about building elements’ performances and compile sys-
tem requirements specifications to verify if the design
complies with national codes. The following part of the
study shows the methodological problems that arise
when trandating a discipline into IFC, in this case, the
FSE discipline. These are divided into three groups:

* property definition;
e gpatial and functional requirements,
» functional and logical representation.

Most of the issues mentioned are related to code-
based relations, but it is relevant to anayze IFC capa-
bility to map those relations to support model checking.

Fire Safety Engineering discipline is analyzed as a
representative example that embodies all of these issues
but, on the other hand, highlights how IFC can possibly
collect system and building data to support fire safety
engineering (FSE) and fire safety monitoring.
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3.1. DOMAIN-SPECIFIC PROPERTY DEFINITION

Several studies have highlighted the potential and
weaknesses of IFC concerning FSE [6]. Data model
analysis shows that IfcMaterial’s PropertySets provide
thermophysical properties of a building element and
fire-specific properties. Instead, the common Proper-
tySets of IfcBuildingElement subtypes contain proper-
ties defined for regulatory or standardization purposes,
such as Fire Rating, FlammabilityRating, SelfClos-
ing, SmokeStop, Compartmentation, SurfaceSpread-
OfFlame [7]. On the other hand, the definition of the
fire reaction in IFC needs clarification. The Flamma-
bilityRating property is only attributed to the class
IfcCovering, while FireRating is attributed to al the
IfcBuildingElement subclasses.

Furthermore, the property Combustible is assigned
to elements with a two-dimensional extension. The Fir-
eRating property can be used to define the resistance to
fire, and the FlammabilityRating property defines the
reaction to fire. The only class which covers all three
propertiesis IfcCovering. However, the potential contri-
bution of a product to a fire does not only depend on the
covering, but the underlying layers could also influence
it. Three scenarios are possible (Fig. 3):

» ageneric wall with astructural package is exported
through the class Ifc\Wall, and an architectural pack-
ageisexported with the class IfcCovering, to which
it is assigned the property FlammabilityRating;

» ageneric wal where the structural part also co-
incides with the architectural part. An example
would be an XLAM wall that constitutes an im-
portant fraction of the total compartment area and
must be treated as structure (fire resistance) and
cladding (reaction to fire). In this case, to map its
reaction to fire in an IFC model, it is necessary to
create a fictitious layer outside the wall exported
as IfcCovering to which the FlammabilityRating
property is associated;

e aninternal partition must be exported as an IfcWall
of type Partitioning. Again, to map the fire reaction
of the partition, it is necessary to create fictitious
IfcCovering layers.
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Fig. 3. Export of Pset_CoveringCommon and Pset_WallCommon.

The first scenario is the right way of modelling a wall
consisting of a structural layer, which generally does not
require a reaction-to-fire classification, and an architec-
tural refacing that does.

The problem with the last two scenarios is that they
force the modeller to create fictitious entities to map the
wall’s fire reaction into the model. Ideally, we would like
to be able to implement the property set Pset_ WallCom-
mon with a new parameter to map the fire reaction of the
wall aswell.

Consequently, IFC development and the disciplinary
ontological definition must address domain-specific
property definition.

3.2. DETAILED OR RULE-BASED SPATIAL AND
FUNCTIONAL REQUIREMENTS

Following the European directives, Italian legidation
(Ministerial Decree n. 256, 2019) defines subject activi-
ties, which can be contained in abuilding, part of abuild-
ing or severa buildings.
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Presidential Decree n. 151, 2011, contains a list of
80 activities subject to Fire Brigade control. Each ac-
tivity includes assigned subclasses and risk categories
(cat. A, B, and C) based on the severity of therisk rather
than the size or degree of complexity of the activity
itself.

IFC trandation of this kind of entity prefers the en-
tity IfcZone, compared to IfcBuilding, since it defines
«groups of spaces, partial spaces or other zones». The
deprecation of the MainFireUse property of IfcBuilding
class, from the IFC4.1 version, avoids defining the activ-
ity category through IfcBuilding class and involves the
use of the entity IfcZone that is therefore specified as a
“FireCompartment”.

As specified in Building Smart Knowledge base, «in
case of a zone denoting a (fire) compartment, the fol-
lowing types should be used, if applicable, as values of
the ObjectType attribute: ‘ FireCompartment’: a zone of
spaces, collected to represent a single fire compartment. -
‘Elevator Shaft’: acollection of spaceswithin an elevator,
potentially going through many storeys. - ‘RisingDuct’:
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A collection of vertical airspaces. - ‘RunningDuct’: A
collection of horizontal airspaces».

As mentioned in Section 2.1, this entity can be fur-
ther and better specified through IfcClassificationRefer-
ence class, thanks to the IfcRelAssociatesClassification
relationship. By using this class, information regarding
the subject activity can be shared with IFC hardcoded
attributes.

Similar problems arise when fire compartments have
to be digitized. In the FSE discipline, for instance, a fire
compartment can coincide with a room, a zone, severa
parts of abuilding story or the whole building. These can
be exported using IFCZone or IfcSpatialZone classes.
They share some PropertySets like the Pset_ SpaceOccu-
pancyRequirements with properties such as Occupancy-
Number or OccupancyType and the Pset_SpaceFireSafe-
tyRequirements defining, for instance, the risk factor or
the equipment of sprinkler systems. On the contrary, the
control of the protection level of the compartmentsis not
completed. Currently, no properties can store a compart-
ment-specific fire load calculation. Other weaknesses are
typically linked to the Italian context, such as the defini-
tion of risk profiles.

The fire risk profiles, Rlife, Renv, and Rprop, are sim-
plified indicators to assess the fire risk as stated by Min-
isterial Decree n. 256, 2019.

Inthese cases, itis necessary to introduce auser-defined
PropertySet containing properties such as |sSmokeProof-
Compartment (of Boolean type), SpecificDesignFireLoad
(the unit is MJm? and therefore it will be specified as
«UserDefined» since this unit of measurement does not
currently exist in IFC), Rlife, Renv and Rprop (of type
IfcLabel). Obviously, to guarantee interoperability be-
tween IFC and BPS (Building Performance Simulation)

tools, user-defined PSet needs to be avoided.

3.3. FUNCTIONAL AND LOGICAL
REPRESENTATION LIMITSAND ISSUES

Systems modelling and management requirements match-
ing are necessary to map the functional connection of
different systems to the zones of the building they serve.
Terminals of the piping system for fire suppression are as-
signed to the IfcFireSuppressionTerminal classand further
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specified through the PredefinedType attribute. This class
is part of the PlumbingFireProtectionDomain. On the
contrary, segments composing the piping system for fire
suppression are included in IfcPipeSegment class which
is part of IfcHvacDomain. Segments are then grouped
in an IfcDigtributionSystem, which needs to be specified
through the enumerative type «fireprotection». The sys-
tem is therefore specified by its reference (Pset_Distribu-
tionSystemCommon) and its service life attributes (Pset_
ServicelifeFactors). IfcDistributionSystem classis part of
IfcSharedBldgServiceElements placed in the interopera-
bility layer of The IFC schema. This means that the trans-
lation in information classes of a discipline is not limited
to a single domain but needs to collect classes coming
from different domains, some of them correctly placed in
the interoperability layer and there specified, others part of
misleading domains as demonstrated with reference to the
IfcPipeSegment example.

Aswsdll, itiscrucial to represent logical connections.
In addition to the spatial containment concept template,
IFC offers several connections grouped in the object
composition template (aggregation or nesting) or the ob-
ject connectivity template (element connectivity, space
boundaries and spatial structure).

Hierarchical representation if IFC does not express
logical connections between rooms. This constraint is
relevant, for example, in escape route checking, and
IFC has no entities and properties concerning the escape
route. To overcome the lack of the standard relating to
FSE, BuildingSMART launched a project to improve
information exchange for Occupant Movement Analysis
(OMA) and Fire Dynamic Simulation (FDS), as avail-
able online at: https://www.buildingsmart.org/standards/
calls-for-participation/fire-safety/.

The design of escape routes has several specific defi-
nitions for which the data model is not yet ready. These
include dead-end corridors, open, protected, or smoke-
proof routes, emergency exits, etc. IFC domain only
allows the extrapolation of geometrical information of
escape routes (width or length) or the possibility to de-
fine which rooms are included in them (with the Bool-
ean property FireExit) [6]. This enables the creation of
spaces that can be identified as escape routes and then
integrated with additional information.
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As aresult of al these disciplinary limits, the infor-
mation exchange takes place through manual data entry
into specific fire prevention software, e.g., in the defini-
tion of Fire Dynamic Simulation (FDS) [7, 8].

This statement points attention to the severe limits
to the implementation of IFC as a reference model for
fire safety policies and as well as for supporting BPS in
FSE. A barrier to implementing the IFC solution is the
dependence of engineering procedures on national reg-
ulations set on unstandardized assumptions. Hence, the
use of IFC can be increased by setting harmonized na-
tional standards by higher authorities.

4. IMPLEMENTATION TEST:
IFC RELATIONS-BASED FSE CODE
CHECKING OF ESCAPE ROUTES

Although the IFC data model has several weaknesses
regarding the standardization of escape systems, an ap-
proach that relies on assumptions based on the existing
IFC dataset was proposed.

Escape routes are unobstructed routes for occupants
to reach a safe place and are all part of an escape system
made of tairs, corridors, moving walkways, ramps, safe
places, exits, doors, safety lighting, signs, etc. The basic
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idea of this approach isto use the class I1fcSystem to group
all those elements along an escape route through the rela-
tion IfcRel AssignsToGroup (Fig. 4). All spaces, doors, and
stairs belonging to the system will have the boolean prop-
erty FireExit set to TRUE. The IfcRel AssignsToGroup re-
lation is merely agrouping of elements; then, it avoidsthe
identification of the space sequence along the escape route.
This can be achieved through other relations such as.

» IfcRelSpaceBoundary, which relates a space (Ifc-
Soace) to the physical elements that delimit it,
such as adoor (IfcDoor) (Fig. 5);

* IfcRelContainedinSpatial Structure allows for the
connection of a physical element, such as a stair
(IfcSair), with a space (IfcSpace) (Fig. 6).

Escape routes are distinguished according to their de-
gree of protection and compartmentalization concerning
the rest of the spaces. They can be protected, smoke-proof,
external, or unprotected. Additionally, when entering an
escape route with a single directionality, the spaces that
make it up must have the same protection level. Identify-
ing escape route segmentswith the same protection degree
is crucia. Indeed, an escape route can lead directly to the
emergency exit and another escape route with ahigher de-
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Fig. 4. Entities grouped in an IfcSystem representing an escape route.
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Fig. 6. IFC relationship assigned to the IfcStair.

gree of protection. For example, in a multi-storey build-
ing, each floor may have a protected corridor leading to
a smoke-proof staircase. The approach proposes to cre-
ate as many IfcSystem as there are one-way sections of
escape routes with different levels of protection, and an
IfcSystem, which groups al of them together through the
relation IfcRel AssignsToGroup (Fig. 7). Besides, the Ob-
jectType attribute might help to define whether the escape
route is smoke-proof, protected, or unprotected.
Furthermore, the objectified relationship via IfcRel-
ReferencedInSpatial Sructure can be used to connect a
system to the relevant spatial element that it serves. This

allows coupling the escape system to compartments (Ifc-
SpatialZone) or spaces (IfcSpace) (Fig. 7).

Finally, the strategy allows automating the calcula-
tion of the escape route length by filling two new proper-
tiesfor the IfcDoor entity of a User-Defined PropertySet
(Pset_EvacuationRequirements):

» PreviousExitLength is used to define the distance
to reach the emergency exit;

» NextExitLength is used to specify the length of the
next emergency exit or, in the case of a final exit
door, the distance to the safe place.
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As previously expressed, the problem seems more
related to the higher classes of IFC that host a limited
number of property sets and force to outline user-defined
ones, but the methodology proposed is consistent.

5. CONCLUSIONSAND FUTURE WORK

Testing of the methodology highlighted the potenti-
alities of IFC and the correctness of the approach in
supporting PA procedures. The method is independent
of technical implementation issues, as demonstrated
by the correct visualization in validation tools of IFC
models that are extended with the above-mentioned re-
lations.

This study shows that activating a PA and a
code-checking policy in computer-aided engineering re-
quiresinvestment in standardization. Therefore, it is cru-
cial to capitalize on the availability of a consistent data
model as it is offered by the standard ISO 16739. On
the other hand, severe limits occur in FSE information
exchange, and thislimit affects a sustainable digital man-
agement policy.

The study clarifies that the above limitations in in-
formation exchange depend on standardization processes
that are not dependent on IFC. IFC could play a signif-
icant role in the future to help harmonize existing stan-
dards.

In addition, IFC expresses strict limitations as a data
model suitable to collect building system performance.
As articulated in the research, the higher levels of the
building hierarchy have limited “ PropertySets’. For this
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Descripbon

reason, collecting the performance data of technical ele-
mentsin building system performanceis problematic. In
addition to the lack of best practices shared in literature,
this problem leads to alimited culture of PA procedures
based on IFC standards, even if it can be considered
methodol ogically consistent.

The development of this work will allow finding
procedures and applications to write the IFC database.
Currently, some methods are theoretically allowed but
not assisted by major software applications. Future work
must be dedicated to implementing the methodology in
different disciplines to test the robustness of the data
model and the procedure.
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Abstract

During the last years, many studies focused on automated processes for
compliance checking intended to replace the current design verification
practices. So far, the verification of projects in the Architecture, Engineer-
ing, Construction, and Operation industry has largely consisted of manual
processes, which result in laborious, costly, and error-prone. The compli-

ance checking process addresses the project’s whole life cycle, from the
design phase to the end of life. Previous researches show the applications
of a Building Information Model Checking referring to the compliance

with several national and international normative to meet standards re-

quirements. This paper proposes an innovative approach to evaluate the

compliance of school buildings with the measures to prevent and con-

trol the spread of Coronavirus, one of the most significant pandemics. A
case study is then presented to validate the method. The school building

is modelled using Revit software. Dynamo is employed as a visual script-

ing tool to customize the mathematical formulations of each safety rule

from different standards for COVID-19 prevention. Revit and Dynamo
are coupled to conduct the compliance checking. The methodology here-

in proposed alows for verifying the school environments showing their

compliance with safety standards. Although the World is coming out of
the COVID-19 pandemic, this approach could be used to face other waves
or different types of pandemics.

Keywords

Building Information Modelling, Visual Programming Language, Code

checking, COVID-19.
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Coronaviruses (CoVs) are enveloped positive-strand
ribonucleic acid viruses that can infect humans and
animal species [1]. The Chinese Centre for Disease
Control and Prevention confirmed a novel coronavi-
rus named severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2), closely related to CoVs and
highly contagious [2]. The World Health Organization
(WHO) declared a public health emergency of inter-

national concern on 30 January 2020, and the disease
named “COVID-19” was then announced [3]. To date
(April 2022), there have been more than 500 million
confirmed cases and more than 6.4 million deaths con-
firmed by WHO [4].

In such a scenario, healthcare systems, infrastruc-
tures and educational systems face great challengesin
providing essential services. Governments have im-
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mediately implemented emergency plans to deal with
the pandemic trying to reduce the impacts on people's
mental and physical health and financial resources.
This results in issuing different guidelines to face the
virus spread. Rigorous programs to control the infec-
tion are needed to minimize the risks of COVID-19
spread, while new ways of working support the recov-
ery of essential services during the pandemic. Adopting
organizational, environmental and personal measures
optimizes emergency management allowing for normal
activities and reducing the contagion risk among people
[5]. The main center for research, control and techni-
cal-scientific consultancy in the field of public health
in Italy (Istituto Superiore di Sanita, ISS) has defined
behavioral rules for personal protection, such as the
use of masks and gloves, social distancing and hand
sanitation with alcohol-based products. ISS published
Guidelines for the prevention and management of in-
door environmentsin relation to the transmission of the
SARS-CoV-2 [6].

In Italy, schools have implemented several processes
for the re-functionalization of spaces in order to make
them usable during the COVID-19 pandemic. School
buildings must respect specific rules to be safely used.
The non-compliance with regulations might compro-
mise the quality of the built environment and the qual-
ity of the services delivered, which can impact health
[7]. Furthermore, compliance issues could lead to de-
laysin design, extra costs, as well as project reworking
and poor quality [7]. For example, bigger classrooms
were built by breaking down dividing walls, or new
classrooms were created using corridors. Considerable
resources were spent to adapt and use different build-
ings when this was not technically feasible. If these
approaches were not possible, the students would take
turns with areduction of school hours.

The aim of this paper is to define a practical method
to automatically check the school buildings compliance
with the measures to prevent and control the spread of
Coronavirus using the Building Information Modelling
(BIM) approach. BIM is able to optimize processes and
obtain higher quality products and performance by man-
aging data requirements in an alphanumeric way, for
example, through code-checking procedures. 3D-BIM
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models can also be coupled with Visual Programming
Language (VPL) software tools to perform advanced
compliance-checking processes. Here, different guide-
lines for struggling with the spread of COVID-19 were
analyzed, and control scripts were modelled using V PL
scripting. BIM-VPL coupling is then used to analyze
the performance of buildings and evaluate optimal use
conditions of school buildings. Then, this study pro-
vides a suitable methodology to counter the epidemio-
logical diseases spread within the working environment
in general, as it is replicable depending on different
types of parameters adopted.

2. BIM AND VPL APPROACH

COVID-19 has dramatically affected the world econ-
omy, industry, and citizens. Nevertheless, digitization
is aiding many businesses to adapt and overcome the
current situation caused by the pandemic [8].

Building Information Modelling (BIM) is one of the
most promising developments in the Architecture, En-
gineering, Construction and Operation industry [9-15].
BIM consists of expanding 3D models to computable
nD models capable of simulating each building’s life-
cycle process: planning, design, construction, and oper-
ation. 3D BIM concerns not only modelling buildings,
infrastructures or services. it alows for performing
specific analyses based on the geometrical information
of the model, such as 3D visualization, clash detection
and code checking. Clash detection is the analysis of
possible geometric interferences among objects, mod-
els and drawings, while code checking is the analysis
process of potential data inconsistencies between ob-
jects, models and drawings compared with rules and
standards[16]. So far, the process of checking these pa-
rameters in the industry has largely been manual, labo-
rious, costly, and error-prone [17—-19]. Object-oriented
and parametric modelling provides a way to automate
code-checking procedures in building designs, as it is
possible to associate parametric rulings to the elements
that compose the virtual model, ensuring the process
runs correctly [20].

Opportunities exist to extend building performance

simulations and code-checking processes with scripting
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environments. Visual Programming Language (VPL)
software tools are now considered of high potential
since they have geometric modelling functionalities to-
gether with scripting capability based on a simplified
user interface. Most design tools support one or more
scripting environments and are able to use a VPL as
middleware bi-directionally linked to BPS tools, which
results in an integrated dynamic model [21]. Actually,
VPL could also be used as a BPS tool since it provides
the capacity for scripting. Tools like Dynamo allow for
more complex rules to be created without adding the
need to code programming. For example, Rock et al.
[22] established an automated link between the LCA
database and the BIM model using Autodesk Dynamo
as a visual scripting software. The authors calculated
the environmental impacts of the case study building
directly in Dynamo. Cavalliere et al. [23] use VPL
tools to conduct code compliance checking to evaluate
building flexibility levels by introducing six selective
criteria in a BIM environment. In that case, different
algorithms are implemented in a VPL tool, which is
bi-directionally linked to the BIM environment where
the BIM elements already host the semantic informa-
tion required.

Code checking has been the subject of scientif-
ic research for years and has been put into practice in
numerous projects [24]. However, no studies have fo-
cused on the use of BIM and VPL to deal with an epide-
miological pandemic from the side of buildings design,
which isthe goal of this paper.
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3.METHOD

The aim of the study is to define a practical ruleset for
school spaces design in accordance with the safety mea-
sures tackling the SARS-CoV-2.

The method consists of three main steps. The first step
is discussed in Section 2.1. It aims to define the relevant
safety rulesto be applied to school buildings. Mathemat-
ical formulations are provided for each ruleset, and they
are based on Operational Manual and Guidelines. In the
second step (Section 2.2), a BIM model of the Miche-
langelo school building is developed with Autodesk Re-
vit. Step three (Section 2.3) concerns the application of
the operational safety rules through the Code Checking
process. In particular, the checks are carried out by iden-
tifying customized algorithms implemented in Dynamo
software. Specific additional parameters are implement-
ed in the Revit model to allow the performance of the
scripts. Then, BIM software is linked to VPL software
to perform the calculation automatically, as shown in
Section 2.4. Autodesk Dynamo is employed as a visual
scripting tool to customize the mathematical formula-
tions of each safety rule. The scripting tool automatically
performsthe cal culation by reading the design properties
and geometry from the BIM. The methodology can be
implemented not only in reference to the present case
study, which is the compliance to the standards identified
for the prevention and mitigation of epidemiological dis-
eases. In fact, the present method can be applied accord-
ing to any buildings’ needs, such asregulatory updates or
exceptional occurrences.
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4. CASE STUDY

The case study is the Michelangelo Secondary School
in Bari, [taly. It was built in the 1990s with a load-bear-
ing masonry structure with bricks in porous clay. The
building has a basement and three above-ground floors
for a total gross area of approximately 7000 m2. The
upper ground floor hosts the administrative offices. The
auditorium, the laboratory, a secondary atrium, the toi-
lets and the gym extend northern. On the western side
are a classroom for support activities and a laboratory.
Finally, to the south is the lecturers’ room, a secondary
room, the infirmary and the toilets. The next two floors
are for classrooms and can be reached via two internal
stairs. On the first floor, there are fourteen classrooms
and three laboratories, while on the second floor, there
are twelve classrooms. The basement consists of the
caretaker’s accommodation, a refectory, the gym, the
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changing rooms, and the office of the physical educa-
tion teachers.

4.1. DEFINITION OF SAFETY RULES

The trend of infections has forced Italian Institutions, in
certain periods of higher risk, to close school buildings
and apply E-learning through online classes. Once the ep-
idemiological curve fell below the pre-established safety
levels, it was possibleto return to opening school buildings
while considering the necessary precautions and enforcing
genera rules for safety. The operationa rules about the
schools' spaces used for this paper come from different
operating manuals: the guidelines of the Veneto and Lazio
regions, the ISS documentation, and the Italian Scientific
Technical Committee guidelines. According to the safety
guiddlines, the following Table 1 shows the checks per-
formed for the different environments considered.

Locals Script Checks Criteria
Al Minimum distance between scholars =
Seript 1 .
Distance check between fixed scholars” seats Im
A.2a. Minimum dynamic zone dimension =
Dynamic zone dimension check 2.5m
A
Seript 2
Classroom . -
A.2b. Rime buccali distance between teachers
Rime buccali distance check between teachers and scholars  and scholars = 1.5m
A.3. Room area on area per person (equal to
Seript 3 Maximum room capacity check a circle of radius r = Im) = maximum
room capacity
B.1 Minimum distance between scholars =
Script 1 .
Distance check between fixed scholars” seats lm
B B.2a. Minimum dynamic zone dimension =
Dynamic zone dimension check 2.5m
Laboratory
Script 2
B.2.b. Rime buccali distance between teachers
Rime buccali distance check between teachers and scholars  and scholars = 1.5m
C C.1. - )
Script 1 . Minimum distance = Im
Auditorium Distance check between seats
D D.1. o )
Script 1 . Minimum distance = Im
Staff room Distance check between fixed teachers’ seats
E
E.2. )
Connecting  Script 2 . ) ) Area per person > 1.25 m*
Connecting spaces dimension check
spaces
Room area on area per person (equal to
F F.3. . .
Script 3 . . a grid of 2m x 2m) = maximum room
Gym Maximum room capacity check

capacity

Table 1. Summary of the scripts applied to the different locals.
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4.2. MODELLING THE CASE STUDY

The building modelling has been carried out using Au-
todesk Revit software, starting from two-dimensional
CAD drawings. Within the BIM, the spaces listed below
are modelled according to the layouts used earlier than
the application of the measures for containing the virus:
A) Classroom; B) Laboratory; C) Auditorium; D) Staff
room; E) Connecting spaces; F) Gym.
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Fig. 3. Script 1.
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4.3. MODELLING OF PARAMETRIC ALGORITHMS
IN DYNAMO

After modelling the case study and identifying standards
to be applied, the following scripts are implemented in
Dynamo. The Script n. 1 (distance check) alows verify-
ing the safety distances between the fixed individual loca-
tions. The scripts aim to determine which stations can be
used safely and which should be left free. Results can be
displayed graphically and textualy in Revit environment
using the appropriate nodes shown in the figure below.
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Script n. 2 (critical areas dimensions check) allows
verifying that the room’s dimensions do not exceed the
limit laid down in safety guidelinesto mitigate crowding
risk. The script consists of two parts: the first one con-
cerns the identification of room lengths and widths; the
second one alows checking whether the room’s lengths
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and widths comply with the minimum values set. Re-
sults can be graphically displayed in Revit environment
through the objects colors. Results are also textualy
shown in the properties of model “rooms’ (rooms are
identified as objects with several properties in Autodesk
Revit).
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Fig. 4. Script 2.

Script n. 3 (maximum occupancy check of rooms)
allows verifying the maximum space occupancy accord-
ing to the safety rules on social distancing. Each zone
is identified as a “room” in the Revit environment. The
script analyzes al the roomsin the BIM model.
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Fig. 5. Script 3.

Before performing the code-checking process, it is
necessary to carry out a preliminary phase in order to
ensure the correct script functionality: the model vali-
dation phase. This phase consists of implementing cus-
tomized parameters into the BIM model to perform
the code-checking activity. For the present case study,

shared parameters are used, which can be written on
independent files to be reused in any project and Revit
family objects. Thereby, it is possible to implement these
specific parameters in different BIM models to perform
similar checks. Hence, the reproducibility of the pres-
ent method in other case studies is guaranteed. Here, the
shared parameters implemented in the BIM model are
the following:

e occupancy: maximum allowed number of people
in a room, which is determined by the ratio be-
tween the net area and the allowed area per person;

e room width/room length: width/length of the dy-
namic space identified within the different rooms
or the space between teachers and scholars;

» seats distance: distance between fixed positions in
aroom.

4.4. OPERATIONAL APPLICATIONS TO COUNTER
SARS-COV-2

Once the scripts for code-checking activities were
identified, they were applied to the information model.
First, the checks are carried out on the rooms' gener-
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ic layout to verify the compliance with the guidelines
for the containment of the Coronavirus. Then, the same
verification is applied to the same rooms with a new
layout meeting the indications for the prevention of the
virus spread.

4.4.1. CLASSROOM: CHECK A1

Considering the public school Michelangelo in Bari,
classrooms have the same layout and dimensionsin most
cases. Hence, only one kind of classroom is analyzed
here to show the proposed methodol ogy.

The first check carried out concerns the compliance
with the safety distances in the static area, which is the
areaintended for students. First, the check is carried out
on a layout representative of the real state of a generic
classroom of the building under investigation. Applying
the proposed algorithm shows that the school benches
position in the real condition does not comply with the
safety rules for preventing the spreading of the virus. As
illustrated in the figure below, the algorithm highlights in
red color the stations to be kept free to meet guidelines
reguirements.
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Fig. 6. Left: layout of the room in the real condition; right: the graphic
result of the check application.

Subsequently, the design criteria necessary to miti-
gate the virus spread are applied to the aforementioned
layout. Here, three different scenarios are taken into ac-
count:

» first scenario: precautionary scenario, which in-
volvesthe distance between benchesrows equal to
1 m, while the distance between benches columns
equals 0.6 m;
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» second scenario: in this case, the distance between
the students' rime buccali (namely the distance
between the mouths of two close people) is set as
areference measure of 1m, while the distance be-
tween benches columnsis equal to 0.6 m;

 third scenario: in the last scenario, benches are
arranged in double rows in order to ensure a dis-
tance between the rime buccali equal to 1 m; then,
bencheslines are interspersed with a corridor with
aminimum width of 0.6 m.

The check applied on the new layouts returned a pos-
itive result in all three scenarios showing that stations
can be used safely. BIM processes allow for immediate
comparisons between different design alternatives. As
such, designers have an effective process to perform the
best possible solution. In particular, the real-time com-
parison between the different scenarios would alow for
increasing classroom occupancy: although al three new
proposed scenarios meet the rules on socia distancing,
the application of the third scenario allows to host 20
scholars, which is 5 more than the first scenario. This
condition could ensure that all students take a class in-
stead of e-learning lessons. If the classroom layout
cannot be modified, the automated check identifies the
workstations to be kept free to meet the social distancing
rules, which are then labeled with red color by the algo-
rithm proposed, as shown before.
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Fig. 7. From left to right: scenario 1, scenario 2, and scenario 3.

4.4.2. CLASSROOM: CHECK A2.A

The classroom'’s dynamic space is the area between the
wall behind the blackboard and the rime buccali of stu-
dents from the first line. In order to define the dynamic
zone in Revit, a“Room” is created within the classroom

to circumscribe this specific zone. The script applied




Vol. 9, No. 1 (2023)

in this case automatically returns the width and length
of each school building’s room labeled as a dynamic
zone. Then the script returns a result of compliance or
non-compliance with the safety rules considered.

Checks are first carried out on the layout represent-
ing the typical classroom of the school building. Subse-
quently, checks are carried out on the layouts analyzed
in the previous Check A.l.a. In particular, the changes
consider the dynamic space distance of 2.5 m (Tab. 1).
Here, checks reported positive results for both the typical
and redesigned layout.

Fig. 8. From left to right: scenario 1, scenario 2, and scenario 3.

4.4.3. CLASSROOM: CHECK A.2.B

This check concerns the distance between the teachers
rime buccali and first-line pupils’ rime buccali: such a
minimum distance must equal 1.5 m (Tab. 1). Thealgo-
rithm works similarly to Check A.2.a. First, a“Room”
is created for the area under investigation in Revit.
Hence, the script verifies whether the room complies
with the minimum dimensions required. Results report
negative outcomes for the typical classroom layout,
which means that teachers are typicaly quite close to
the first-line students. On the contrary, in the case of
the modified layouts according to the safety guidelines,
the distances are fully compliant with the safe use of
the classroom.
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4.4.4. CLASSROOM: CHECK A.3

The last check for the classrooms is carried out consid-
ering the size and area per person necessary to define
the maximum number of users present simultaneously
(room capacity) and ensure social distancing. The limit
imposed by the guidelines, as reported in Table 1, con-
siders the ratio between the room’s net area and the area
per person equal to acircle of radius 1m. In this case, the
algorithm performsthe cal culation by returning the max-
imum number of students allowed to stay simultaneously
in the classroom.

4.4.5. LABORATORY: CHECK B.1

Regarding laboratories, the guidelines identify the same
rules for classrooms (Tab. 1). Therefore, the application
of the scripts does not vary. In this case, the check is
carried out on the typical laboratory layout. This check
involves the verification of the minimum distance be-
tween scholars, which must be equal to 1 m (Tab. 1).
Results show that some seats cannot be safely used as
they do not comply with the rules on social distancing.
Asillustrated for the previous check A.1, the algorithm
highlightsin red color the stationsto be kept free to meet
guidelines requirements. As such, taking into consider-
ation some fixed workstations, the ones marked as “emp-
ty” are eliminated, effectively halving the capacity of the
laboratory.

Unlike classrooms, laboratories are usually organized
with fixed workstations hosting, for example, instru-
ments and computers whose pasition cannot be changed.
Therefore, the verification is only carried out on the real
laboratory layout without comparing it with redesigned
layouts.

Fig. 9. From left to right: typical classroom, scenario 1, scenario 2, and scenario 3.
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4.4.6. LABORATORY: CHECK B.2.A

The same verification of check A.2.a is applied here for the
laboratories. As for the previous check B.1, the verification
is only carried out on the real laboratory layout without
comparing it with redesigned layouts. The dynamic area
dimension is verified using the same methods of class-
rooms, and the checks carried out returned positive resuilts.

4.4.7. LABORATORY: CHECK B.2.B

The last check for the laboratory concerns the distance be-
tween teachers and scholars' rime buccali, which hasto be
not lessthan 1.5 m (Tab. 1). In this case, the Dynamo algo-
rithm returned a negative result, which meansthat scholars
are too close to each other. Layout checks are then carried
out by halving the room capacity with empty workstations:
in that case, the result is positive as the distance between
the occupied stations has actually increased.

4.4.8. AUDITORIUM: CHECK C.1

In the case of the auditorium, we refer to the Ministeri-
al Decree of 19/08/1996 as amended: «Approva of the
technical fire prevention rule for the design, construction
and operation of entertainment and public entertainment
venues». This standard is applicable to premises open to
the public for entertainment with a capacity exceeding 100
people or with agross surface area exceeding 200 m2 The
auditorium under investigation fallsinto these shapes. Ac-
cording to the standard, there can be a maximum of 10
rows composed of a maximum of 16 seats. Seats must be
spaced at least 0.8 m apart. They also must be at least 1.2
m away from the walls. If a distance of 1.1 m between
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rows is achievable, it is possible to consider 20 seats per
row for a maximum of 15 rows. Finaly, corridors with
aminimum width of 1.2 m must be provided if seats are
arranged in sectors. The seat width equals 0.5 m for seats
with armrests and 0.45 m without. The checks are carried
out taking into consideration that the distance necessary to
guarantee a safety condition is equal to 1 m. The verifica-
tion of the real condition considers two hypotheses:

o first scenario: a distance between rows of 0.8m is
considered. In this case, the check shows a drastic
reduction of the usable seats, equal to a quarter of
the total;

» second scenario: In the second case, a distance of
1.1 m between the rows is considered.

The verification shows only a halving of the seats that
can be used safely.

In the case of the auditorium, seats can generally be
fixed or movable. In the case of movable seats, they can
be reconfigured to comply with safety measures. In the
case of fixed seats, the checks carried out can be used
to indicate which one must be kept free for compliance
with safety conditions.

4.4.9. STAFFROOM: CHECK D.1

In the case of the staffroom, the following real layout is
used for verification. The check here shows the unusable
workstationsaccording to the safety rules(Tab. 1). Thelay-
out is therefore redesigned considering a distance of 1.15
between the stations. In this way, the verification of the
new layout shows that all stations can be used respecting
the social distance, as highlighted in the following figures.
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Fig. 10. Staffroom. Check D.1. left: the unusable workstations according to the safety rules are shown in red colors; right: redesigned layout.




Vol. 9, No. 1 (2023)

4.4.10. CONNECTING SPACES CHECK E.2

In this case, the dimension of all the school connective
spaces is analyzed. In the case of corridors, the follow-
ing condition must be respected: area per person > 1.25
m2. By checking connecting spaces dimensions, it is pos-
sible to identify which can be used safely in two-way
traffic and which must be necessarily used in one direc-
tion. The latter occurs in connection spaces with a high
risk of gathering, as in the case of the entrance and exit
from the school building. The checks applied to school
building corridors under investigation report the follow-
ing results:

* mezzanine floor: the stairs connecting the east
areato the main atrium do not meet safety rules,

* first floor: the corridor of the southern classrooms
and the corridor overlooked by the laboratories
does not respect the safety rules;

» second floor: the corridor of the southern class-
rooms does not meet safety rules here, too.

4.4.11. GYM: CHECK F.3

The check identifies the gym’s occupancy. For this kind
of space, rules exclusively define a minimum social dis-
tance of 2 m. Here, the gym is modelled within Revit
software, and the algorithm is then applied. The script
calculates the number of students by defining a grid with
dimensions of 2 m x 2 m. By using the script, results are
shown in the room schedule or the properties set of the
selected room in Revit software.

5. RESULTSAND DISCUSSION

Code-checking processes can be applied to various
fields of construction engineering. Therefore, a BIM
model can be used for compliance checks with differ-
ent standards. The strength is to carry out checks au-
tomatically or semi-automatically with tools providing
assurance of high-quality results. Conversely, by adopt-
ing the traditional method based on 2D CAD drawings,
checks are carried out manually and on a sample ba-
sis. The literature clearly shows that manual approach-
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es for building compliance checking usually lead to
inconsistencies. Several tools capable of carrying out
code-checking processes now exist, among which “So-
libri” software is one of the most used [25]. Tools like
“Solibri” are very useful, especially with reference to
standard checks. Actually, some of these tools have sev-
eral customizing options for rules. However, such tools
do not have scripting capability. On the other hand, Vi-
sual Programming Language tools couple scripting ca-
pability to arather easy user interface. Therefore, these
allow for carrying out infinite applications, including
modelling processes and code-checking processes with
highly customized rules.

This paper shows the control rules scripting process
to verify the BIM model compliance with the guide-
lines for contrasting the COVID-19 spread. This ap-
proach has never been considered so far. Therefore, the
application of code-checking processes allows school
environments to be tested in order to verify compliance
with guidelines for fighting the virus spread. Moreover,
standards are constantly evolving. Therefore, the pro-
posed approach allows modifying the algorithm ac-
cording to the evolution of the standards. The method-
ology proposed in this paper makesit possible to verify
on a real-time basis all the school environments by re-
turning their conformity or non-conformity status with
standards.

The proposed case study is limited to the evaluation
of some typical environments of the Michelangelo pub-
lic school in Bari, Italy. In fact, the present paper does
not intend to express a judgment on the conformity of
the school building considered. The goal of the analysis
is to propose a code-checking methodology for compli-
ance with standards for preventing the virus spread. The
approach presented here can be replicated in al school
contexts and applicable to all BIM models. However,
BIM models must be previously prepared for this kind
of activity. Indeed, the proposed workflow cannot avoid
the BIM model preparation phase. Designers defining
building models that will be used for rule checking or
other kinds of simulations must arrange them so that the
models provide the information needed in a well-de-
fined agreed framework. Hence, the application of the
algorithms in a VPL environment can be implemented
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only when the model has been set. In order to ensure
the scripts work properly without errors, the BIM model
must have been enriched with the right semantic infor-
mation. Current BIM platforms default to a minimal set
of properties and provide the capability of extending the
set. Nevertheless, users can add parameters to each rele-
vant object to produce a certain type of simulation.

The approach proposed here, unlike manual con-
trols, allows simultaneously processing a huge amount
of dataand simultaneously testing various environments.
The BIM-based approach can be error-free and makes
evaluations much faster. The lack of errors and the ac-
tions timeliness are essential parameters in emergency
conditions. Thus, the design and construction managers
are able to carry out several simulations to evaluate the
optimal condition even before hypothesizing invasive
re-functionalization scenarios both for the buildings and
the human capital. The advantage is to manage several
variables and apply them to different application scenar-
ios, and this becomes essential in an emergency situation
with few resources and time available. Furthermore, the
visualization capacity of the result offered by BIM al-
lows for increasing the space management’s control ca-
pacity.

The standards of COVID-19 prevention are con-
stantly evolving, but the paper is limited to the period of
drafting the study. The present study intends to provide
amethodology and not aregulatory framework to be ad-
opted. Therefore, according to the authors, the most rep-
resentative Italian guidelines are taken into consideration
here, also studying the type of controls to be applied to
school buildings. Although several studies investigate
code-checking processes [21-23], applying the BIM-
VPL approach to the fight against Coronavirus has never
been considered.

6. CONCLUSION

The World has had to contend with a huge pandemic for
the past two years. The COVID-19 spread has resulted
in a number of catastrophic scenarios. To date, there
are millions of confirmed cases and hundreds of thou-
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sands of deaths. With reference to the school system, a
series of guidelines have been issued to continue using
school buildings safely. In fact, e-learning methods are
considered less effective, especially in social terms. The
presented BIM-based approach allows the simultaneous
verification of different school environments with re-
spect to pre-established safety rules. The literature high-
lights several potential benefits of using automation to
support design compliance checking. In this case, the
use of VPL tools for code-checking processes allows the
real-time comparison among different layout scenari-
os, helping decision-makers opt for the safest scenario
and guarantee the greatest room capacity. This leads to
better exploitation of school buildings without displac-
ing students and teachers to other buildings or opting
for e-learning solutions. Moreover, it has recently been
shown that e-learning negatively affects the social rela-
tionships between scholars and school staff.

The present paper is the first approach of a broader
research study. Then, the proposed framework should be
evolved in the future. Further research will consider a
greater number of national and international standards,
and different case studies will aso be deemed to consid-
er other existing guidelines. Furthermore, future research
will focus on working environments in general and not
just school ones. Also, future works will consider the
different restrictions that will be deemed to prevent pan-
demics like this. Indeed, although the World appears to
be coming out of the pandemic condition, this approach
could be used to counter another wave or different types
of pandemics.

Authors contribution

C. Cavdliere: data curation, formal analysis, investi-
gation, project administration, software, supervision,
validation, visuaization, writing. G.R. Dell’ Osso: con-
ceptualization, formal analysis, investigation, project ad-
ministration, supervision, validation, writing. F. lannone:
formal analysis, investigation, project administration,
supervision, validation, writing. V. Milizia: conceptual-
ization, data curation, investigation, software, writing.




Vol. 9, No. 1 (2023)

7. REFERENCES

(1]

(5]

[10]

(11]

[12]

Vu TVan, Vo-Thanh T, Nguyen NP, Van Nguyen D, Chi H
(2022) The COVID-19 pandemic: Workplace safety manage-
ment practices, job insecurity, and employees organizational
citizenship behavior. Saf Sci 145:1-11. https://doi.org/10.1016/].
ssci.2021.105527
Zhu N, Zhang D, Wang W, Li X, Yang B, Song J, Zhao X, Huang
B, Shi W, Lu R, Niu P, Zhan F, Ma X, Wang D, Xu W, Wu G,
Gao GF, Tan W (2020) A Novel Coronavirus from Patients with
Pneumoniain China, 2019. N Engl JMed 382:727-733. https://
doi.org/10.1056/nejmoa2001017
Lai CC, Shih TP, Ko WC, Tang H-J, Hsueh P-R (2020) Se-
vere acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
and coronavirus disease-2019 (COVID-19): The epidemic and
the challenges. Int J Antimicrob Agents 55:1-9. https://doi.
0rg/10.1016/j.ijantimicag.2020.105924
World Health Organization (2022) Coronavirus Disease
(COVID-19) Dashboard. https://covid19.who.int. Accessed on
April 20, 2022
Cirrincione L, Plescia F, Ledda C, Rapisarda V, Martorana D,
Moldovan RE, Theodoridou K, Cannizzaro E (2020) COVID-19
Pandemic: Prevention and protection measures to be adopted at
the workplace. Sustainability 12:1-18. https://doi.org/10.3390/
SU12093603
Istituto Superiore di Sanita (2020) Rapporto ISS COVID-19,
n. 5/2020 Rev.2 - Indicazioni ad interim per la prevenzione e
gestione degli ambienti indoor in relazione alla trasmissione
dell’infezione da virus SARS-CoV-2
Soliman-Junior J, Tzortzopoulos P, Baldauf JP, Pedo B, Kagiog-
lou M, Torres Formoso C, Humphreys J (2021) Automated com-
pliance checking in healthcare building design. Autom Constr
129:1-16. https://doi.org/10.1016/j.autcon.2021.103822
Dumitru S M (2021) Forced digitization due to the global pan-
demic. In: Proceedings of the 15th International Conference on
Business Excellence 2021, Bucharest, Romania
Charef R, Emmitt S, Alaka H, Fouchal F (2019) Building In-
formation Modelling adoption in the European Union: An
overview. J Build Eng 25:100777. https.//doi.org/10.1016/j.
jobe.2019.100777
Abanda FH, Vidalakis C, Oti AH, Tah JHM (2015) A critical
analysis of Building Information Modelling systems used in
construction projects. Adv Eng Softw 2:183-201. https://doi.
0rg/10.1016/j.advengsoft.2015.08.009
Kassem M, Succar B (2017) Macro BIM adoption: Compar-
ative market analysis. Autom Constr 81:286-299. https.//doi.
0rg/10.1016/j.autcon.2017.04.005
Succar B, Kassem M (2015) Macro-BIM adoption: Conceptual
structures. Autom Constr 57:64—79. https://doi.org/10.1016/j.
autcon.2015.04.018

[13]

(14]

(18]

(19]

(20]

[21]

[24]

[25]

e-ISSN 2421-4574

Liu H, Cheng JCP, Gan VIL, Zhou S (2022) A knowledge mod-
el-based BIM framework for automatic code-compliant quanti-
ty take-off. Autom Constr 133:1-22. https://doi.org/10.1016/j.
autcon.2021.104024

Santos R, CostaAA, Grilo A (2017) Bibliometric analysis and
review of Building Information Modelling literature published
between 2005 and 2015. Autom Constr 80:118-136. https://doi.
0rg/10.1016/j.autcon.2017.03.005

Zhao X (2017) A scientometric review of global BIM research:
Analysis and visualization. Autom Constr 80:37-47. https:/
doi.org/10.1016/j.autcon.2017.04.002

UNI (2017) UNI 11337-5:2017 - Edilizia e opere di ingegneria
civile - Gestione digitale dei processi informativi delle costru-
zioni Parte 5: Flussi informativi nei processi digitalizzati
Dimyadi J, Amor R (2013) Automated Building Code Compli-
ance Checking —Whereisit at? In: Proceedings of CIB WBC,
2013. https://doi.org/10.13140/2.1.4920.4161

Guo D, Onstein E, LaRosaAD (2021) A Semantic Approach for
Automated Rule Compliance Checking in Construction Indus-
try. |IEEE Access 9:129648-129660. https.//doi.org/10.1109/
ACCESS.2021.3108226

Preidel C, Borrmann A (2015) Automated code compliance
checking based on a visual language and building information
modeling. In: Proceedings of the 32nd ISARC, Oulu, Finland,
2015. https://doi.org/10.22260/isarc2015/0033

Martins J°, Monteiro A (2013) LicA: A BIM based auto-
mated code-checking application for water distribution sys-
tems. Autom Constr 29:12-23. https://doi.org/10.1016/j.aut-
con.2012.08.008

Negendahl K (2015) Building performance simulation in the
early design stage: An introduction to integrated dynamic
models. Autom Constr 54:39-53. https://doi.org/10.1016/j.aut-
con.2015.03.002

Rock M, Hollberg A, Habert G, Passer A (2018) LCA and BIM:
Visualization of environmental potentials in building construc-
tion at early design stages. Build Environ 140:153-161. https:/
doi.org/10.1016/j.buildenv.2018.05.006

Cavalliere C, Dell’Osso GR, Favia F, Lovicario M (2019) BIM-
based assessment metrics for the functional flexibility of build-
ing designs. Autom Constr 107:1-12. https://doi.org/10.1016/].
autcon.2019.102925

Dimyadi J, Amor R (2018) BIM-based Compliance Audit Re-
quirement for Building Consent Processing. In: Proceedings of
the European Conferences on Product and Process Modeling in
the Building Industry, Copenhagen, Denmark
Bellido-Montesinos P, Lozano-Galant F, Castilla FJ, Loza-
no-Galant JA (2019) Experiences learned from an international
BIM contest: Software use and information workflow analysis
to be published in: Journa of Building Engineering. J Build
Eng 21.:149-157. https://doi.org/10.1016/j.jobe.2018.10.012



https://doi.org/10.1016/j.autcon.2021.104024
https://doi.org/10.1016/j.autcon.2021.104024
https://doi.org/10.1016/j.autcon.2017.03.005
https://doi.org/10.1016/j.autcon.2017.03.005
https://doi.org/10.1016/j.autcon.2017.04.002
https://doi.org/10.1016/j.autcon.2017.04.002
https://doi.org/10.13140/2.1.4920.4161
https://doi.org/10.1109/ACCESS.2021.3108226
https://doi.org/10.1109/ACCESS.2021.3108226
https://doi.org/10.22260/isarc2015/0033
https://doi.org/10.1016/j.autcon.2012.08.008
https://doi.org/10.1016/j.autcon.2012.08.008
https://doi.org/10.1016/j.autcon.2015.03.002
https://doi.org/10.1016/j.autcon.2015.03.002
https://doi.org/10.1016/j.buildenv.2018.05.006
https://doi.org/10.1016/j.buildenv.2018.05.006
https://doi.org/10.1016/j.autcon.2019.102925
https://doi.org/10.1016/j.autcon.2019.102925
https://doi.org/10.1016/j.jobe.2018.10.012
https://doi.org/10.1016/j.ssci.2021.105527
https://doi.org/10.1016/j.ssci.2021.105527
https://doi.org/10.1056/nejmoa2001017
https://doi.org/10.1056/nejmoa2001017
https://doi.org/10.1016/j.ijantimicag.2020.105924
https://doi.org/10.1016/j.ijantimicag.2020.105924
https://covid19.who.int
https://doi.org/10.3390/SU12093603
https://doi.org/10.3390/SU12093603
https://doi.org/10.1016/j.autcon.2021.103822
https://doi.org/10.1016/j.jobe.2019.100777
https://doi.org/10.1016/j.jobe.2019.100777
https://doi.org/10.1016/j.advengsoft.2015.08.009
https://doi.org/10.1016/j.advengsoft.2015.08.009
https://doi.org/10.1016/j.autcon.2017.04.005
https://doi.org/10.1016/j.autcon.2017.04.005
https://doi.org/10.1016/j.autcon.2015.04.018
https://doi.org/10.1016/j.autcon.2015.04.018

	Pagine iniziali
	[d] 2-288 TEMA Vol9 No1-2023 SANNA et al
	[d] 2-288 TEMA Vol9 No1-2023 BUTERA
	[d] 2-288 TEMA Vol9 No1-2023 LOSASSO
	[d] 2-288 TEMA Vol9 No1-2023 MANFREN
	[d] 2-288 TEMA Vol9 No1-2023 GETULI et al
	[d] 2-288 TEMA Vol9 No1-2023 DORAZIO et al
	[d] 2-288 TEMA Vol9 No1-2023 LOCATELLI et al
	[d] 2-288 TEMA Vol9 No1-2023 MARACCHINI et al
	[d] 2-288 TEMA Vol9 No1-2023 CASCONE
	[d] 2-288 TEMA Vol9 No1-2023 IMPERADORI et al
	[d] 2-288 TEMA Vol9 No1-2023 ZANCHETTA et al
	[d] 2-288 TEMA Vol9 No1-2023 CAVALLIERE et al

