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Abstract: The overall reduction in the environmental impacts of the construction industry is a complex
process that requires methodological and applicative studies on the evaluation of the sustainability
of the life cycle, related to both individual product and of the building system as a whole. In this
context, with reference to the end-of-life phase of the building, the management of the disassembly
and selective demolition plan of the building, allowing the reuse or recycling of the materials as well
as of the building components and prefabricated elements used is fundamental. This research aimed
to develop a methodology, applied to timber building systems, to mitigate CO2e emissions during
the decommissioning and disposal of the building. The quantitative model developed considers the
rates of the CO2e emissions involved in C (end-of-life) and D (benefits and loads beyond the system
boundary) phases of building sustainability assessment. The model was applied to two wooden
buildings: one with an XLAM structure and another one with a framed structure. In both cases, from
the perspective of reusing the wood components for a subsequent life cycle, C and D phases of the
process achieved an overall negative CO2e emission rate thanks to the offsetting from the carbon
storage property of wood. This research has thus demonstrated the possibility of making the wood
construction process circular through a zero-emission approach.

Keywords: LCA method; GHG emissions; carbon emissions reduction; timber buildings; end-of-life

1. Introduction

The European Green Deal [1] is an integral part of the European Commission’s strategy
to implement the goals of the 2030 Agenda [1] (i.e., reducing greenhouse gas emissions by
55% compared to the 1990 values and achieving climate neutrality by 2050). To analyze
the energy and environmental impacts of the building sector throughout its life cycle, it
is necessary to refer to indicators of the sustainability of materials, construction systems,
and buildings such as embodied energy (EE) and operational energy (OE) [2]. The em-
bodied energy is the energy required for the extraction and processing of raw materials,
the transport and assembly of finished products on site, and for maintenance, renovation,
demolition, and waste disposal at the end-of-life. Operational energy, on the other hand, is
the amount of energy required to operate the building during its lifetime. The embodied
and operational energy rates correspond to consequent CO2e emission factors: embodied
carbon (EC) and operational carbon (OC). Therefore, designing an energy-efficient building
in the operational phase is a necessary but not sufficient condition, considering the addi-
tional emission rates resulting from the use of resources in other phases of the life cycle.
The construction sector accounts for 37% of global CO2 emissions into the atmosphere; it
accounts for 34% of all global energy consumption, 50% of raw material extraction, and con-
sumes one third of drinking water [3]. It uses a considerable amount of raw materials and
energy during the life cycle phases of the constructing process: production, construction,
use, maintenance until demolition (i.e., a linear process ‘from Cradle to Grave’) (Figure 1).
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Figure 1. Linear economy, cradle-to-grave process.

The desirable process to reduce resource consumption and mitigate environmental
impact should be circular. The closing of the circle is realized with the re-introduction into
the system through the recycling operations of products that would otherwise reach the
end of their life, reducing waste as much as possible, in accordance with the ‘C2C—from
Cradle to Cradle’ principle (Figure 2).
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Figure 2. Circular economy, cradle-to-cradle process.

2. State-of-the-Art

The life cycle assessment (LCA) method is one of the most widely used tools for
identifying the most suitable materials in sustainable construction. It compares the envi-
ronmental impact of different building materials and directs the design toward the use of
materials with low energy consumption. This method considers the whole life cycle, from
the production of materials to their end-of-life (Figure 3).
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Initial studies on the embodied energy of buildings [4] found that over a 50-year
lifespan, embodied energy accounted for 45 percent of the total energy needs. For this
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reason, the life cycle analysis mainly focused on reducing the OE and neglected the energy
consumption of the other life cycle phases. This reduction has been made possible in
the last two decades by stricter energy regulations and standards in accordance with the
evolution of various European legislations (CEN).

The European standard EN 15978:2011 [5] specifies the calculation method, based on
life cycle assessment (LCA) and other quantified environmental information, to evaluate
the environmental performance of a building. It also defines the system boundary that is
applied to the building level: the production phase (including extraction of raw materials,
A1; transport of raw materials, A2; production of building materials, A3; their transport,
A4; and their installation, A5); the use phase (including use, B1; maintenance, B2; repair,
B3; replacement, B4; renovation, B5); the end-of-life phase of the building (including decon-
struction, C1; transport of materials, C2; waste treatment, C3; and the final disposal phase,
C4); and the beyond-life phase of the building, module D (scenarios for reuse, recycling,
and energy recovery from obsolete materials and associated environmental impacts).

Wu et al. (2012) [6] highlighted, by means of an LCA approach, the prevalent con-
sumption of operational energy in an office building in China. They also pointed out that
the treatment of building materials at the end of their life is an important aspect affecting
the environmental performance of the building. Some environmental improvements aimed
at reducing energy consumption and CO2 emissions throughout the building’s life cycle
are also provided.

Bontempi (2021) [7] highlighted that the development of reliable and often open-access
databases containing EC (embodied carbon) and EE (embodied energy) associated with
many raw materials has contributed to the development of sustainability analysis tools
based on energy use and emissions. Thanks to the use of general parameters (EC and
EE), in principle, these approaches can be applied to all sectors and can be considered as
pre-screening methods, preliminary to a complete LCA.

A further evolution of the LCA methodology can be found in studies that investigate
A to C modules (i.e., including end-of-life considerations, ‘C2G—from Cradle to Grave’).
In this sense, evaluating both the embodied and operational emissions of different office
building retrofit scenarios (in Norway), Rabani et al. (2021) [8] extended the scope of the
investigation to module C.

Di Ruocco et al. (2021) [9] investigated the criteria and approaches adopted in a
series of case studies to develop a useful tool to identify the ‘sustainable trade-off’ of
opaque envelopes. This study proposes, through the comparison of the application of two
methods (TOPSIS and COMPROMISE), the analysis of the materials used in the design
by considering a series of performance and environmental characteristics in relation to
the content of recycled materials, the end-of-life destination of these materials: embodied
energy and embodied carbon.

Therefore, to protect non-renewable resources and reduce land consumption, Di
Ruocco et al. [10] developed a methodology aimed at the sustainability of rehabilitation
and conservation interventions of protected buildings through a life cycle building (LCB)
approach, minimizing CO2e emissions. The model was developed based on modules
A, C, and D (A1–A3: production, C1–C4: end-of-life, and D: benefits beyond the system
boundaries). The results show that the most relevant contributions, in terms of CO2e
reduction, come from the use of dry-assembled wood technology units.

Gomes et al. (2020) [11] evaluated the environmental, economic, and energy perfor-
mance of different flat roof solutions, C2C, to support the selection of the best alternative
to be used in each building. The results showed that inverted flat roof solutions have, in
general, a worse environmental performance than traditional solutions.

In light of the state-of-the-art analysis, the following considerations have emerged:

• The circular C2C (form cradle to cradle) approach has only been partially investigated;
• Among the case studies analyzed, very few refer to timber construction systems;
• No study has evaluated, within the C2C approach, the potential of wood systems for

carbon storage.
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Therefore, with reference to the criticalities and gaps found in the state-of-the-art,
this study means to elaborate a methodology applicable to timber construction systems
that allows one to evaluate the reduction in embodied energy and carbon in the transition
phases between the cradle to grave.

Specifically, this study aimed to investigate the potential of wood building systems, in
terms of reducing CO2e emissions related to the selective deconstruction process, at the
end-of-life, by evaluating the different performance of two wood building systems:

• Frame structure;
• XLAM panel structure.

3. Tools and Methods

The tools used for the purpose of methodological development are:

– To estimate the CO2e,1 component, the emissions from the machinery and equipment
required for selective deconstruction operations were considered;

– To estimate the CO2e,2 component, the integration of virgin raw material of the
amount of scrap as loss of damaged material, as a result of deconstruction operations,
was considered. Emissions result from the production of the amount of material to
be integrated and the EC factor from an open-access database, Inventory Carbon and
Energy (ICE) [12], corresponding to the A1–A3 phases (cradle to gate);

– To estimate the CO2e,3 component, the emissions derived from transporting the
deconstructed materials from the demolition site to the processing/storage company
were calculated;

– To estimate the CO2e,4 component, the emissions of the machinery and equipment
required for restoring the wooden components, in order to put them back into the
market, were calculated;

– To estimate the CO2e,5 component, the negative factor indicated by ICE [12] for the
cradle-to-gate phase was considered, multiplied by the amount of material recovered
by selective deconstruction (therefore net of the amount of XLAM of scrap). Therefore,
this value expresses the potential of the circular approach of the methodology: it corre-
sponds to the gain, in terms of emissions, connected to the reuse of the components in
the next life cycle, thus avoiding (for this quantity) the impact related to the extraction
of virgin raw material and its transformation (corresponding to the A1–A3 phases).

The methodology also takes into account an Italian sustainability protocol, CAM—
Minimum Environmental Criteria [13], which defines the environmental requirements
useful for identifying the best design solution, product, or service with regard to the life
cycle of the work.

The methodology developed was divided into the following phases:

• Phase I: Definition of the scope of investigation;
• Phase II: Technological characterization of the building;
• Phase III: Estimation of CO2e emissions;
• Phase IV: Assessment of the level of disassembly;
• Phase V: Estimation of waste streams and quantities and the verification of the Italian

CAM parameters [13].

3.1. Phase I: Definition of the Scope of Investigation

According to the European Standard EN 15978:2001 [5], the aim of the proposed
methodology is to estimate the environmental impact, in terms of CO2e emissions, of the
end-of-life phase of wood building systems. Specifically, the scope of the investigation was
constituted by modules C and D that concern, respectively, the end-of-life phase and the
benefits/charges derived from reuse, recovery, and potential recycling activities (Table 1).
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Table 1. Tools used for removing connections.

Connection Type Tools Model

Nailing Nail extractor INNOVA

Bolts Impact wrench HILTI-SIW 22T-A 1/2′′ [14]

Screwing Impact wrench HILTI-SID 8-A 22 [15]

Snap-in joints and/or snap-in joints Manual disassembly /

Simple overlapping Manual disassembly /

Hydraulic and air binders Demolition hammer
HILTI 3000-AVR for concrete slabs [16]

HILTI—TE 700 SDS MAX for plaster and tiles [17]

3.2. Phase II: Technological Characterization of the Building

The technological characterization of the building was based on the UNI 8290-1:1981
standard [18], thanks to which it is possible to break down the building into classes of
technological units (1st level), each class of technological unit is in turn broken down into
technological units (2nd level), and each technological unit is in turn broken down into
technical elements (3rd level). Air conditioning, plumbing, fire protection, and burglar
alarm systems as well as and exterior furniture are not included in the classification as
they are considered invariant. In addition, the type of connections of the different mate-
rials that make-up the technical elements were evaluated; to do this, the UNI 11277:2008
standard [19] was taken into consideration by associating each construction system with
an installation technology. The identification of the type of construction system, the pre-
vailing materials that make-up the technical elements, and the type of connection has a
fundamental importance to subsequently define the work necessary for disassembly and
selective demolition.

3.3. Phase III: Estimation of CO2e Emissions

In the third step, the CO2e emissions generated by a selective disassembly and demo-
lition process during the whole end-of-life phase of a building with a timber construction
system were estimated.

The CO2e emissions were obtained from the sum of five rates:

• Positive rate of CO2e,1 from the demolition activities;
• Positive rate of CO2e,2 from scrap resulting from demolition activities;
• Positive rate of CO2e,3 from off-site transport;
• Positive rate of CO2e,4 from transformation/treatment activity for further reuse;
• Negative rate of CO2e,5 as emissions credit for storage in the material.

CO2e = CO2e,1 + CO2e,2 + CO2e,3 + CO2e,4 − CO2e,5

3.3.1. Positive Rate of CO2e,1 from Demolition Activity

To identify the type of work necessary for the disassembly and selective demolition of
each technical element, the demolition activity was divided into three operations: removal
of the connections, transport to the ground, and loading onto a truck or articulated truck
of the technical elements. In this way, depending on the construction system and the
installation technology, the tool and/or machinery used for the removal of the connections
(Table 1), and the transport mode to the ground and loading onto a truck or articulated
truck were defined, according to the dimensional characteristics of the material.

Then, the weight and length ranges were defined according to the maximum weight
that can be lifted by an operator under optimal conditions, which the standard sets at
25 kg [20], and the maximum load and size that can be transported by the lifting equip-
ment (telescopic handlers, telescopic cranes) were deduced by consulting the technical
data sheets [21–24] (Table 2).
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Table 2. Equipment used for the ground transportation of elements.

Ground Floor

Weight (P) and Size (L)
of Elements Ground Transport Modes Machines Model

P < 25 kg
L < 3.2 m Manual ground transport / /

P < 25 kg
L > 3.2 m Manual ground transport / /

P > 25 kg
L < 3.2 m

Ground transport in group of
elements (P < 2000 kg) inside the

elevator basket
Elevator ALIMAK HEK—TPL 2000

P > 25 kg
L > 3.2 m

Ground transport of the single
element by telescopic crane Telescopic crane LIEBHER—LTM 100-2.1

XLAM panel and
framed panel

Ground transport of the single
element by telescopic crane Telescopic crane LIEBHER—LTM 100-2.1

Next Floor

P < 25 kg
L < 3.2 m

Ground transport in group of
elements (P < 2000 kg) inside the

elevator basket
Elevator ALIMAK HEK—TPL 2000

P < 25 kg
L > 3.2 m

Ground transport of the single
element by telescopic crane Telescopic crane LIEBHER—LTM 100-2.1

P > 25 kg
L < 3.2 m

Ground transport in group of
elements (P < 2000 kg) inside the

elevator basket
Elevator ALIMAK HEK—TPL 2000

P > 25 kg
L > 3.2 m

Ground transport of the single
element by telescopic crane Telescopic crane LIEBHER—LTM 100-2.1

XLAM panel and
framed panel

Ground transport of the single
element by telescopic crane Telescopic crane LIEBHER—LTM 100-2.1

No distinction has been made as to where the elements are loaded onto a truck or
articulated truck before dismantling as they are transported on the ground to a temporary
storage site on the construction site; at a later phase, they will be loaded in homogeneous
groups onto the transport equipment (Table 3).

Table 3. Equipment used for loading onto the trucks and/or tractor-trailers of items.

Weight (P) and Size (L)
of Elements Ground Transport Modes Machines Model

P < 25 kg
L < 4.00 kg Manual loading on truck / /

P < 25 kg
L > 4.00 m Manual loading on truck / /

P > 25 kg
L < 4.00 m

Loading a group of elements
anchored to the fork of a

telescopic handler on truck
Telescopic handler JCB—525-60E (P < 2000 kg)

JCB—541-70 (P < 4100 kg)
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Table 3. Cont.

Weight (P) and Size (L)
of Elements Ground Transport Modes Machines Model

P > 25 kg
L > 4.00 m

Loading the single element with a
telescopic crane on track Telescopic crane LIEBHER—LTM 1040-2.1

XLAM panel and
framed panel

Loading the single element with a
telescopic crane on track Telescopic crane LIEBHER—LTM 1040-2.1

In addition, for the removal of connections located at a height above the work surface,
the use of lifting equipment is envisaged (Table 4) [25,26]. In a second step, to estimate the
CO2e emissions generated by using the tools necessary for the connection removal, the
operating times were determined for each of them by watching videos provided by the
manufacturers of the devices, videos corresponding to real cases, data sheets, and data
collected in the literature (Table 5). Various machines were used to transport the elements to
the ground and load them onto a truck and/or articulated truck. Their operating times were
estimated by consulting the data sheets and videos corresponding to real cases [21,24,27–31].

Table 4. Equipment used for the removal of air connections.

Works at Height Machines Model

Maximum indoor working height 15.95 m
Maximum outdoor working height 8.55 m Self-moving vertical platform GENIE—GS 4655

Maximum working height 34 m Self-moving vertical platform with
telescopic arm GENIE—SX-105 XC

Table 5. Seconds needed to remove a single connection.

Tools and Machines Time Required to Remove a Single Connection Source

Nail extractor 10 < s < 40 Data collected in literature [28]

Impact wrench s < 10 Data collected in literature [28]

Manual disassembly s < 10 Data collected in literature [28]

Demolition hammer 2.4 m3/h Data sheet [16]

Demolition hammer 0.072 m3/h Data sheet [17]

Time (in seconds) needed to carry out the operations were divided into five classes:

• T0 = time needed to reach the n-th floor (ascent);
• T0′ = time needed to reach the ground floor (descent);
• T1 = time needed to connect the element to the crane hook in the case of XLAM panels

and framed panels, seconds needed to load the lift basket in the case of groups of
items with L < 3.20 m and P < 2000 kg;

• T2 = time needed to reach the storage site within the construction site (50 m);
• T3 = time needed to load the elements onto a truck and/or articulated truck.

At this point, knowing the operating times of tools and machinery, it is possible to
estimate the rate of the CO2e emissions generated by the demolition activity as the sum of
two further rates:

- The one generated by using tools for the connections removal, obtained as the product
of the operating time (in seconds) of the tools or the maximum chipping capacity,
the number of connections to be removed or the volume to be chipped, and the
consumption of the tools by the emission factor (Table 6);

- The one generated by using machinery for the transport to the ground and the loading
on a truck and/or articulated truck of an item or groups of items, obtained as the
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product of the seconds of the operation of the machinery, the number of trips, the
consumption of the machinery, and the emission factor (Table 7).

Table 6. CO2e emissions generated using tools to remove connections.

Tool Operating Seconds or
Maximum Capacity

Removed Connections
or Volume Tool Consumption Emission Factor CO2e

Emissions

Nail extractor S n - 0.01 kg CO2e/h kg CO2e

Impact wrench S n 0.11 kWh 0.44 kg CO2e/h kg CO2e

Demolition hammer
for slab h/m3 m3 0.97 kWh 0.44 kg CO2e/h kg CO2e

Table 7. CO2e emissions generated using machinery for ground transportation and loading onto
trucks and/or articulated trucks of an item or group of items.

Machine Operating Seconds Number of Trips Machine Consumption Emission Factor CO2e
Emissions

Self-moving
vertical platform s n 7.20 kWh 0.44 kg CO2e/kWh kg CO2e

Self-moving vertical
platform with
telescopic arm

s n 3.94 L/h 2.64 kg CO2e/L diesel kg CO2e

Elevator s n 12.16 kW 0.44 kg CO2e/kWh kg CO2e

Telescopic crane s n 15.14 L/h 2.64 kg CO2e/L diesel kg CO2e

Telescopic handler s n 5.1 L/h 2.64 kg CO2e/L diesel kg CO2e

Telescopic handler s n 24 kWh 0.44 kg CO2e/kW kg CO2e

3.3.2. Positive Rate of CO2e,2 from Scrap Resulting from Demolition Operations

Demolition activities can generate scrap (i.e., a proportion of materials that cannot be
recovered after removal because it has been damaged). The proportion of CO2e emissions
from demolition waste corresponds to the embodied carbon in the proportion of non-
recoverable materials. The percentage of scrap is the difference between 100% of the
material and the percentage of reusable materials. The reusability index (IR) was used to
determine the reusability rate, which was evaluated in relation to the construction system
and the installation technology (Table 8).

Table 8. Explanatory table for the calculation of the reusability index.

0% 80% 90% 100%

Wet system Adhesive system Dry system with
clamping technology

Dry system with
interlocking technique

Hydraulic and air binders Fusion adhesives,
evaporation adhesives Nailing, bolting, screwing Simple overlapping, snap-in

At this point, knowing the percentage of materials that cannot be recovered after
removal as it is damaged, it is possible to estimate the rate of CO2e emissions produced by
the scrap resulting from demolition operations.

CO2e,2 = material weight × (% scrap) × embodied carbon of the materials

Embodied carbon values were taken from the Environmental Performance in Con-
struction (EPiC) [32] produced by the University of Melbourne and the Inventory of Carbon
and Energy (ICE) [12] produced by the University of Bath.
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3.3.3. Positive Rate of CO2e,3 from Off-Site Transport

Following the demolition activity, materials will be transported to special storage areas
within the site, and then moved to processing centers or retailers of construction materials
from demolition if they are reusable; to recycling centers if they are recyclable; or to waste
disposal centers if they are to be disposed of.

The first step is to classify the selective demolition materials according to EWC-Stat
categories [33], which assigns a European Waste Code (EWC) to each category. To undertake
this study, only wood elements will be investigated.

• In the case of future reuse activities, wooden components need to be reconditioned in
a processing center before being reintroduced into the production cycle. Therefore,
after leaving the construction site, a means of transport drives them to the processing
center and then the new construction site.

• In the case of future recycling activities, wooden components are directly transported
from the demolition site to a recycling center.

• Components made of other materials are transported to building material dealers in
the case of re-use; to recycling centers if they are recyclable; and to disposal centers if
a second life is not possible.

• For the disposal of hazardous waste, the only destination of the transport vehicle is
the disposal center.

Once the steps that the vehicle must take to transport the three categories have been
established, we need to define the number of trips from the demolition site to the future
destinations. This number is strongly influenced by the chosen articulated truck model,
specifically by the size of the container, the maximum transportable volume, and the
maximum transportable load. Starting with the maximum transportable volume, the
volume of the first tranche of elements to be transported is subtracted in order to obtain the
remaining volume. The procedure is repeated until all groups of elements have been loaded.
At this point, knowing the type of transport means used and defining the methodology
for calculating the number of trips from the demolition site to the future destination, it is
possible to estimate the rate of CO2e emissions produced by off-site transport.

CO2e,3 = distance travelled × number of travels × emission factor

3.3.4. Positive Rate of CO2e,4 from Transformation/Treatment Activity for Further Reuse

As previously explained, following the disassembly and selective demolition process,
the wooden elements of the elevation structure (XLAM panels, bearing panels, and beams)
need transformation/treatment activities before being reintroduced into the market. There-
fore, the first step is to determine these activities and the machinery by which they are
carried out. Subsequently, the operating times are determined based on the machinery
speeds, which were determined by consulting the technical data sheets [34–37] (Table 9).

Table 9. Speed required to carry out the operations.

Activities Machines Model Speed (m/s)

Removal of perforated parts Circular table saw BOSCH—GTS 10 XC
PROFESSIONAL 0.017

Removal of perforated parts Electric circular saw BIESSE—UNITEAM UT 0.14

Removal of surface material Electric planer FORMAT 4—plan 51 L 0.033

Impregnation treatment Spray gun WAGNER—Airless Sprayer
Control Pro 350 M 7.5 m2/min
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At this point, after knowing the operating times of the machinery used, it is possible
to estimate the rate of CO2e emissions generated by the processing/treatment activities.
The latter is obtained as the product of the size of the item to be treated, the number
of activities to be performed, the operating speed of the machinery, the power, and the
emission factor (Table 10).

Table 10. CO2e emissions from the processing activities for subsequent reuse.

Processing Activities Element Dimensions Number of
Activities Speed Power Emission Factor CO2e Emissions

Cutting with a
circular table saw m N h/m 2.1 kW 0.44 kg CO2e/kWh kg CO2e

Cutting with electric
circular saw m N h/m 22 kW 0.44 kg CO2e/kWh kg CO2e

Planing m N h/m 5.5 kW 0.44 kg CO2e/kWh kg CO2e

Impregnation spray
treatment m2 N h/m2 0.6 kW 0.44 kg CO2e/kWh kg CO2e

3.3.5. Negative Rate of CO2e,5 as Emissions Credit for Storage in Material

Trees, as living organisms, absorb carbon dioxide from the atmosphere, convert it into
carbon, and release oxygen into the environment. For this reason, wooden buildings are a
valuable carbon store. Wooden elements are able to store CO2e, which will be returned to
the environment when they are incinerated (i.e., when no further life cycle is possible for
them). Due to this characteristic, the CO2e,5 rate, related to the storage of the material, is a
negative rate that reduces the total emissions.

CO2e,5 = weight of scrap wood elements × embodied carbon net of wooden elements

The net embodied carbon is obtained as the difference between the value of EC
including carbon storage and the value of EC not including carbon storage; furthermore,
the weight of the scrap is considered rather than the total weight of the wood elements in
light of the fact that the scrap will be sent to incinerating operations for energy production
with consequent release of the stored CO2, while the reused and recycled elements will
continue to retain the share of stored CO2.

3.4. Phase IV: Assessment of the Level of Disassembly

The potential for the re-use of building bodies, building components, and building
materials is closely related to their level of disassembly, which represents the ability of a
building, building component, or building material to be disassembled and re-introduced
into the production cycle, therefore establishing a sustainable continuity between the
end-of-life phase (decommissioning of the building) and the production phase of the
individual building components. The current approach to assessing the level of disassembly
(LID) of a technological unit, technical element, or prevailing material is dictated by
UNI 11277:2008 [19].

3.4.1. UNI Method

The method proposed by the UNI standard [19] assigns a score, from 0 to 5, exclusively
according to the laying technology and the construction system of the prevailing material.
Once the score of each prevailing material is known, the level of disassembly of the
technological unit is considered equal to the average of the scores of the prevailing materials
composing it (Table 11).
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Table 11. Classification of the level of disassembly (LID) (Source: UNI 11277:2008).

Building System Laying Technology LID

Wet system Hydraulic and air binders 0

Adhesive system Fusion adhesives, evaporation adhesives 0

Dry system with clamping technique Nailing, bolting, screwing 3

Dry system with interlock technique Snap-in 3

Dry system with juxtaposition technique Simple overlapping 5

This method, being devoid of indicators or information on the phases following the
disassembly phase and preceding the reintroduction of the single prevailing materials
within the production cycle, allows for a partial evaluation of the level of disassembly
(LID) of a building or a single technological unit. To define an integrated method for the
evaluation of the level of disassembly, the research proposes an implementation of the
classification made by the UNI 11277:2008 standard.

3.4.2. Integrated Experimental Method

The integrated experimental method implements the classification made by the UNI
11277:2008 standard, based on data collected in the literature [38,39]. Two other parameters
are added to the construction system and laying technology parameter: damage generated
by handling and transport and transformation activities. The score (LID) to be assigned to
each prevailing material, belonging to a given technological unit, is obtained from the sum
of the products between the recovery potential, chosen for each parameter according to the
sub-parameters, and the weights assigned to each parameter (Table 12). The score to be
assigned to the technical element is obtained as the average of the scores of the prevailing
elements composing it.

Table 12. Integrated experimental method.

Building System and Laying Technology
p = 0.60

Damage Caused by Handling
and Transport

p = 0.20

Processing Activities
p = 0.20

Wet system—hydraulic and air binders|0% Fragile elements, high probability of
damage|20% Non-reusability|0%

Adhesive system—fusion adhesives,
evaporation adhesives|25%

Transport to the ground and loading onto a
lorry, L > 14 m|40% Cutting of perforated parts|25%

Dry system with clamping
technique—nailing|50%

Transport to the ground and loading onto a
lorry, L < 14 m|40% Planing|50%

Dry system with clamping
technique—bolting, screwing|75%

Ground transportation with lifting
devices|60% Impregnating spray treatment|75%

Dry system with interlock and
juxtaposition technique—snap and simple

interlocking|100%
Manual transport|100% General cleaning|100%

3.5. Phase V: Estimation of Waste Streams and Quantities and Verification of CAM Parameters

The last step of the methodology is to estimate the kinds and quantities of waste
generated during the whole disassembly and selective demolition process. The estimation
of waste streams is conducted by assigning to each material the EWC (European Waste
Code) provided by the List of Wastes [33]. The estimation of the quantities of waste for
reuse, recycling, and disposal is carried out by assigning a future destination to each
prevailing material, depending on the nature of the material (EWC):
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• Processing centers: By-products with a future destination in processing centers are
intended for re-use;

• Recycling centers: By-products with a future destination in recycling centers are
intended for recycling activities. This quantity also includes the percentage of scrap;

• Recycling centers: Dangerous and non-dangerous waste with a future destination in
disposal centers are intended for disposal activities.

With reference to the end-of-life phase, it is particularly interesting to verify criterion
2.4.1.1 of the Italian Ministerial Decree 11/10/2017 [13], according to which at least 50% of
the weight/weight of building components and prefabricated elements excluding plants,
must be subject to selective demolition at the end of their life and be recyclable or reusable.
Of this percentage, at least 15% must be made up of non-structural materials.

4. Application to the Case Studies

The selection of case studies took into account the following requirements:

– Buildings made with predominantly dry technology system;
– No.1 building made with a wood framed construction system;
– No.1 building made with a XLAM panel construction system;
– The selected buildings must present the characteristics of contemporary architectural

works, in terms of the quantity of publications, citations, and web presence.

The first case study selected was ‘Villa GP’ (Figure 4), a single-family villa located in
Valdagno (VI), built in 2018 by IRODA Studio with a timber frame structure.
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Figure 4. Villa GP, IRODA Studio (Source: legnoarchitettura).

The second case study was ‘Cenni di cambiamento’ (Figure 5), a social housing com-
plex built in Via Cenni, Milan, by RPA Rossi Prodi Associati s.r.l. in 2009. The intervention,
characterized by an XLAM load-bearing structure, is the largest in Europe; in fact, due
to the vastness of the complex, the methodology was applied to only one of the four
buildings (Figure 6).
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4.1. Pre-Demolition Verification

Pre-demolition verification, through the drawing up of an inventory of materials and
building elements of the building system, is meant to provide a clear picture of the building
structures to be demolished including an estimate of the waste materials that will be
released, in order to implement a correct deconstruction. With the help of the guidelines on
the correct management of demolition waste, provided in recent years by the EU, through
the protocol for the management of construction and demolition waste [40] and the protocol
‘Guidelines for waste verifications prior to demolition and building renovation works’ [41],
an inventory of the materials and building elements of the building organism was drawn
up for each selected case study.

4.2. Estimation of CO2e Emissions

Once the technological units and the technical elements characterizing each case study
were determined, the CO2e emissions generated by a selective disassembly and demolition
process during the whole end-of-life phase of the two selected case studies were estimated.
The results obtained for each rate in terms of kg of CO2e, and the incidence of each of
the five rates on the total CO2e emissions generated by the selective disassembly and
dismantling process are reported below (Tables 13 and 14, Figures 7 and 8).

Table 13. Case study: Villa GP. Total emissions, in terms of kg, of each of the five rates.

CO2e emissions rate from demolition activity 64.12 kg CO2e

CO2e emissions rate from scrap resulting from
demolition activities 1272.96 kg CO2e

CO2e emissions rate from off-site transport 989.15 kg CO2e

CO2e emissions rate from transformation/treatment
activity for further re-use 80.55 kg CO2e

Negative CO2e gained from wood storage −3489.65 kg CO2e

∑CO2e emissions −1082.87 kg CO2e

Table 14. Case study: Via Cenni complex. Total emissions, in terms of kg, of each of the five rates.

CO2e emissions rate from demolition activity 3292.76 kg CO2e

CO2e emissions rate from scrap resulting from
demolition activities 3328.82 kg CO2e

CO2e emissions rate from off-site transport 5812.66 kg CO2e

CO2e emissions rate produced by processing/treatment
activity for further reuse 663.37 kg CO2e
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Table 14. Cont.

Negative CO2e emissions gained from wood storage −129,437.17 kg CO2e

∑CO2e emissions −116,339.56 kg CO2e
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Figure 7. Case study: Villa GP. Total emissions, in terms of kg, of each of the five rates.
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Figure 8. Case study: Via Cenni complex. Total emissions, in terms of kg, of each of the five rates.

An analysis of the results showed that in both case studies (i.e., for both the frame and
the XLAM construction system), the final CO2e balance was negative, so the disassembly
and selective demolition process therefore took place with zero emissions, thanks to the
compensatory emission credit for storage in the wood.

5. Results
5.1. Results Obtained from the Estimation CO2e,1 Emissions from Demolition Activity

As the graphs in Figure 9 for the case of Villa GP show, the incidence of CO2e emissions
produced by ground transportation represents the first source of emissions (72%), followed
by emissions produced by the removal of connections (25%). For the case of the Via Cenni
complex, instead, the main source of emissions was the rate produced by the removal of
connections (74%), followed by emissions produced by ground transportation.
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Figure 9. CO2e,1 emissions from the demolition activity for Villa GP (left) and the Via Cenni
complex (right).



Buildings 2023, 13, 157 15 of 23

The analysis of CO2e emissions generated by 1 m3 of volume explains the significant
difference in the results. The two case studies presented comparable values of CO2e emis-
sions produced by ground transportation per m3 (i.e., 0.059 kg CO2e/m3 for Villa GP and
0.065 kg CO2e/m3 for the Via Cenni complex). What caused such a discrepancy between
the results is instead the CO2e emissions produced by the removal of the connections:
0.0203 kg CO2e/m3 in the case study of Villa GP and 0.199 kg CO2e/m3 in the case study
of the Via Cenni complex, about 10 times the previous result.

5.2. Results Obtained from the Estimation of the CO2e,2 Emissions from Scrap Resulting from
Demolition Activities

As the graphs in Figure 10 show regarding the Villa GP case study, the scrap generated
by the demolition of the framed perimeter walls was the primary source of emissions (40%),
followed by the scrap generated by the demolition of the floors (20%). For the case study
of the Via Cenni complex, we can see that the waste generated by the demolition of the
reinforced concrete structure was the primary source of CO2 emissions (58%), followed by
the waste generated by the demolition of the XLAM floors (22%).
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Figure 10. CO2e,2 emissions from scrap resulting from demolition operations for Villa GP (left) and
the Via Cenni complex (right).

5.3. Results Obtained from the Estimation of CO2e,3 Emissions from Off-Site Transport

From the graphs in Figure 11, we can deduce that for Villa GP, the item with the
greatest impact was the one related to the waste of the perimeter walls (40%), while for the
Via Cenni complex, the main share was generated by the waste of the reinforced concrete
elevation structure (58%), since 100% of the material was waste. In both case studies, the
incidence of CO2e emissions produced by the transport of the timber frame elements was
the main source of emissions: 54% for Villa GP and 46% for the Via Cenni complex.
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Figure 11. CO2e,3 emissions from off-site transport for Villa GP (left) and Via Cenni complex (right).
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5.4. Results Obtained from the Estimation of the CO2e,4 Emissions from Transformation/Treatment
for Further Reuse

In both case studies, almost all CO2e emissions were produced by planning opera-
tions and the removal of perforated parts, with less than 1% of emissions generated by
impregnation treatment and concrete crushing (Figure 12).
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5.5. Results Obtained from the Estimation of the CO2e,5 Emissions Credit for Storage
in the Material

An analysis of the results showed that the wooden construction system with XLAM
panels, which characterizes the Via Cenni complex, produced greater benefits in terms
of CO2 savings than the wooden construction system with framed panels in the Villa
GP. The first system could store −10.67 kg CO2e/m3, while the second one could store
−4.47 kg CO2e/m3. This result is explained by two considerations: the first is that the
XLAM panels have a higher absolute embodied carbon value than the EC values of the
materials composing the framed panels; the second is that the amount of scrap wood
elements per m3 in the case of the Via Cenni complex was 2.2 times higher than the amount
of scrap wood elements in the case of Villa GP (Table 15).

Table 15. CO2e,5 positive and negative emission factors: absolute, expressed in Kg CO2e (left) and
relative to the functional unit, expressed in Kg CO2e/m3 (right).

Villa GP

Emission positive rate +2406.78 kg CO2e +2.916 kg CO2e/m3

Negative rate gained from wood storage −3689.65 kg CO2e −4.470 kg CO2e/m3

Via Cenni Complex

Emission positive rate +13,097.61 kg CO2e +1.080 kg CO2e/m3

Negative rate gained from wood storage −129,437.17 kg CO2e −10.670 kg CO2e/m3

5.6. Assessment of the Level of Disassembly

The assessment was conducted using both the UNI method (11277:2008) and the
integrated experimental method. Below is a comparison of the results obtained for both
case studies.

Looking at the table and the graph (Table 16, Figure 13), three different situations can
be traced: the LID score obtained with the integrated experimental method was higher
than the score obtained with the UNI method, it was lower, or the two scores were equal.
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Table 16. Case study: Villa GP. Comparison of LID scores.

Technical Element LID—UNI Method LID—Experimental Method

Vertical perimeter walls 0.70 0.70

Vertical exterior windows frames 0.80 0.86

Internal frame walls 0.70 0.70

Internal plasterboard walls 0.70 0.83

Vertical internal windows frames 0.80 0.86

Stairs 0.40 0.75

Balconies 0.70 0.75

Protection elements 0.60 0.54

Floor 0.70 0.71

Roofs 0.70 0.71
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Looking at the table and the graph (Table 17, Figure 14), all the technical elements
scored were higher when using the integrated experimental method.

Table 17. Case study: Via Cenni complex. Comparison of LID scores.

Technical Element LID—UNI Method LID—Experimental Method

Vertical elevation structure 0 0.26

Horizontal elevation structure 0 0.26

Perimeter walls 0.60 0.67

External frames 0.80 0.83

XLAM internal walls 0.60 0.67

Internal plasterboard walls 0.70 0.81

Internal frames 0.80 0.86

Stairs 0.60 0.74

Balconies 0.60 0.67

Protection elements 0.73 0.87

XLAM floor 0.60 0.67

Concrete floor 0 0.16

Roofs 0.60 0.67
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5.7. Estimation of Waste Streams and Quantities and Verification of CAM Parameters

The Italian CAM requires the following disassembly thresholds (criterion 2.4.1.1
“Disassembly” decree 11 October 2017) [42]:

– At least 50 percent weight/weight of the building components and prefabricated
elements excluding systems must be subject to selective demolition at end-of-life and
be recyclable or reusable;

– At least 15 percent of the above percentage must be non-structural materials.

The results in terms of the percentages of recyclable and reusable building components
and prefabricated elements are shown below (Tables 18 and 19, Figures 15 and 16).

Table 18. Case study: Villa GP. Percentages of the recyclable and reusable building components and
prefabricated elements.

Total Waste Generated That Can Be Reused and
Recycled—Villa GP Percent Total Non Structural

Quantity of reusable material—structural materials 39.84%

100% (>50%)

Quantity of reusable material (scrap)—structural materials 4.43%

Quantity of reusable material—non-structural materials 19.98%

55.73% (>15%)
Quantity of reusable material (scrap)—non-structural materials 0.08%

Quantity of recyclable material (scrap)—non-structural materials 3.57%

Quantity of recyclable material—non-structural materials 32.10%
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Figure 15. Case study Villa GP: Achievement of 50% by weight threshold of total quantity, recyclable,
or reusable building and prefabricated components (left); achievement with the 15% by weight
threshold of non-structural, recyclable, or reusable building and prefabricated components (right).
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Table 19. Case study: Via Cenni complex. Percentages of the recyclable and reusable building
components and prefabricated elements.

Total Waste Generated That Can Be Reused and
Recycled—Via Cenni Complex Percent Total Non Structural

Quantity of reusable material—structural materials 54.12%

75.25% (>50%)

Quantity of reusable material (scrap)—structural materials 5.73%

Quantity of reusable material—non-structural materials 1.63%

15.41% (>15%)
Quantity of reusable material (scrap)—non-structural materials 0.06%

Quantity of recyclable material (scrap)—non-structural materials 11.92%

Quantity of recyclable material—non-structural materials 1.80%

Quantity of material to be discarded 24.75% 24.75%
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Figure 16. Case study of the Via Cenni complex: Achievement of 50% by weight threshold of the total
quantity, recyclable, or reusable building and prefabricated components (left); achievement with the
15% by weight threshold of the non-structural, recyclable, or reusable building and prefabricated
components (right).

As shown in the graphs of Figures 15 and 16, both case studies exceeded the two
thresholds imposed by the Ministerial Decree. In particular, the Villa GP case study
achieved a percentage of building components and prefabricated elements that can be
recycled or reused of 100%, which was higher than the percentage achieved by the Via
Cenni complex case study, being 75.25%. The first case study also achieved a higher
percentage of recyclable or reusable building components and non-structural prefabricated
elements. This value was 55.75% compared to 20.7% in the case of the Via Cenni complex.

6. Discussions

In summary, with reference to the goals set by the study, the application of the method-
ology to the investigated buildings allowed us to extrapolate two families of results:

6.1. CO2e Emissions of Module C and Consequent Benefits in Module D (UNI 15978)
6.1.1. Villa GP: Discussion of Results, with Reference to the Application of Modules C
and D

Module C of the Villa GP case study resulted in a unit emission of +2.916 kg CO2e/m3,
from the perspective of obtaining a benefit (module D), in terms of emissions reduction, of
−4.470 kg CO2e/m3, allowing for a negative balance in the transition from the cradle to
the grave, estimated at −1.554 kg CO2e/m3.
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6.1.2. Via Cenni Complex: Discussion of Results, with Reference to the Application of
Modules C and D

Module C of the Via Cenni complex case study resulted in a unit emission of
+1.080 kg CO2e/m3 from the perspective of achieving a benefit (module D), in terms
of emissions reductions, of −10.670 kg CO2e/m3, allowing for a negative balance in the
transition from the cradle to the grave, estimated at −9.590 kg CO2e/m3.

6.2. Compliance with the Disassembly Threshold (Italian CAM)
6.2.1. Villa GP: Discussion of Results, with Reference to Italian CAM Compliance

The Villa GP case study, exceeds the minimum thresholds required by CAM, both in
terms of the percentage of disassembly to total components (100% > 50%) and the incidence
of non-structural components only (55.73% > 15%).

6.2.2. Via Cenni Complex: Discussion of Results, with Reference to Italian
CAM Compliance

The Via Cenni complex case study exceeded the minimum thresholds required by
CAM, both in terms of the percentage of disassembly potentiality out of the total compo-
nents (75.25% > 50%), and the incidence of non-structural components only (15.41% > 15%).
This second case also had a disposal rate, which was 24.75%.

6.3. Overall Considerations

The results show that the case studies present different values in terms of the goal to
be pursued:

– In terms of CO2e emissions, in the end-of-life phase, the Via Cenni complex presents a
more virtuous construction system compared to Villa GP;

– In terms of the disassembly potentiality, the Via Cenni complex, while exceeding both
thresholds imposed by the Italian CAM, presented lower values compared to Villa GP
as well as a residual amount of materials to be taken for disposal.

Therefore, the final emerging considerations are:

– With regard to the level of CO2e emissions at the end-of-life, the case study of greater
volume (Via Cenni complex) allowed us to optimize the use of machinery in the
deconstruction and transport phases;

– Regarding the level of disassembly potentiality, the XLAM construction system has
more complex connections, and is therefore more difficult to be disassembled than a
‘frame’ construction system.

7. Conclusions

The construction sector, being responsible for 39% of carbon dioxide emissions [42],
has a key role to play in achieving this goal. To change this trend, the construction sector
needs to transform the life cycle assessment (LCA) pathway from linear to circular to ensure
a more efficient use of natural resources.

The studies investigated in the state-of-the-art have not taken into account the po-
tential of going beyond module C of BS EN 15978:2011 [5], and should be considered as
partial works still linked to a linear vision. In contrast, closing the circle of processes is
essential, and this goal is only possible by providing a series of strategies downstream of
the demolition of a building system, preferably of a selective type, and the reintroduction
of components/materials into a new ‘C2C—from Cradle to Cradle’ production cycle.

In order to pursue the transition from a linear to circular economy and to promote
sustainable economic growth, a very important aspect to be considered is the management
of construction and demolition waste (CDW). Article 11(2) of Directive 2008/98/CE [43]
states that ‘preparation for re-use, recycling and other material recovery [ . . . ] shall be
increased to at least 70% by weight’, a target already achieved for C and D waste in 2011
and stood at 75.1% in 2017 [44]. With a view to maximizing the potential for the reuse
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of building components and thus reducing C and DW, both the design phase and the
end-of-life phase of a building organism play a fundamental role.

In the design phase, a sustainable strategy oriented toward the reintroduction of
materials into the production cycle is represented by the choice of dry technological systems
rather than wet ones, as they are characterized by greater disassembly potentiality, and
therefore favor the reuse of building components with the same function; in contrast, wet
building systems allow for the reintroduction of components into the production cycle with
different functions from the original ones, most of the time with lower performance, only
following treatments that produce energy consumption [10].

In the end-of-life phase, a sustainable strategy oriented toward the reintroduction of
materials into the production cycle foresees the preparation of a disassembly and selective
demolition plan that allows for the reuse or recycling of materials, building components,
and prefabricated elements used. The Italian CAM for Buildings (Minimum Environmental
Criteria) [13] requires that at least 50 percent by weight of the building components must be
recyclable or reusable, and of this percentage, at least 15 percent must be nonstructural materials.

The study developed a method to assess the environmental impact of the disassembly
and selective demolition process by identifying the process with the lowest CO2e emissions
to minimize waste at the end-of-life phase. The methodology was applied to two wooden
architectures, whose materials are able to store CO2 due to their organic nature, which will
be returned to the environment after incinerating (i.e., when no further life cycle is possible
for it) [45].

As shown above, in both case studies (i.e., for both the frame and XLAM system),
the final CO2e balance was negative due to the offsetting emission credit from the storage
property of the wood components.

This research has shown that buildings designed with a predominantly wood construc-
tion system can make a significant contribution in terms of reducing the CO2e emissions
throughout their life cycle. This is due to the following main aspects:

– Easy selective demolition process, resulting in waste reduction and a high reuse rate
of components at the end-of-life;

– Consequent reduction in virgin raw material as a result of the system’s potential use
at the end-of-life;

– Possibility of reducing the overall emissions of the wooden building ( near zero) due
to the carbon storage properties of the wooden components.
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