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Abstract: The issue of environmental sustainability is increasingly topical and one of the most
impactful sectors is that of the construction industry. As stated in the reports of the Global ABC, the
building sector is the main responsible for GHG emissions, generating about 37% of global COz
emissions. Already during the phases of production and construction of buildings about 10% of
global emissions are produced, while the remaining part comes from their use, from the energy for
air conditioning and lighting. Reducing emissions in the pre-use phase of buildings is therefore a
crucial issue for combating climate change. The research investigates the potential of timber
construction systems, thanks to the carbon storage property of the material. The proposed
calculation methodology is structured according to the LCA-Life Cycle Assessment approach,
referring to the C2H phase (from Cradle-To-Handover), and evaluates emissions related to the
production and construction of buildings. To identify the timber construction system that minimizes
COze emissions, within the limits of the investigation (A1-A5 phases), the method was applied to
two buildings built with different technologies: one with X-Lam panels and one with a framed
structure. The results were analyzed, compared, and discussed to demonstrate that the timber
buildings are the most virtuous solution in the Net Zero Carbon perspective by 2050.

Keywords: Life Cycle Assessment; GHG emissions; timber buildings; carbon storage; green
buildings

1. Introduction

The current awareness of the importance of environmental issues, linked to the scarcity of the
planet’s resources, and the negative consequences of greenhouse gas emissions, has imposed the need
to adopt alternative approaches to construction. Today, in fact, the building industry is oriented to a
greater attention to the choice of materials and to every phase of the life cycle of buildings. This new
way of designing has the parameters of the so-called circular economy, an alternative model to the
traditional linear type, in which waste is no longer something to be disposed of in landfills, but a
resource to be reused and recycled. To pursue sustainable development, the European Commission,
with the 2030 Climate Target Plan [1], proposes to increase the EU’s ambition to reduce greenhouse
gas emissions to at least 55% below 1990 levels by 2030, and achieving climate neutrality by 2050. The
new proposal maintains the commitment made in the Communication on the European Green Deal
and is in line with the Paris Agreement [2], which aims to keep the global temperature rise well below
2 °C [3]. Global efforts are currently focused on achieving the UN Sustainable Development Goals of
the 2030 Agenda for Sustainable Development [4], signed in 2015 by 193 countries, which provides
an integrated vision of the three dimensions of sustainable development: economic, social, and
environmental sustainability. The seventeen Objectives set by the Agenda, to be achieved by 2030,
are interconnected and embrace the most important issues for sustainability, such as the fight against
poverty, the elimination of hunger in the world, the reduction of inequalities and the fight against
the climate change.
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Environmental policies contributed to a decline in greenhouse gas emissions for construction
operations between 2019 (9.6 Gt) and 2020 (8.7 Gt). Despite the slight reduction, however, the global
account of CO2 emissions (direct and indirect related to heating, cooling, lighting, etc.) from the
construction sector, compared to the total, remains high and stands at 37% [5].

The construction industry requires the extraction of large quantities of raw materials, with the
consequent consumption of energy resources and release of pollutant emissions into the atmosphere.
It is possible to draw a graph that defines the trajectory to follow to minimize the emissions of COxze
of the construction sector. (Figure 2). In the perspective of complete decarbonization, the best
approach would be not to build at all, an unattainable goal, which however orients us towards a
construction model based on flexible design and removable and reusable structures. when not
building cannot be an option we should at least build less, maximizing the use of buildings. Build
wisely means reusing waste materials and using low-carbon products. With an additional effort it is
possible to reach an efficient design, optimizing structural solutions. The final step is a construction
design that minimizes waste, based on the strategies prefabrication, reuse and recycling.

Not build
Build less

Build wisely
Build
efficiently

Minimize
waste

Figure 1. Approaches to decarbonization-oriented design.

2. State-of-the-Art

Life Cycle Assessment (LCA) is an objective procedure that allows to assess the environmental
impact associated with a product or activity, and to orient the design choices to improve the
environmental quality. Studying the ecological footprint through an LCA analysis means identifying
and quantifying different factors (materials used, energy requirements, solid waste, and emissions)
considering all the phases of the life cycle of a product, from the acquisition of raw materials until its
recycling process (Figure 3).

Figure 2. Life Cycle Assessment Phases

In this research two objective and quantitative environmental indicators were used to analyze
the impact of each phase of a building’s life cycle: Operational Energy (OE) and Embodied Energy
(EE). The embodied energy is the one that materials need throughout their life cycle, so products with
higher EE have more impact on the environment. Operational energy, on the other hand, is the
amount of energy required to operate the building during its use. The embodied and operational
energy rates correspond to consequent CO2z emission factors: Embodied Carbon (EC) and
Operational Carbon (OC).

In the recent publication by Bontempi (2021) [6] he emphasized the importance of reliable and
open-access databases that contain information on embodied carbon (EC) and embodied energy (EE)
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for various raw materials. These databases have significantly contributed to the development of
sustainability analysis tools based on energy use and emissions. By utilizing general parameters such
as EC and EE, these tools can be applied to all sectors and can be considered as pre-screening
methods, which can be used as a preliminary assessment before conducting a complete life cycle
assessment (LCA).

The LCA approach is recommended by various European policies, including the Integrated
Product Policy [7]. The main advantage of "life cycle thinking" is to prevent environmental loads from
moving from one phase to another, or from one geographical area to another or from an
environmental matrix (such as air quality) to another (for example water quality) [8]. European
Standard BS EN 15978:2011 [9], "Sustainability of construction works - Assessment of the
environmental performance of buildings - Calculation method", specifies the methodology, based on
life cycle analysis, to assess the environmental performance of a building. The life cycle of the
building is outlined in five blocks: Production, Construction, Use, End of Life, Benefits and Loads
(Table 1).

Table 1. Building assessment information (Source: BS EN 15978).
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® The production phase includes the supply of raw materials (A1), the transport of these to the
production sites (A2) and the processing (A3);

® The Construction phase includes the transport of materials from the production site to the
construction site (A4) and the construction of the building (A5);

* The Use phase includes building use (B1), maintenance (B2), repair (B3), replacement of
damaged parts (B4), renovation (B5), energy use (B6) and water use (B7);

* The End-of-life phase includes deconstruction/demolition (C1), transportation of materials
from construction site to landfill or treatment sites (C2), waste treatment (C3) and disposal (C4)

¢ To allow the transformation of the life cycle from linear to circular it is necessary to focus on
the phase Benefits and loads deriving from the activities of reuse, recovery, and potential recycling
(D).

The study "Life-Cycle Assessment and the Environmental Impact of Buildings: A Review" by
F.G. Banfill et al. [10] aimed to provide an overview of the current state of life-cycle assessment (LCA)
studies in the building sector, identify the challenges faced by researchers and practitioners, and
suggest areas for further research. The authors highlighted the difficulties of conducting LCA for
buildings, such as the complexity of the production process and the long lifespan of buildings, as
well as the lack of standardization and data inventory within the building sector. They stressed the
need for an internationally accepted framework and conversion tools to enable comparison between
LCA studies. Despite the limitations and criticisms presented, the study concludes that LCA is a
powerful tool for evaluating the environmental impact of buildings and has the potential to make a
significant contribution to sustainable development.
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Even for wood, which has gained popularity in construction due to its sustainability and low
environmental impact compared to traditional building materials, it is important to conduct a
thorough Life Cycle Assessment (LCA) that considers the entire life cycle of the material, from
production to disposal, to ensure that it is truly a sustainable option.

The publication "Timber and carbon sequestration” by Will Hawkins [11] studies the profile of a
multi-storey structure in relation to the amount of Embodied Carbon, assuming that it is made each
time with a different material. The analysis is made in relation to the life-cycle phases marked by the
European standard BS EN 15978:2011. The aim of the research is to highlight the environmental
benefits of using wood in building construction. The report shows that the concrete structure solution
is the most impacting on the environment, followed by steel and wood. Production emissions for
timber products, from harvesting, drying and sawdust are significant and cannot be avoided, in fact
itis better not to build at all than to build a timber building. In phase B (BS EN 15978:2011) it's possible
to appreciate the advantage of the use of wood due to the carbon compensatory credit. Carbon
storage is possible because the tree, during its growth, absorbs carbon dioxide, transforms it into
carbon and releases oxygen into the environment. Carbon remains trapped in the tree until it rots or
is incinerated, and then returns to the atmosphere. Timber building therefore means creating a real
carbon warehouse, which would otherwise have ended up in the atmosphere once the life of the tree
had ended. For the concrete and steel structures, analyzing the phases of use (B) and end of life (C)
we notice very small changes in the amount of Embodied Carbon, while for the wood solution there
is an important change. Despite the large emissions, total carbon is still lower for the timber building

than for the concrete and steel ones.
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Figure 3. Comparison of cumulative emissions of Embodied Carbon for different types of
construction (Source: The Institution of Structural Engineers).

In fact, wood, despite being among the first materials to be used in construction, is among the
best solutions for the realization of biocompatible structures. This is why in recent years the research
has been interested in these innovative systems, and in particular in the advantages of building dry
rather than wet, in terms of Embodied Energy and Embodied Carbon. To confirm this thesis is also,
among many, the article titled "Evaluation of envi-ronmental sustainability threshold of “humid”
and “dry” building systems, for reduc-tion of embodied carbon (CO2)" by Di Ruocco and Melella [12],
of particular interest for the purposes of this research. In fact, this article focuses on the evaluation of
the environmental sus-tainability threshold of "humid" and "dry" building systems. The authors use
a life cycle assessment (LCA) to quantify the embodied carbon dioxide (COz) of different building
systems and investigate the relationship between their environmental sustainability and moisture
content. The comparison of building systems has revealed that the reinforced concrete construction
system has the highest embodied carbon, while timber construction system is the most
environmentally friendly option. Furthermore, the study has shown that appropriate design choices
can lead to a significant reduction of 51% in Embodied Energy and 69% in Embodied Carbon. These
findings are justified by the fact that dry construction systems offer higher disassemblability, thus
promoting the reuse of building components with the same function. Conversely, wet construction
systems allow the reintroduction of components into the production cycle with different functions,
which often leads to lower performance and increased energy consumption.
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The study "Mitigation Strategies for Reduction of Embodied Energy and Carbon, in the
Construction Systems of Contemporary Quality Architecture" by Di Ruocco et al. [13] searches the
construction system with the lowest values of EE and EC, comparing three architectures, one made
of reinforced concrete, one in steel and one in wood. The results show that the timber construction
system is the one with the lowest value of EE and EC, therefore the best from the environmental point
of view.

Although the advantages of timber construction have been well-investigated in the literature,
the following considerations emerged from the state-of-the-art study:

e  The C2C circular approach (from Cradle-To-Cradle) was only partially investigated.

e No study has quantified, with the C2C approach, the potential of wood systems for carbon
storage.

e A standardized calculation methodology for measuring the amount of embodied carbon at the
production and construction stages has not been defined.

With reference to the criticalities found in the state of the art, the purpose of this study is to
develop a calculation methodology for the construction systems that allows to evaluate the embodied
energy and carbon during the production and construction phases of timber buildings. In this way
the research also aims to highlight how Wood is the most valid solution to pursue sustainable
development. The new calculation methodology developed was applied to a frame construction
system and an X-lam panel system.

3. Tools and Methods

The proposed methodology is articulated in the following phases:
e  Phase I: Definition of the scope of investigation;
e  Phase II: Technological characterization of the building;
e  Phase III: Estimation of CO2. emissions;

3.1. Phase I: Definition of the scope of investigation

In the first phase, the study boundaries were defined in accordance with the European standard
BS EN 15978:2011[8]. Specifically, the scope of this research is the analysis of phase A, consisting of
five modules. Modules A1l to A3 of the building life cycle are about the environmental impact of the
production phase, and include raw material procurement, transportation to factories and production.
Modules A4 and A5, on the other hand, are about the impact of the construction phase, which
includes transport to construction site and construction activities. The boundary of the system that
has been considered is called ‘from Cradle-To-Handover’.

Table 2. Building assessment information — from Cradle-To-Handover phases (Source: BS EN
15978).
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3.2. Phase 11: Technological characterization of the building

The technological characterization of the building was based on the UNI 8290-1981 [14]
standard, with the detailed breakdown into classes of technological units (1st level), technological
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units (2nd level), and technical elements (3rd level). The classes of technological units of supply and
service facilities, safety installations, internal and external equipment have not been counted for the
purposes of research, as they are considered invariant. The next step was the analysis of two timber
construction technologies: framed one and the one with X-LAM panels. The study of the construction
systems, the materials of the technical elements and the connections is fundamental to define the
processes necessary for the construction. This was done using technical data sheets and catalogues
provided by companies operating in the sector, as well as the UNI 11277:2008 [15] standard, which
combines each construction system with a laying technology.

3.3. Phase III: Estimation of COz emissions

In the third step, the COz. emissions generated during the phases of production and construction
of a building, obtained as the sum of 3 rates, were calculated:
e  Rate of COz, a1-a3emissions due to the production activity.
e Rate of COze asemissions due to the transport from production site to construction site.
e  Rate of COze asemissions due to the construction activities.

COze, a1-a5 = CO2e, A1-a3+ CO2¢, as+ CO2e, A5 1)

The methodology combines modules Al to A3 because the emission estimation refers to
coefficients (derived from the ICE database) that consider together the extraction of raw materials,
transport to factories and production.

3.3.1 Rate of COz, a1-a3emissions due to the production activity

The objective of the production phase analysis (A1-A3) is to highlight the variation in COxz
emissions according to the choices that the designer can make. These choices may concern the use of
virgin materials or secondary raw materials, technological solutions, or even the evaluation of the
chemical characteristics of the elements.

The total embodied carbon relative to the production phase has been calculated, through an
approach LCI (Life Cycle Inventory), multiplying the weight of each material for the relative
"Coefficient of Embodied Carbon Primary" contained in the "Inventory of carbon and energy" (ICE
database V.3.0) [16] drawn up by the University of Bath. For wood elements this inventory gives two
EC values, one negative and one positive; Between the two values, the negative one was chosen to
take into account the carbon storage property of the material.

COxe, a1-a3 () [kgCO2e] = Piy) [kg] x ECice) [kgCO2 /kg] (2)
The total emissions for modules A1-A3 are obtained by adding the emissions for each material:

CO2e, a1-a3= L CO2e, A1-43 (i) 3)

3.3.2 Rate of COz., asemissions due to the transport from production site to construction site.

The rate of COze related to module A4 (construction phase) is the sum of the emissions generated
by the production of the percentage of loss due to handling and those generated by the means of
transport.

COZe, Ad= COZe, Adloss T COZe, A4 equipment (4)

It is therefore necessary to consider, in addition to the weight of the material that arrives intact
at the construction site, a percentage of loss due to transport problems (damage due to movement).
The total quantity to be transported is then calculated as:

Pgross o) [kg] = Poy [kg] + (Po [kg] x %lossa) (5)

The emissions generated by the additional quantity in phase A1-A3 are calculated using the ICE
database again:
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COze, At loss () [kgCO2e] = Poy [kg] x %losse x ECiceg) [kgCO2 /kg] 6)

COxe, at10ss= X COne, At loss(i) (7)

Moreover must be evaluated the stops to be reached by means of transport of the elements and
the number of travels from the production site to the construction site.This is strongly influenced by
the chosen articulated truck model, specifically the size of the vehicle, the maximum transportable
volume and the maximum transportable weight. It is possible to estimate the COz. emission rate due
to the means of transport as follows:

COze, At equipment () [kgCOze]= D[km] x n°travels ) [n] X FequiptikgCOz/km] (8)

Where:
Dq): Distance to be covered to transport the single material
Fequip(y: Emission factor for the specific means of transport

All the vehicles chosen have a diesel engine and the emission factor has been calculated on the
basis of the maximum transportable flow from them. These values were taken from a research by the
Politecnico di Milano on average GHG emissions from means of transport [17].

3.3.3 Rate of COz, a5emissions due to the construction activities.

The emissions related to the construction phase are divided into two rates:
e  Emissions from installation waste management (A5w)
¢  Emissions from general construction activities (A5a)

COz¢, a5= CO2e, 5w+ CO2e,452 9)

1. WASTE - A5w
The emissions from waste management for each material are calculated as follows:

CO2e asw () = WFg) x (CO2e a1-36) + CO2e adti) + COze c26i) + COnze c3/Ca(i)) (10)

COn2¢, a5w= 2 COx2e, A5w(i) (11)

Where:
COze asw(: Embodied carbon factor from construction waste [kgCOz];
WEF): Single material waste factor, given by the equation:

WEa=[(1/1-WRa) - 1] (12)

WR(i): scrap rate. It can be estimated using the WRAP Net Waste Tool data [18] or obtained from
guides for construction companies;

COze a1-3): Emissions from the material in stages A1l to A3, including carbon sequestration for all
wood elements;

CO2e a4t): Emissions from the transport of material from the production site to the construction
site;

COze c2): Emissions related to the transport of material from the construction site to the landfill
site;

- COze c/caii: In the case of landfill disposal, stage C4 is considered. When waste is reusable,
reference is made to the C3 stage, that is about the treatment for recovery or recycling;

Recycling will be considered as the only possible option in this research, since waste will
certainly be of such a size that it cannot be reused, and landfill and incineration will not be considered
for environmental protection.

The first step is the classification of waste materials based on the European Waste Catalogue [19]
which assigns to each category of materials a European Waste Code (EWC). This allows the
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identification of the nearest authorized transforming center. Once transport distances, number of
journeys and means of transport have been established, emissions are calculated as well as for
transport phase A4:

COze, 2 i) [kgCO2e] = D[km] x n°travels ) [n] X FequipkgCOz2/km] (13)

Where:
Dq): Distance from construction site to component recycling center
Fequip(y: Emission factor for the specific means of transport

The carbon incidence due to processing for recycling of materials is calculated considering the
type of treatment, the machinery used, the hourly power of the machinery, the number of kilograms
treated in one hour, the total treatment time, energy consumed and carbon emission coefficient
(depending on the type of machinery).

COze, c3 ) [kgCOze] = Et) [KW h] X Fmachine() [kgCO2¢/kW h] (14)

Ew [KW h] = to [h] x Pe[kW] (15)

Where:

Ew: Energy consumed for the processing

Fmachine(): Emission factor for the specific machinery
ta: Time required for processing

P: Power of the machinery

Information relating to the specific type of machinery is derived from the datasheets and the
carbon emission coefficient varies according to the type of engine as specified in Table 3. These are
data derived from Appendix "A" of the UKETS Manual (01)05 "Guidelines for the measurement and
reporting of emission in the UK Emission Trading Scheme" [20], coherent with the National Plan for
Atmospheric Emissions (National Air Emission Inventory) [21].

Table 3. Carbon emission factors in relation to the engine of the machinery.

Engine Carbon emission factor Carbon emission factor
[Kg C /kW h] [Kg CO:2 /kW h]
Coal 0,0817 0,3
Coke 0,101 0,37
Petroliferous Coke 0,0927 0,34
Gas/Diesel 0,068 0,25

2. GENERAL CONSTRUCTION ACTIVITIES — A5a

The Ab5a rate is given by the sum of the emissions generated by two types of operations:
components placement (COze, Asa placement) and connections realization (coze, Asa connection). Depending on
the construction system and assembly technology, the mode of transport and the instrument and/or
the machinery used for installation have been defined. The total emissions related to construction
activities are therefore calculated as follows:

COZe, Aba= COZe, Aba placement + COZe, Aba connection (16)

2.1 RATE OF COz EMISSIONS FROM COMPONENT PLACEMENT (coze, A5a placement)

COxe, A5a placement i) [KgCO2e] = t[h] x Pi[kW] X Fmachinery() [kgCOze /kW h] (16)

COZe, Ab5a placement = X COZe, AS5 placement (i) (16)
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Where:

t = Time of use of the machine necessary to place each element, also considering the return
journey.

Pw= Machine power

Fmachinery )= Emission factor of the specific handling machinery

To define the transport methods of the elements to be connected it is necessary to consider that:
- The maximum weight that can be lifted by an operator under optimal conditions is 25 kg (UNI ISO
11228-1) [22];

- The maximum load capacity of a Liebeherr crane 32TT [23] is 2500 kg;

- The maximum capacity of a Liebeherr telescopic crane, LTM 1040-2.1 [24] is 40000 kg.

It is therefore established which of the elements of the buildings required transport by
machinery and which, instead, could have been transported manually. The seconds required for the
positioning operations were evaluated based on the technical data sheets of the machines and the
videos available on the web and divided into three steps: To(seconds required to connect the element
to the crane hook), T1 (seconds required to reach the position), T1 (seconds required to return to the
starting point) (Table 4).

Table 4. Seconds required for the positioning operations.

Machine To[s] T [s] Tv [s]
Telescopic crane 18 45 45
Self-propelled crane 18 69 69

The connecting crane is a current-powered machine; the emission factor for the production and
consumption of electricity has been provided by Ispra [25] and considers electricity produced from
renewable and non-renewable sources.

22 RATE OF COZE EMISSIONS FROM THE CONNECTIONS (COZE, Aba connection)
COze, A5a connection (i) [kgCOze] = tiy[h] x Po[kW] X Frool) [kgCO2 /kW h]

COZe, Aba connection = Z COZe, A5 connection (i)

Where:

t = Time of use of the connection tool

Pw= Tool power

Fool )= Emission factor of the specific tool

The installation technology of the elements and the precise models of the tools used have been

identified (Table 5).
Table 5. Tools
Installation technology Tool
Nailing Nailer Hilti: BX3-L [26]
Holes for dowels Drill screwdriver Hilti: SF 4-A22 [27]
Drillinf of the screed Powered rotary Hilti: TE 30-A36 [28]
Bolts Impact wrench Hilti: SIW 22T-A-1/2”, Hilti: SID 4-A22
[29][30]
Screw connections Impact wrench Hilti: SID 4-A22[30]

Automatic mixing and pumping machinery Overmat: 24.7

In-situ concrete casting TR, Overmat 134 T [31]

For each of the instruments the operating time has been determined through videos provided
by the manufacturers, videos corresponding to real cases and data sheets (Table 6).
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Table 6. Operating time of the instruments

Seconds for
f f i
Tool Se-ec-onds O g econds for a hole Secqnds or screwing a screw
nailing a nail screwing a bolt (plasterboard

systems)

Seconds for
screwing a screw
(wood)

Nailer
HILTI : BX3-L
Drill screwdriver
HILTI : SF 4-A22
Powered rotary
HILTI : TE 30-A36
Impact wrench
HILTT : SIW 22T-A-1/2" -
Impact wrench
HILTI : SID 4- A22

2 - - - -

A processing capacity of 6 m3/h is declared on the data sheets of the concrete screed machinery
[31], on the basis of which the operating time of the machine is then calculated.

4. Application to the Case Studies

The selection of case studies considered the following requirements:

e  Buildings made with predominantly dry technology system;

e No.l building made with a wood framed construction system;

e No.l building made with a XLAM panel construction system;

e  The selected buildings must present the characteristics of contemporary architectural works, in
terms of the quantity of publications, citations, and web presence.

The first selected building is ‘IRIDE” kindergarten (Figure 4), in Guastalla, Italy, designed by
Mario Cucinella and realized in 2015 with a timber framed structure.

Figure 4. IRIDE Kindergarten by Mario Cucinella, Guastalla

The second building studied for the purpose of this research is the kindergarten of Ponte
d’Arbia, Italy, designed in 2016 by Studio SettantaZ, in timber X-LAM panels (Figure 5).
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Figure 5. Kindergarten of Ponte d”Arbia by Studio Settanta”, Ponte d”Arbia

4.1. Estimation of COz. Emissions

Once the technological units and the installation methods of the building components have been
determined, the COz emissions generated during the production and construction phases of the two
selected cases have been estimated. The results obtained for each rate in terms of kg of COz, and the
incidence of each of the three rates on the total COz emissions generated by the production and
construction process are reported below (Tables 7 and 8, Figures 6 and 7).

Table 7. Case study: IRIDE kindergarten. Total emissions, in terms of tones, of each of the three

rates.
COze emissions rate from production activities 175,71 t COz
CO2e emissions rate from transport from production site to
2¢ CTIISSIONS P p 6,642 t COx
construction site
CO2e emissions rate from construction activities 3,553 t COze
> COz2. emissions 185,91 t COze

Table 8. Case study: kindergarten of Ponte d’Arbia. Total emissions, in terms of tones, of each of the
three rates.

COze emissions rate from production activities 19,37 t CO2
CO2e emissions rate from transport from production site to

¢ CIISSION: P P 10,19 t COz
construction site
CO2e emissions rate from construction activities 2,40 t COze
> CO2e emissions 31,96 t CO2e

.ﬁ{i%
CO2e,A1-A3 emissions from production

activities

= CO2e, A4 emissions from transport from
production site to construction site

CO2e, AS emissions from construction
activities

94%

Figure 6. Impact of the three COz. emission rates - IRIDE kindergarten
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7%

C02e,A1-A3 emissions from production
activities

32% » COZ2e,A4 emissions from transport from
production site to construction site

61% _ i
CO2e, AS emissions from construction

activities

Figure 7. Impact of the three COz emission rates - kindergarten of Ponte d”Arbia

In both cases, the greatest incidence in terms of emissions is caused by the production of the
building elements, in green in the ring graphs. The lower rate, however, is, for both buildings, that of
emissions related to construction activity, in yellow (Figure 6,7).

5. Results

To compare the results obtained, the emissions for 1 m? of built volume were evaluated by
dividing the values obtained (in kg COz.) by the volume of the two schools.

Table 9. Comparison table of emissions from each school
Emissions rate IRIDE PONTE D’ARBIA
COze,a1-a3emissions from production activities 36,676 kg COz/m3 17,741 kg COze/m?
COze,a4emissions from transport from production
site to construction site
CO2e, a5 emissions from construction activities 0,742 kg CO2e/m? 2,194 kg COz/m?
CO2e,a1-25 38,80 kg CO2./m3 29,272 kg CO2/m3

1,386 kg COne/m> 9,337 kg COne/m?

40,000
35,000
30,000
25,000
20,000
IRIDE
15,000
PONTE D'ARBIA
10,000
5,000

0,000
C0O2e,A1-A2 emissions CO2e A4 emissions from  CO2e, AS emissions from
from production activities transport from production construction activities
site to construction site

Figure 8. Comparison graph of emissions from each school

5.1 Rate of COz, a1-a3emissions due to the production activity

As regards the rate of emissions at the production stage, there is a significant discrepancy
between the results for the two case studies, with 36.68 kg COz/m3 for the Guastalla building and
17.74 kg COze/m? for the Ponte d'Arbia building (Figure 9).
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Rate of CO2e, A1-A3 emissions
due to the production activity

0,000 10,000 20,000 30,000 40,000

m PONTE D'ARBIA
IRIDE

Figure 9. Rate of COz, a1-a3emissions of the Iride kindergarten and the Ponte D’ Arbia kindergarten

To investigate the reasons for the difference in COz, 143 emissions between the two buildings,
those due to the production of elements for the envelope and those generated by the production of
other building components were separately compared.

By extrapolating the data on production emissions related to the building envelope, a significant
difference can be observed between the two schools. For the Guastalla kindergarten (Climatic zone
E), they amount to 28.80 Kg COz2/m? (79%), while for the Ponte d'Arbia kindergarten (Climatic zone
D) they even have a negative value of -9.83 Kg COze/m? (-26%) (Figure 10). To produce the other
building elements, on the other hand, the emissions generated are respectively 7.88 Kg COz/m? and

27.57 Kg COne/m?.
IRIDE PONTE D'ARBIA
21% Y
9% =

1 COgz4 1.3 €Missions from the CO;, a1.a3 €Missions from the
production of components for production of components for
building envelope building envelope
COye a1.23 €Missions from the CO;, a3.a3 €missions from the
production of other building production of other building
elements elements

Climatic Zone E Climatic Zone D

Figure 10. Rate of COz, a1-a3 emissions of the Iride kindergarten (left) and the Ponte D’Arbia
kindergarten (right)

5.2 Rate of COz, a+ emissions due to the transport from production site to construction site.

Regarding the emissions related to the transportation of the elements, it is important to note the
negative value of those caused by handling losses at the Guastalla nursery (-0.016 kg COz). In this
school, among the elements considered vulnerable to transportation damages, there is the industrial
parquet, which has an embodied carbon ICE coefficient of -0.81 kg COze/kg, considering the carbon
storage property of wood. For the Ponte d'Arbia nursery no element was considered vulnerable to

handling damages; therefore, the emissions generated during production due to losses are zero
(Tablel0).
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Table 10. Rate of COz, asemissions of the Iride kindergarten and the Ponte D’ Arbia kindergarten

Rate of CO2e, A4 emissions due to the transport from
production site to construction site,
€Oz, s = COze, at t0ss + CO2e, ag equipment
IRIDE PONTE D'ARBIA
4791 m’ 1002 m?
€Oy, 44100 @Missions generated by the production of 3 3
the p:nl:enmg! of loss due to handling -0,016 kg CO,/m 0,000 kg COz./m
CO4p a4 eoupment ®Missions generated by the means of
bt au 1,402 kg CO,,/m* 9,337 kg €O, /m’
Rate of CO,, ,, emissions i 1,386 kg CO,,/m’ | 9,337 kg CO,,/m’ J

The building situated in Siena generates notably higher COz. emissions due to transportation
compared to the one in Reggio Emilia. This discrepancy can be attributed to the elevated
concentration of the construction industry in Northern Italy.

Specifically, in phase A4, the COz. production amounts to 1.402 kg COze/m? for the Ponte d'Arbia
kindergarten, while it reaches 9.337 kg COz/m? for the Guastalla kindergarten (Figure 11).

r—a o B

IRIDE PONTE D'ARBIA
1% S

99% 100%
CO3y¢, as10ss EMissions generated by B COy paioss €Missions generated by
the production of the percentage of the production of the percentage of
loss due to handling loss due to handling
COy¢, a4 equipment €MIssions generated €O, a4 equipment EMISsions generated
by the means of transport by the means of transport

Figure 11. Rate of COz, a4 emissions of the Iride kindergarten (left) and the Ponte D’Arbia
kindergarten (right)

5.3 Rate of COz, aswemissions due to installation waste management.

Comparing the results about COz,asw emissions obtained, after dividing them by the volume of
the respective schools (Table 11), a similarity can be observed between the two values related to the
transportation of waste to the disposal site (0.013 kg CO2¢/m? for the Guastalla kindergarten and 0.015
kg COz/m? for the Ponte d'Arbia kindergarten) and those related to the treatment for recycling
(approximately 0.001 kg COze/m? for both case studies).

There is a significant difference, however, in the production emissions rate: while it amounts to
0.561 kg CO2¢/m?3 for the construction in Guastalla, it reaches 1.319 kg COze/m? for the construction in
Ponte d'Arbia. This discrepancy is due to the presence of industrial parquet as construction waste in
Guastalla, which, being made of wood, has a negative embodied carbon coefficient, thereby lowering
the overall emissions value.

Regarding the results related to transportation from the production site to the construction site,
the same considerations mentioned earlier for phase A4 apply.
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Table 11. Rate of COz, asw emissions of the Iride kindergarten and the Ponte D’ Arbia kindergarten

ions due to i
management.

Rate of CO,, g5, lation waste

€Oy, s (1) = WFy X (CO2¢ n1-3 (i + CO2e na () + COze 2 (y +
€Oy cayca )

IRIDE PONTE D'ARBIA

€0, ;.2 @missions generated by the production

3
activity of waste material 0,561 kg €Oz./m

1,319 kg €O,,/m’

CO,,, ., emissions generated by the transportation
activity of waste from the production site to the
construction site

0,069 kg €O, /m® 0,542 kg CO,,/m’

C0,, ., emissions generated by the transportation
activity of waste from the construction site to
the disposal center

0,013 kg €O, /m® 0,015 kg CO,./m’

€O, c3pcs €Missions produced by the landfill
disposal or treatment activity for recycling or
reuse

0,0007 kg €O,./m’ 0,001 kg €O,./m’

Rate of CO,, ., emissions

0,64 kg CO,./m’

From the observation of the pie charts (Figure 12), it is evident that the emissions generated by
the processes aimed at recycling construction waste have a very minimal impact on the total COxz,
asw. These emissions are present in such small quantities that they do not appear within the diagrams.

r—x ™ B

IRIDE PONTE D'ARBIA
0% 056
2% 1%
_ 70%
B7%

COy,, a1.3 €Missions generated by the C0,, 1.3 emissions generated by the

production activity of waste material

CO;,, a4 EMissions generated by the
transportation activity of waste from the
production site to the construction site
CO;, 2 emissions generated by the
transportation activity of waste from the
construction site to the disposal center

production activity of waste material

s CO;, asemissions generated by the

transportation activity of waste from the
production site to the construction site
CO;,, ¢ emissions generated by the
transportation activity of waste from the
construction site to the disposal center

CO3, c3/c< @missions produced by the .
landfill disposal or treatment activity for
recycling or reuse

CO4., c3/cs emissions produced by the landfill
disposal or treatment activity for recycling or
reuse

Figure 12. Rate of COz., asw emissions of the Iride kindergarten (left) and the Ponte D’Arbia
kindergarten (right)

5.4 Rate of COz, asaemissions due to the general construction activities.

From the comparison of the results (Table 12, Figure 13), a significant difference in emissions
produced by the transportation activity for the positioning of elements is evident between the two
schools. This is justified by the fact that while a self-erecting crane powered by electricity, consuming
17.6 kW per hour, was used for the Guastalla kindergarten, a diesel-powered mobile crane with a
consumption of 209 kW per hour was used for the Ponte d'Arbia kindergarten, resulting in
approximately twelve times higher consumption. However, the two case studies show comparable
values for emissions related to the installation of connections per cubic meter, with 0.073 kg COze/m3
for the Guastalla school and 0.064 kg COz/m? for the Ponte d'Arbia school.
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Table 12. Rate of COz, asaemissions of the Iride kindergarten and the Ponte D’ Arbia

Rate of CO;,, asw, @Missions due to general construction
activities.

co:e. Asaf(i) = coze. ASa placement (i) + Cou A5a connection (1)

IRIDE PONTE D'ARBIA

CO3q, 453 connection €Missions produced by

3
components placement activity 0/026 kg CO,./m

0,253 kg CO,,/m*

€034, 450 lacement €Missions produced by

3
connections realization 0,073 kg CO,,/m

0,099 kg €O,./m’
e

PONTE D'ARBIA

0,064 kg CO,,/m’

Rate of CO,, ., emissions

r— a

IRIDE

. 27%

80%

€Oy, 455 connection @Missions produced
by components placement activity

€Oy, ass plscement €Missions produced
by connections realization

€04, s connection €Missions produced
by components placement activity

€Oy, ass placement €Missions produced
by connections realization

Figure 13. Rate of COz, asa emissions of the Iride kindergarten (left) and the Ponte D’Arbia
kindergarten (right)

5.4 Comparison of the results obtained considering and not considering the compensatory emission credit for
carbon storage in timber.

To assessing the benefits of timber utilization, emissions were evaluated without considering
carbon storage. It has been found that the amount of stored COz is approximately 50 kg COz/m? for
both schools (Figure 14).

r—a

o™ B
IRIDE PONTE D'ARBIA

.00

0,00
50,02
KgCO,./m’

0,00

47,17
KgCO,,/m’

50,00
40,00
30,00
0,00
10,00

0,00
Emissions related to the
production and construction
phases without considering the
carbon storage of timber

Emissions related to the
production and construction
phases considering the carbon
storage of timber

Emissions related to the
production and construction
phases without considering the
carbon storage of timber

Emissions related to the
production and construction
phases considering the carbon
storage of timber

Figure 14. Results for the Iride kindergarten (left) and the Ponte D’ Arbia (right) obtained considering
and not considering the compensatory emission credit for carbon storage in timber.
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6. Discussion

Analyzing the obtained results leads to three important considerations:

e  With reference to emissions generated during A1-A3 phases, the results are closely dependent
on the design choices, which are also influenced by the climatic zones in which the buildings are
located. The Guastalla kindergarten, for instance, falls within climatic zone E, characterized by
colder temperatures that require higher passive energy performance. On the other hand, the
Ponte d'Arbia school (climatic zone D) has a very low, and even negative, emission rate also due
to most of its elements being made of wood, which provides the advantage of a carbon offset
credit.

e  The building in Siena exhibits considerably higher COz. emissions resulting from transportation
compared to the one in Reggio Emilia. This disparity can be attributed to the greater
concentration of the construction industry in Northern Italy, which represents approximately
52% of all industries in Italy. This regional concentration significantly impacts the transportation
distances required for goods, as they need to be transported from the production sites to the
construction sites. To date, COz emissions resulting from transportation operations are
mitigated using Low Emission Vehicles (LEV) as mandated by the Italian Ministerial Decree of
October 11, 2017. In accordance with Criterion 2.5.3, the exclusive use of highly energy-efficient
vehicles (EEV) is ensured. Additionally, the incentivizing Criterion 2.6.5 stipulates a maximum
distance of 150 km for sourcing construction products. This requirement further reduces carbon
emissions during transportation by promoting local suppliers and limiting the need for long-
distance travel.

e  The results of phase A5 (construction) showed the importance of the use of electrical machinery
and equipment to reduce greenhouse gas emissions and energy consumption. For the
construction of the Guastalla kindergarten, an electric crane was used, with an energy
consumption twelve times lower than the diesel-powered crane used for the kindergarten in
Siena.

The implementation perspectives of this research can focus on two key aspects. Firstly,
extending the field of investigation to encompass the other modules of the building life cycle,
including phases B, C, and D. By examining the entire life cycle, a more holistic understanding of the
environmental impact can be obtained. Secondly, defining an economic profile of the building's
production and construction process is crucial. This entails evaluating the costs associated with
design, material sourcing, labor, and other relevant factors during the construction process. By
examining the economic aspects, it becomes possible to assess the efficiency and financial
sustainability of various design and construction choices.

7. Conclusions

The choices regarding building materials have consequences that cannot be ignored, as
highlighted in this article. Compared to cement and steel, it has been shown that the negative impact
of wood on the environment is far less severe. Regardless of whether optimal end-of-life scenarios
are planned or not, wood still has a lower carbon footprint compared to other important materials,
as well as being sustainable and reusable. Environmental support policies are contributing to a push
for greater adoption of wood, focusing on issues such as carbon pricing, life cycle assessment, and
CO: offsetting. The purpose of the research was to investigate and deepen the potential of circular
economy processes and the use of wood in buildings. In particular, the study developed a
methodology for assessing the environmental impact of the production phases of building materials
and construction of buildings, which was then applied to two cases. The choice of the two buildings
to analyze fell on the Asilo Iride by Mario Cucinella, located in Guastalla (Reggio Emilia), constructed
with a timber frame construction system, and the Ponte d'Arbia nursery in Siena, built by the
Settanta7 studio with X-Lam panels. What emerged from the results of this research is that, with
reference to the production and construction phases, the frame construction technology has a higher
environmental impact of about 30% compared to the X-Lam panel technology. However, both
systems can store an amount of carbon equal to about 50 kgCOze for every cubic meter of construction,
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empty or full. Finally, the benefit of carbon storage in wood translates into a saving of about 60% of
CO2e emissions within the scope of the investigation. For this reason, it is possible to affirm that a
predominantly timber construction system, thanks to its carbon storage property, confirms itself as
the most virtuous solution in the perspective of climate neutrality by 2050.

It is important to underline how the use of wood in the design and construction of buildings
does not necessarily have to replace other more established building materials; rather, it can offer a
wide range of possibilities, being suitable for composite components and hybrid structures, in
combination with concrete, steel, polymers, and even glass.

Timber construction is not a silver bullet solution to climate change, but it can provide a truly
useful contribution. In addition to its ability to balance or reduce greenhouse gas (GHG) emissions,
wood also supports better forest management and a brake on deforestation, both major issues related
to global warming.
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