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Abstract. This paper aims to compare different intervention scenarios for
the regeneration of the existing building stock based on two opposite
paradigms: deep renovation and demolition and reconstruction. In the
second case, three different construction technologies for the structure of
the new building were investigated, respecting the original volumetric and
architectural characteristics: wood, reinforced concrete, and steel. The
comparison between the different solutions sought to highlight the potential
and criticalities of the two different approaches, with particular attention to
aspects related to environmental sustainability. This investigation was
carried out on a manor villa built at the beginning of the 1990s, belonging
to the “Borgo Digani” complex located in Argelato (Bologna), selected as a
pilot case by the European project “DRIVE 07, financed within the Horizon
2020 programme, aiming at promoting the decarbonisation of the existing
built heritage. The analysis was carried out by imposing certain fixed
conditions for all scenarios: the external shape of the building, the thermal
performance of the envelope walls (equal to 0.18 + 0.02 W/m?K), and the
use of the same thermal insulation material for energy efficiency. Analyses
of the energy performance of the different technologies adopted and the
different building envelope solutions selected were addressed with
Edilclima software. The assessments of the environmental impact of the
various interventions, on the other hand, were carried out through a
simplified Life Cycle Assessment (LCA) on the whole life cycle of the
building, using One Click LCA software. The results of the analyses,
expressed in terms of embodied energy and embodied carbon, showed how
the final values are highly influenced by the imposed boundary conditions
and how crucial it is to interpret critically the data resulting from the
calculations carried out, which also consider the expected performance.

Keywords: Deep renovation, Demolition with reconstruction, Circularity,
Environmental impact, Life Cycle Assessment (LCA).



1 Introduction

The construction sector significantly impacts the environment, both in terms of
natural resource consumption and waste generation. It is worth mentioning that the
entire supply chain causes 6.4% of total global greenhouse gas (GHG) direct
emissions and 12% of indirect ones [1]. Global atmospheric emissions are
continuously increasing: from 46.2 GtCOze in 2010 to 48.5 GtCOze in 2020 [2].
The data, elaborated by UNEP (United Nations Environment Programme) and
presented in the second to last published report (2022), show a constantly growing
trend. In fact, in the 2000-2009 period, an average annual increment in global
emissions of 2.6% was recorded, while in the 2010-2019 period, the average
annual growth was around 1.1% [3]. This apparent slowdown is due to the spread
of renewable energy sources and the gradual replacement of coal by other gases
for energy production in the most developed countries [3]. Although there was an
unprecedented reduction in 2020 related to the pandemic diffusion (COVID-19),
the 2021 data hints at a renewed increase and return to 2019 values, showing how
the pandemic caused an unexpected but short-term decrease [3]. The recent UNEP
2023 report confirms the growing trend. In 2022, global GHG emissions reached
the highest value ever recorded in recent years (2010-2022), with a growth rate of
+1.2% compared to the previous year (2021), higher even than the average growth
rate recorded in the 2010-2019 period of +0.9%, and lower than the average
growth rate in the 2000-2009 period (+2.2%). This trend is not expected to be
reversed as long as emissions are constantly balanced and reduced by increasing
shares of carbon sequestration and removal [4].

According to this latest report, the gap to the 2030 targets is estimated to be: (i)
14 GtCOze in the case of full implementation of Unconditional Nationally
Determined Contributions (NDCs) for the scenario limiting global warming to
below 2°C with at least 66% probability of realisation; (ii) 22 GtCOze in the case
of full implementation of Unconditional NDCs for the scenario limiting global
warming to below 1.5°C with at least 50% probability of realisation [4].
Numerous online databases provide information on the global GHG emissions of
economic sectors in terms of CO,e. Despite a certain degree of uncertainty and
tolerance linked to different calculation methods, the most recent reports and the
major reference institutions for the dissemination of reliable climate change data
(IPCC - Intergovernmental Panel on Climate Change, UNEP) are aligned on the
need to implement more ambitious strategies and policies to promote a sustainable
development of the built environment and to fight climate change with the aim of
containing the global temperature rise within the limits set by the 2015 Paris
Agreement. In this context, in September of the same year, the governments of the
193 member countries of the United Nations signed the 2030 Agenda [5] for
Sustainable Development as an action plan for people, planet and prosperity. This
agenda provides a shared blueprint for peace and prosperity for people and the
planet, now and in the future. It incorporates 17 Sustainable Development Goals
(SDGs) in a broad action agenda with 169 targets, showing the countries
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committed to achieving those goals by 2030 the way forward over the next 15
years.

To meet this challenge, the European Green Deal was launched in 2019 [6]
with the objective of transforming the European Union (EU) into a modern,
resource-efficient and competitive economy by ensuring these specific conditions,
including no net GHG emissions by 2050. The European Commission has
approved a set of proposals to make the EU’s climate, energy, transport, and
taxation policies suitable for reducing net GHG emissions to at least 55% by 2030,
compared to 1990 levels.

Among the main actions promoted by the European Green Deal is the new
Circular Economy Action Plan (CEAP), implemented in March 2020 [7]. Indeed,
the transition from a linear to a circular economy can help reduce the pressure on
natural resources and create sustainable growth. This factor is a prerequisite for
achieving the European goal of climate neutrality by 2050.

The key concept underlying the circular economy concerns adopting an
economic model based on the reduction, reuse, recycling, and recovery of
resources. In fact, in contrast to the traditional “take-make-dispose™ linear model,
the circular economy model is defined as a regenerative system in which resource
inputs and waste, emissions and energy consumption are minimised by slowing
down, closing and tightening material and energy cycles [8].

In order to fully exploit the potential offered by a circular approach, it is
necessary to overcome the current challenges and promote the diffusion of
increased knowledge and awareness of the benefits achievable among all
stakeholders involved in building processes [9]. Only through a joint effort of all
parties and the implementation of adequate regulations will it be possible to ensure
a more sustainable future for buildings and the planet.

In line with the European Green Deal’s goal of reaching climate neutrality in
Europe by 2050 and the strategy encouraged by the Renovation Wave [10], the
“DRIVE 0” project [11], funded by the EU Horizon 2020 Programme, deals with
the promotion of decarbonisation strategies for the existing building stock through
deep renovation. According to the approach approved by “DRIVE 07, a circular
deep renovation strategy is based on the use of energy from renewable sources and
materials from biological or technical cycles, minimising waste production and
providing end-of-life strategies with a positive impact on the environment. The
project aims to foster the implementation of a circular approach in refurbishment
processes based on real customer needs to be attractive and effective. The project
tested the feasibility and effectiveness of the proposed circular strategies and of
the specific innovative building systems developed by the consortium members on
seven selected demonstration buildings in seven different countries belonging to
the consortium: Estonia, Greece, Ireland, Italy, the Netherlands, Slovenia and
Spain. This article focuses on the Italian pilot case, located in Argelato (Bologna),
with the aim of presenting a further in-depth study with respect to the analyses
developed and reported within previous contributions [12], concerning the same
building, i.e. the residential villa within the “Borgo Digani” building complex.



2 A procedure for comparative life-cycle analysis on multiple
intervention scenarios at the building scale

The present research aims to investigate different intervention scenarios for the
renovation of a specific case study in terms of energy performance and
environmental impact. The considerations and analyses carried out are not
intended to identify the least impactful intervention scenario among those
prefigured but rather to bring out the complexities involved in a simplified LCA,
as the boundary conditions and parameters set for performing the analysis vary.

Previous analyses conducted according to the simplified “cradle-to-grave” Life
Cycle Analysis (LCA) methodology have compared the renovation works actually
realised with a hypothetical demolition and reconstruction of a building with the
same performance, shape and size, with a light wooden structure (platform frame).
Considering a service life of 50 years and referring to the impact in terms of
embodied carbon, linked exclusively to the materials used for the renovation and
new construction in the product and construction stages (A1-A5), the in-use stage
(B1-B5) and the end of life (C1-C4), the analyses showed a more significant
environmental impact of the deep renovation intervention compared to the
replacement one. This outcome results from the not-so-relevant contribution of
demolition works to the production of CO;, emissions, which is higher for
consolidation works on the existing structure in the deep renovation scenario [12,
13].

However, analyses considering the operational carbon (B6-B7 phases) for both
scenarios (deep renovation and demolition with reconstruction) and more time
intervals/different service lives to investigate short-term (10 years), medium-term
(30-50 years) and long-term (>50 years) outcomes, as well as the choice of
different materials and technological systems, could lead to different results and
considerations.

The application of the LCA method allows the estimation of GHG emissions at
various stages and comparative analyses to identify low or zero-emission
scenarios. The study conducted by “LETI - London Energy Transformation
Initiative” [14] shows that, while in an existing building, the greatest contribution
is related to operational carbon associated with the energy required for the in-use
stage, in a new energy-efficient building, the share of embodied carbon becomes
the most significant, constituting 40-70% of total emissions. In order to expand
and broaden the outcomes in terms of the impacts of various design solutions, the
deep renovation scenario is compared with other replacement interventions
involving the construction of a new building with three different structural
systems and envelope solutions: X-Lam wooden structure for walls and floors;
reinforced concrete frame structure and brick walls; steel frame structure with
prefabricated lightweight envelope. This contribution intends to present the results
of the simplified “cradle-to-grave” LCA performed on the entire building,
including construction and structural parts, for the four intervention scenarios
mentioned above (deep renovation, demolition with reconstruction with three
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types of load-bearing structure). The addition of the results from stage D,
representing the environmental benefits and loads beyond the life cycle, allows the
completion of a “cradle-to-cradle” analysis and further elaboration on the benefits
associated with the use of products and systems with a high degree of circularity
that can be sent into more life cycles.

The research is articulated in the following four phases.

(i) Definition of the intervention scenarios: it consists of the drafting of a
preliminary design of the new building for each hypothesis of demolition with
reconstruction, including the pre-dimensioning of the structural components and
the individuation of the envelope stratigraphies to ensure a thermal transmittance
value of 0.18 * 0.02 W/m?K, i.e. the threshold value defined by the deep
renovation scenario, physically realised within the EU project “DRIVE 0.

(i) Simplified LCA: it is performed to assess the environmental impact of the
entire building through the use of One Click LCA software [15] (reference
standard UNI EN 15978 [20]), whose database follows the standards of UNI EN
15804 [16] and the guidelines of Level(s) [17] in terms of indicators and the
performance of the analysis. Level(s) is a voluntary reporting system that aims to
provide unified European standards for assessing environmental performance in
the building sector, providing tools and guidelines to describe and evaluate a
number of critical scenarios in the life cycle of buildings, with the objective of
promoting the efficient use of resources. Among the three levels of analysis
defined by Level(s), the research followed the criteria for Level 2, “Detailed
design and construction”. Therefore, the LCA considered annual energy
consumption, annual water consumption and site operations. With these boundary
conditions, the LCA is carried out for each of the four intervention scenarios,
considering a service life of 50 years, and the results are expressed in terms of
embodied carbon (EC) / embodied energy (EE) and operational carbon (OC)
/operational energy (OE). The EC indicates the amount of GHG emissions in
kgCO2e that is released into the atmosphere during the product stage (A1-A3), the
construction stage (A4-Ab), the in-use stage (B1-B5), the end-of-life stage (C1-
C4). In the in-use stage, the emissions related to the materials used and the
processes required for maintenance, repair, refurbishment, and replacement are
considered during the period studied (50 years). In fact, the elements that
constitute a building, according to Brand’s 6 Shearing Layers approach [18], have
different lifespans and need interventions at different time intervals [19]. OC is the
amount of GHG emissions in kgCO-e released into the atmosphere for all those
activities associated with the use and operation of a building. Therefore, it
includes emissions from heating, cooling and ventilation systems, domestic hot
water production, lighting and the use of equipment or any anthropogenic activity
[14].

Similarly, the EE can be defined as the energy embedded in materials closely
related to production, manufacturing, processing and end-of-life, and the
operational energy as the energy related to use. In this case, to estimate the
quantities of embodied and operational energy, the total use of renewable primary
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energy (PEgien) and total use of non-renewable primary energy (PEginren),
expressed in MJ, are summed for the various life cycle stages.

(iii) Simplified energy analysis of the project and completion of the whole
LCA: it is performed using the Edilclima software [20] to assess the building’s
energy performance considering the newly assumed building envelope and the
plants of the project physically realised. In particular, the intervention resulted in
the transition to a fully electric building, whose energy needs are met entirely with
electricity thanks to the installation of heat pumps (efficiency class A++/A+++)
for heating, cooling and domestic hot water production and the integration of
photovoltaic panels on the roof. In order to carry out the assessment over the
entire life cycle of the building under study, the inflow of materials used for the
deep renovation and reconstruction intervention according to the three
construction systems and the outflow of materials for all scenarios (i.e.
demolished and possibly reusable/renewable/recycled materials in the same
renovation or reconstruction intervention) are considered, also including the end-
of-life (C1-C4) of the renovated building and reconstructed [21]. Further
considerations on the contribution generated by including stage D are discussed
and deduced separately. Finally, thanks to the energy simulation conducted with
Edilclima and the estimation of domestic water consumption using data available
from statistical analyses on a regional scale [22], it is possible to identify the
incidence of operational carbon in terms of environmental impact. For clarity, Fig.
1 shows a representative diagram of the system boundaries and the various stages
considered to carry out the assessment.
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Fig. 1. Method for calculating the embodied carbon/energy and operational carbon/energy
according to the Life Cycle Carbon/Energy Assessment © Authors, 2024.

(iv) Data processing, discussion and critical interpretation of the results: these
activities are conducted by comparing the environmental impact related to the
different scenarios to identify the most relevant parameters within the framework
of the definition of a simplified life-cycle impact assessment tool, which could be
used as a decision-support tool for local administrations and professionals at a
preliminary stage of intervention.

3 The case study of “Borgo Digani” in Argelato

The building under analysis, which was selected as the Italian demonstrator for the
“DRIVE project”, is located within a rural building complex in Argelato
(Bologna, Italy), consisting of a villa, a stable/hayloft and a small animal shelter.
The complex, built in the 1700s and reworked in the early 1900s, is considered of
historical-testimonial value and is located within a park classified as a garden of
ecological importance. After many decades of abandonment, the complex was
compromised and damaged in terms of seismic safety, architectural and
conservation quality, and energy and mechanical performance.

In 2021, the private foundation owning the complex decided to start upgrading
it and turn it into a multi-service and reception centre that would be a social
reference point for the citizens of Argelato. At the end of the renovation process,
which ended in December 2023, the Municipality of Argelato now has the
renovated and re-functionalised “Borgo Digani” complex (formerly “Corte
Palazzo”): the manor villa has been transformed into a multi-user social residence
for disadvantaged and disabled families, while the former stable-hayloft hosts
social services for residents and citizens. Today, this rural building heritage meets
a high level of energy efficiency based on the circular use of innovative high-
performance technological solutions and the installation of high-efficiency
systems.

This study focuses on the manor villa (Fig. 2), which consists of external and
internal walls in load-bearing solid bricks and represents a typical rural dwelling
commonly spread in various rural areas of Italy and Southern Europe. From a
regulatory point of view, the villa could only be subject to “type A (RC-A)
restoration and conservative renovation”, according to Presidential Decree 380-
2001 Testo Unico Edilizia (updated to 19.04.2023) [23]: it is aimed at preserving
the building organism and ensuring its functionality through a systematic set of
works that, respecting the typological, formal and structural elements of the
organism itself, also permit the change of its intended use as long as it is
compatible and compliant with the regulations. These works include the
consolidation, restoration and renovation of the building’s elements, the insertion
of accessory elements and installations required by the needs of use, and the
elimination of extraneous elements of the building body. Therefore, the historical-
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documental constraint to which the building is subjected made it mandatory to use
the original materials, or in any case compatible with the original ones, and the
conservation of the structural elements, with the exception of those that are
excessively compromised for safety purposes.

Fig. 2. Exterior view of the villa before the deep renovation intervention (on the left) (M.
Cioni, 2019) and after (on the right) © Authors, 2023.

Fig. 3. Exterior view of the villa before the deep renovation intervention (on the left) (M.
Cioni, 2019) and after (on the right) (Authors, 2023) 3D model of the villa representing the
current state: cross-section (on the left) and longitudinal section (on the right) © Habitat
Plus, 2020.

The original load-bearing masonry foundations, made of solid bricks jointed
with mortar, had a total thickness of 50 cm and were set at a depth of 40 cm below
ground level. The external load-bearing masonry walls were made of header bond
full bricks for a total thickness of 29 cm, and were covered, externally, with a
layer of lime plaster and painting, while internally, they were completed with a
layer of gypsum plaster. Also, the internal (load-bearing and not) partitions were
in full bricks jointed with mortar. With regard to the slabs, the original
unidirectional floors on the ground and first floors were made of IPE 160 steel
beams and hollow brick elements (called volterrane) as lightning elements. On the
other hand, the unidirectional slabs on the second floor consisted of primary and
secondary wooden frames, which were highly degraded. In general, the wooden
elements of the slabs were partially destroyed, and all the floors were severely
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damaged and in need of renovation, completion or demolition with reconstruction.
Finally, the original roof frame consisted of wooden beams and joists, upon which
hollow bricks were laid, covered by a layer of wooden boards and then by
traditional imbrex ceramic tiles. While for the vertical portions of the building
envelope (Ucurrent wans = 1.640 W/m?K) it was possible to preserve the original
external walls and reinforce them (indenting cuci-scuci intervention), for the roof
(Ucurrent roof = 1.470 W/m?K) it was necessary to demolish and totally
remanufacture the structure and add the missing layers of thermal insulation and
waterproofing. However, due to the historical-documentary constraint, the new
roof had to maintain the same shape and dimensions and use components and
materials compatible with the original ones. Fig. 3 represents the sections of the
building in the existing state.

As the villa had been abandoned and uninhabited for years, in order to assess
the general energy performance of the building before the intervention, several
analyses were conducted in both dynamic and static regimes, assuming the
building to be inhabited by two families and equipped with traditional systems.
These energy simulations carried out through DesignBuilder calculation software,
a user interface of EnergyPlus [24], were necessary to determine the performance
of the building in its current state, which could not be obtained from monitoring
and measurements. It was assessed that the energy use before the renovation was
about 180 kWh/m?y.

3.1 Deep renovation scenario

The intervention effectively carried out involves the reuse of the original
materials, the use of new local materials and the implementation of new
sustainable and circular prefabricated components, which represents a completely
innovative action in the field of protected heritage.

The state of preservation and the dimensions of the foundations were unsuitable
for the safety of the building, so structural reinforcement with materials
compatible with the existing masonry was necessary to increase its dimensions
and improve its structural performance. Similarly, indenting works and the
insertion of diatons were realised to reinforce the external and internal load-
bearing walls. In addition, it was required to add a thermally insulating layer on all
the walls to reduce their thermal transmittance — from a Ugurrent = 1.640 W/m?K to
a Uproject = 0.170 W/m?K — and to respect the national standard limits (Ujimit =
0.260 W/m?K for climate zone E). Today, the upgraded building is fully electric
and achieves the performance standards for a nZEB (nearly Zero Energy
Building). The total energy use after the intervention is 55 kWh/m?y (80% of
which is covered by the photovoltaic panels (PV) integrated into the Southern
pitch of the roof), resulting in a 70% primary energy saving.

Concerning the slabs, where necessary, a partial or total reconstruction or,
alternatively, a structural reinforcement intervention was carried out.
Consequently, after a structural survey, it was possible to demolish and rebuild the
original wooden roof, preserving its typological and construction characteristics.
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In particular, the building renovation project was based on the implementation
of precise circular actions: i) the reuse of existing materials, e.g. 90% of the
original ceramic roof tiles on the new roof and the reuse of the original crushed
solid bricks to make the undercoats; ii) the energy refurbishment of the facades
through two different systems: on the East and South facades, a traditional
external ETICS (External Thermal Insulation Composite System) in EPS; on the
North and West facades, an innovative prefabricated ‘“Plug&Play” system, filled
with an inner layer of glass wool and a rock wool sandwich panel placed
externally. The use of two different systems for energy refurbishment of the
facades initially derived from economic barriers linked to the high cost of the
“Plug&Play” system under prototyping, not yet introduced on the market.
However, it was also an opportunity to carry out a comparison between the
innovative system and the traditional one concerning the technical aspects linked
to the different installation methods and timing, and the thermal performance
issues aimed at creating an envelope with uniform behaviour, composed of
compatible materials.

External wall: deep renovation “PLUG&PLAY” panels

Q)

outside
x
i

inside

13.95m

12 3 4

\ /
/

Py T 1}

1882 m

Floor plan with the indication of renovated facades
with “Pl &PLAY” panels and ETICS insulation system 1 2 3 45
Fig. 4. Schematic structural plan with the floor slabs’ warping (left) and stratigraphies of
the deep renovated exterior walls (right) through the implementation of the innovative
“Plug&Play” prefabricated panels used in the North and West facades and a traditional
ETICS in EPS used in the South and East facades © Authors, 2024.

Furthermore, the intervention included the installation of new high-
performance triple-glazing windows with wooden frames integrated within
thermally insulated prefabricated frames (called monoblocchi), and PV panels
integrated into the South-oriented pitch to improve the building’s thermal and
energy performance.

A structural scheme of a typical floor is shown below, where the warping of the
wooden and metal floor slabs is indicated, together with the stratigraphies of the
external walls, covered by the two different thermal insulation systems (Fig. 4,
Tab. 1).

The simplified LCA, performed with One Click LCA software and referring to
the entire building, focuses mainly on the added materials and consolidation works
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carried out on the existing building. Specifically, for the calculation of the EC / EE
in terms of kgCO.e/MJ related to phases Al-A5, B1-B5, C1-C4 and D, the new
stratigraphies of the floor on the ground, the intermediate and the roof slabs, the
external walls and the internal walls are considered. To estimate the OC / EE (in
terms of kgCO2e/MJ), the annual energy consumption (B6) and the annual water
consumption (B7) are also calculated, using, for the latter, the data available from
statistical analyses on a regional scale. The values thus obtained are then referred
to the Gross Internal Floor Area of the renovated building, assuming a period of
service life of 50 years. It is important to emphasise that the impact results are
then analysed separately with respect to stage D, which is related to the benefit of
material recycling at the end of life, in order to estimate its relevance in relation to
the other phases. The annual energy demand is the only parameter calculated
outside the One Click LCA interface using a simplified energy analysis conducted
with the Edilclima software, also taking into account the contribution offered by
the installation of the PV panels. This value is included as a second step to
complete the LCA.

Table 1. Stratigraphy of the external walls for the intervention of deep renovation.
(Legenda: t: thickness [mm]; A: thermal conductivity [W/mK]; R: thermal resistance
[M2K/WT; p: density [kg/m®]; C: thermal capacity [kJ/kgK]; p: water vapour diffusion
resistance [-]).

External wall: deep renovation ETICS
Thermal transmittance: 0,175 W/m?K; thickness: 510 mm; surface mass: 537 kg/m?;
periodic thermal transmittance: 0,011 W/m?2K; thermal lag: -12,6 h

Layer(s) t[mm]  A[W/Mk] R[m’K/W] p[kg/m?] C [KjkgK] p-]

1 10.00 0.3000 0.033 1300 0.84 30
2 200.00 0.0370 5.405 15 1.45 60
3 280.00 0.7780 0.360 1800 0.84 9
4 12.50 0.2110 0.047 840 0.84 8
5 12.50 0.2110 0.047 840 0.84 8

From the external to the internal side: 1. Specific plaster for insulating systems; 2. EPS
panel; 3. Solid bricks; 4-5. Plasterboard

External wall: deep renovation “Plug&Play”
Thermal transmittance: 0,165 W/m?K; thickness: 510 mm; surface mass: 542 kg/m?;
periodic thermal transmittance: 0,010 W/m?2K; thermal lag: -13,6 h

Layer(s) t[mm]  A[W/Mk] R[m’K/W] p[kg/m?] C [KjkgK] p-]

1 10.00 0.3000 0.033 1300 0.84 30
2 80.00 0.0350 2.286 60 1.03 1
3 120.00 0.0340 3.529 25 1.03 1
4 280.00 0.7780 0.360 1800 0.84 9
5 12.50 0.2110 0.047 840 0.84 8
6 12.50 0.2110 0.047 840 0.84 8
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From the external to the internal side: 1. Specific plaster for insulating systems; 2.
Stone wool insulating panel; 3. Glass wool insulating panel; 4. Solid bricks; 5-6.
Plasterboard

For greater clarity and to facilitate the comparison between the different
assumed intervention scenarios, the results of the life cycle impact assessments are
collected in Tab. 5 and represented in Fig. 8, explaining the values for the various
phases and in terms of EC referring to phases Al-A5, B1-B5, C1-C4; OC
referring to phases B6 and B7; EE referring to phases A1-A5, B1-B5, C1-C4; OE
referring to phases B6 and B7. Data related to phase D are always presented
separately from the other phases, highlighting its contribution as reducing the
value of the total impact of proposed solutions.

3.2 Demolition with reconstruction scenario

The practice of demolition with reconstruction can be seen as a large-scale
regeneration strategy for the creation of new, efficient and functional buildings
with very high-performance levels that cannot be achieved through deep
renovation. It is relevant to evaluate the application of the demolition with
reconstruction scenario to existing buildings constructed before 1970, i.e. after
World War Il, the period of maximum building expansion, in the absence of a
regulatory framework for compliance with thermal, structural safety, fire
resistance and accessibility performances. Today, the aforementioned building
stock is no longer able to meet current needs, except by means of interventions
that are extremely impactful and unsustainable from an economic point of view
and in terms of technical feasibility and construction optimisation [25].

However, the practice of demolition and reconstruction of buildings often leads
to debates and discussions, as it represents a highly invasive intervention strategy,
which is often discouraged - in addition to technical and regulatory constraints -
by the apparent impact this strategy has both on the environment and on the
occupants and owners or other operators of the buildings under consideration, both
socially and economically. The environmental impact of the construction sector is
significant in terms of natural resource use, energy consumption and GHG
emissions [1, 2]. The production of building materials, such as cement, wood and
steel, requires significant amounts of natural resources and high energy
consumption. The construction and operation of buildings require high energy
demand, often associated with the use of non-renewable sources, increasing GHG
emissions and actively contributing to climate change [1, 2].

It is interesting to investigate the impacts associated with replacement
interventions in relation to the impacts associated with other types of intervention,
including deep renovation, and it is important to carry out careful performance
analyses to formulate valid evaluations on this, supported by quantitative data. To
propose demolition and reconstruction, it is therefore necessary to approach the
design of new buildings in a responsible and sustainable way, analysing their
environmental, social, and economic effects in depth. Only by adopting such a
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holistic approach is it possible to ensure the building stock’s regeneration and
contribute to safer, sustainable and more inclusive buildings.

In this case, the building under study belongs to the traditional masonry
construction, and although it is subject to a historical-testimonial constraint, after a
discussion with the Municipality of Argelato’s technicians, the hypothesis of
demolishing the building was found to be feasible upon the presentation of a
report by a structural engineer certifying the non-safety of the building.
Considering this scenario as possible, therefore, it was decided to investigate the
impact of demolishing the existing building and reconstructing it in shape,
respecting the preservation of the building’s original characteristics. Furthermore,
to compare the different types of intervention, it was decided to bind the thermal
transmittance value obtained through the deep renovation intervention, i.e. equal
t0 Uproject = 0.18 % 0.02 W/m?K. With the same energy performance and gross
floor area, three different building systems are selected for the realisation of a
building with envelopes complying with these transmittance values. The following
sections present the different scenarios in terms of technological characteristics,
envelope stratigraphies, energy and environmental performance.

(1) X-Lam - Reconstruction with a wooden structure: the first project scenario
envisages the construction of a new wooden building with a load-bearing structure
with X-Lam walls. Fig. 5 shows a structural scheme of a typical plan, where the
frame of the new wooden floors and the stratigraphy of the external walls are
indicated (Tab. 2), made of X-Lam with a 10 cm thick wood fibre thermal
insulation coat and a 5 cm thick internal counter-wall for system insulated with
wood fibre.

(2) RC - Reconstruction with a reinforced concrete structure/frame: the second
design scenario envisages the reconstruction of the building with a reinforced
concrete frame structure and massive envelope in hollow-core bricks. A structural
scheme of a typical plan is shown in Fig. 6, which indicates the warping of the
new hollow-core concrete slabs and the stratigraphy of the external partitions
(Tab. 3), made with hollow-core brick blocks and a 10 cm thick ETICS in wood
fibre.

(3) S - Reconstruction with a steel structure/frame: The last design scenario
envisages the reconstruction of the building using a steel frame structure and
lightweight envelope. Fig. 7 shows a structural scheme of a typical plan,
illustrating the warping of the new concrete-steel floors with corrugated metal
sheets and the stratigraphy of the external dry walls (Tab. (4) with plasterboard
sheets and wood fibre insulation layers.
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Fig. 5. (From left to right) Schematic structural plan with the floor frames and stratigraphy
of the exterior wall of the demolition with reconstruction intervention with X-Lam wooden
structure © Authors, 2024.
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Fig. 6. Schematic structural plan with the floor frames and stratigraphy of the exterior wall
of the demolition with reconstruction intervention with reinforced concrete structure ©

Authors, 2024.
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Fig. 7. Schematic structural plan with the floor frames and stratigraphy of the exterior wall
of the demolition with reconstruction intervention with steel structure © Authors, 2024.
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The simplified LCA, also in the case of demolition with reconstruction, is
carried out using One Click LCA software and refers to the entire new building.
Specifically, the new stratigraphies of all floors and exterior and interior walls are
considered for the calculation of EC / EE in terms of kgCO2e/MJ related to phases
Al-A5, B1-B5, C1-C4 and D. To estimate OC / OE (in terms of kgCO2e/MJ),
annual energy consumption (B6) and annual water consumption (B7) are also
calculated, using, for the latter, data available from statistical analysis on a
regional scale. The values thus obtained are then referred to the Gross Internal
Floor Area of the new building, assuming a period of service life of 50 years. It is
important to note that, again, the impact results are analysed separately from stage
D. Annual energy consumption is the only parameter calculated outside the One
Click LCA interface using a simplified energy analysis conducted with the
Edilclima software, also taking into account the contribution offered by the
installation of the PV panels. This value is included as a second step to complete
the LCA.

Table 2. Stratigraphy of the external walls for the intervention of new construction in X-
Lam. (Legenda: t: thickness [mm]; A: thermal conductivity [W/mK]; R: thermal resistance
[M?K/W]; p: density [kg/m®]; C: thermal capacity [kJ/kgK]; w: water vapour diffusion
resistance [-]).

External wall: Demolition with reconstruction — X-Lam (X-Lam)
Thermal transmittance: 0,195 W/m?K; thickness: 305 mm; surface mass: 89 kg/m?;
periodic thermal transmittance: 0,021 W/m?K; thermal lag: -13,68 h

Layer(s) t[mm]  A[W/Mk] R[m?K/W] plkeg/m?] C [KjkgK] wl-]

1 10.00 0.3000 0.033 1300 0.84 30
2 100.00 0.0400 2.500 150 2.10 5
3 120.00 0.1200 1.000 350 1.60 50
4 50.00 0.0380 1.316 50 2.00 5
5 12.50 0.2110 0.047 840 0.84 8
6 12.50 0.2110 0.047 840 0.84 8

From the external to the internal side: 1. Specific plaster for insulating systems; 2.
High-density wood fibre panel; 3. X-Lam; 4. Low-density wood fibre panel; 5-6.
Plasterboard.
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Table 3. Stratigraphy of the external walls for the intervention of new construction with
reinforced concrete structure. (Legenda: t: thickness [mm]; A: thermal conductivity
[W/mK]; R: thermal resistance [m?K/WT]; p: density [kg/m?]; C: thermal capacity [ki/kgK];
w: water vapour diffusion resistance [-]).

External wall: Demolition with reconstruction — Reinforced concrete structure (RC)
Thermal transmittance: 0,180 W/m?2K; thickness: 435,0 mm:; surface mass: 281
kg/m?; periodic thermal transmittance: 0,002 W/m?K; thermal lag: -23,9 h

Layer(s) t[mm]  A[W/Mk] R[m?K/W] pkgm®] C [KjkgK] wl-]

1 10.00 0.3000 0.033 1300 0.84 30
2 100.00 0.0400 2.500 150 2.10 5
3 300.00 0.1100 2.727 787 1.00 5
4 12.50 0.2110 0.047 840 0.84 8
5 12.50 0.2110 0.047 840 0.84 8

From the external to the internal side: 1. Specific plaster for insulating systems; 2.
High-density wood fibre panel; 3. “Porotherm” bricks; 4-5. Plasterboard.

Table 4. Stratigraphy of the external walls for the intervention of new construction with a
steel structure. (Legenda: t: thickness [mm]; A: thermal conductivity [W/mK]; R: thermal
resistance [M?K/W]; p: density [kg/m®]; C: thermal capacity [kJ/kgK]; p: water vapour
diffusion resistance [-]).

External wall: Demolition with reconstruction — Steel structure (S)
Thermal transmittance: 0,164 W/m2K; thickness: 375,0 mm; surface mass: 109
kg/m?; periodic thermal transmittance: 0,009 W/m?K; thermal lag: -15,8 h

Layer(s) t[mm]  A[W/MkK] R[M?’K/W] plkg/m?] C [KjkgK] wi-]

1 10.00 0.3000 0.033 1300 0.84 30
2 50.00 0.0400 2.500 150 2.10 5
3 15.00 0.2500 0.072 900 1.00 10
4 15.00 0.2500 0.072 900 1.00 10
5 180.00 0.0400 2.500 150 2.10 5
6 15.00 0.2500 0.072 900 1.00 10
7 15.00 0.2500 0.072 900 1.00 10
8 50.00 0.0380 1.316 50 2.00 5
9 12.50 0.2110 0.047 840 0.84 8
10 12.50 0.2110 0.047 840 0.84 8

From the external to the internal side: 1. Specific plaster for insulating systems; 2.
High-density wood fibre panel; 3-4. Plasterboard; 5. High-density wood fibre panel;
6-7. Plasterboard; 8. Low-density wood fibre panel; 9-10. Plasterboard.
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4 Comparison of the intervention scenarios

The results of the life cycle impact assessments for the various construction
systems are compiled in Tab. 5, making explicit the values for the various stages
in terms of EC referring to A1-A5, B1-B5, C1-C4; OC referring to B6 and B7; EE
referring to A1-A5, B1-B5, C1-C4; OE referring to B6 and B7. The data of phase
D are presented separately, highlighting its contribution as a percentage reduction
of the total impact of the proposed solutions. Fig. 8 includes two graphs
representing a final synthesis of the results related to the whole-life carbon and
energy assessments for the four intervention scenarios compared, considering a
service life of 50 years.

The results presented in Fig. 8 may also be considered in relation to time to
outline the annual trend in a simplified way and identify the reduction reached at
definite years in compliance with the European targets. The annual impact in
terms of carbon (EC+OC) and primary energy (EE+OE) is worth mentioning.
When dividing the total impact of the “cradle-to-grave” assessment per number of
years (50), the deep renovation intervention is ranked second with 9.00
kgCO.e/m?y, following the reconstruction with a steel frame structure with the
highest environmental impact of 11.45 kgCOze/m?y. Then, the impacts from the
reconstruction with an X-Lam wooden structure and reinforced concrete frame
structure are similar (8.05 kgCO2e/m?y vs 8.47 kgCO.e/m?y). The least impactful
scenario in terms of carbon is the reconstruction with an X-Lam wooden structure.
When looking at the impact in terms of primary energy, the ranking is different,
and the least impactful is the deep renovation, while the reconstruction with an X-
Lam wooden structure is the most impactful. These values are due to the
manufacturing processes and energy production system, whose parameters are
embedded in One Click LCA software from internal databases regarding the Italian
territory; more accurate assessments in this field can be performed with other
software to validate these results. Also, the interpretation of the results during the
time interval can be deepened with more realistic simulations, which do not
consider the impact constant per year but add up more realistic impacts calculated
annually. According to the boundary conditions and the scope of the simplified
LCA herein performed, the values from the whole life cycle carbon/energy
assessment without the contribution of stage D are considered more precise. In
fact, One Click LCA does not include the benefits of adopting circular strategies in
the construction processes for the calculation. Therefore, it is unclear how the D
values affect the final result of LCA. For example, “Design for Disassembly”
(DfD) and “Design for Adaptability” (DfA) criteria related to technological-
constructive aspects represent a positive and relevant contribution beyond the life
cycle, that should be accounted for, also in numerical terms, to complete the LCA.
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Table 5. Environmental impact as embodied carbon (EC) + operational carbon (OC) and
embodied energy (EE) + operational energy (OE) for the four intervention scenarios
considering a service life of 50 years.

Period/ Deep Renovation X-Lam (X-Lam) | Reinforced Concrete Steel (S)
stages (DR) (RC)
EC+OC EE+OE | EC+OC EE+OE | EC+OC EE+OE | EC+OC EE+OE
50y [kgCO.e/ [kgCO
2 gCOe/ 21 | [kgCOe/ » | [kgCO-e/ 2
m?] [MJ/m?] m?] [MJ/m?] m?] [MJ/m?] m?] [MJ/m?]
Al1-A5,
B1-B5, 320.58 6893.90| 295.22 10,868.17| 324.17 6360.70| 471.08 9522.88
C1-C4
B6 87.66 1569.49| 65.39  1170.82 57.40 1027.73 59.76 1070.03
B7 41.68 684.42| 41.68 684.42 4168  684.42 4168  684.42
D -134.02  -908.19| -263.08 -908.19 -30.72  -181.68 -48.62  -542.72
2;(::3' D) 449.92 914781 40229 12,723.41| 42323 8072.84| 57252 11,277.33
Total 31591 8,239.62| 139.22 11,815.21| 39253 7,891.16| 523.90 10,734.61
(incl. D) |(-29.79%) (-9.93%)| (-65.39%)  (-7.14%)| (-7.26%) (-2.25%)| (-8.49%) (-4.81%)
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Fig. 8. (From left to right) Whole life carbon assessment and whole life energy assessment
for the four intervention scenarios considering a service life of 50 years. Data from LCA
using One Click LCA software © Authors, 2024.

5 Conclusions

Research and studies aimed at identifying the least impactful intervention scenario
to existing building stock are of significant interest. Following the policies and
regulations implemented during the last decades at European and national levels, it
is urgent to define effective tools for promoting sustainable urban regeneration
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and assessing the environmental impact. The procedure for performing a
simplified LCA using One Click LCA and Edilclima software is a valuable method
for having expeditious results that can be used during the preliminary phase before
the definition of final design projects. Also, municipalities and professionals may
benefit from implementing these kinds of tools supporting the decision phase and
using them to formalise tailored strategies for specific urban contexts and building
stock in compliance with the decarbonisation target. These first results will be
validated with other analyses and simulations conducted with other software.

In particular, the most urgent issues concern the upgrade of the circular
economy benefit and the relation impact-time. The first is intended to be the
positive and negative contribution embedded in the use of materials and
construction solutions, favouring reuse in future life cycles and keeping the
highest value of materials and products. In this regard, among the indicators
proposed by Level(s), indicator 2.4 “Design for deconstruction” could be a
relevant reference to quantify the circularity contribution, together with the
“Building Circularity Index” proposed by One Click LCA software, whose most
significant potential is having direct access to the material bank of LCA. The
second permits the outline of the effective impact trend over time in terms of GHG
emissions and energy consumption. Considering the scope and simplified method,
further development will focus on a literature review to identify possible
implementation using and adapting existing results to obtain predictive decision-
support tools.
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