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Abstract: The growing awareness of the need to minimise greenhouse gas (GHG) and mitigate cli-
mate change has resulted in a greater focus on the embodied carbon (£C) of construction material.
One way to ensure the environmental impact of building activities is minimised to a reasonable
level is the calculation of their £C. Whilst there are a few studies investigating the role of embodied
carbon factor (ECF) databases on the accuracy of EC calculation from cradle to gate, very little is
known about the impact of different databases on the end-of-life (EoL) £C calculation. Using ECFs
derived from the UK Department for Business, Energy and Industrial Strategy (BEIS), the Royal
Institute of Chartered Surveyors (RICS) default values and the Institution of Structural Engineers
(IStructE) suggested percentages for different elements of a building’s lifecycle stages, this study
presents the impact of different data sources on the calculation of EoL EC. The study revealed that
a lack of EoL ECFs databases could result in a significant difference of about 61% and 141% in the
calculation of £C.

Keywords: embodied carbon; embodied carbon factor databases; end of life; life cycle assessment;
recycling

1. Introduction

Globally, there is a growing awareness of the need to limit greenhouse gas (GHG)
and mitigate climate change. The most recent annual UN climate change conference—
Conference of the Parties (COP26) summit held in the United Kingdom and attended by
delegates from regional, national, and international levels—underscores the global com-
mitment to reduce GHG.

Construction is amongst the leading sectors contributing to global economic growth
whilst having a huge adverse impact on resource consumption, GHG emission, solid
waste generation, and global warming [1-3]. Globally, buildings are responsible for 39%
of carbon emissions, up to 36% of energy and natural resources consumption and almost
50% of the solid waste disposed of in landfills [2,4]. Previously, however, most effort was
focused on reducing the operational carbon of buildings rather than the embodied carbon
(EC) [5,6]. Without a comparable effort on the reduction of the £C of buildings and con-
struction materials, efforts towards net-zero-emission buildings and GHG emissions re-
duction to mitigate climate change would be compromised. According to UK Green
Building Council (UKGBC) [7], £C also referred to as carbon capital, can be defined as
follows: ‘the total greenhouse gas emissions generated to produce a built asset’. This en-
compasses carbon emission emitted during extraction of raw material, processing and
manufacturing of building material, transporting and assembling of building product,
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and deconstruction or demolition of building material and its disposal. Furthermore, Ak-
barnezhad and Xiao [8] observed that the whole-life £C can be reduced by considering the
carbon footprint implications of the chosen strategy to deal with the end of life (EoL) of a
building. Thus, the whole lifecycle of a building should be taken into account in an at-
tempt to achieve net-zero buildings and reduce the built environment’s impact on climate
change. Whilst past research carried out by Mohebbi et al. [9] on the role of £C coefficients
databases in the estimation of £Caccuracy at the cradle to gate revealed that the use of a
comprehensive database compared to a generic database can lead to a 35.2% reduction of
carbon emissions, very little is currently known about the impact of different databases
on EoL phase £C calculation. Reliable and credible databases provide useful information
for a transparent calculation of carbon emissions.

As a building approaches its EoL phase, the material stocks and associated £Cwill be
released, and therefore, it is crucial to select appropriate strategies to manage different
materials and components of the building as well as the accompanied £Cinvested in them
[8]. The adoption of the concept of recycling had long been identified as one of the man-
agement strategies to limit the harmful environmental impact at the EoL stage while
achieving material efficiency by acting as a feedstock to close the material loops [10,11].
Therefore, the purpose of this paper is to explore the effect of different databases on the
estimation of EoL EC. It seeks to examine the currently available databases in the UK and
how they impact EoL E£C calculations.

2. Literature Review
2.1. Recycling

One of the main strategies to deal effectively with demolished building materials or
components at the end of a building’s useful service life is recycling [8,12]. Recycling is
defined as the process of converting construction and demolition waste into new material
[13]. While the process of recycling may result in carbon emissions, it is encouraged as an
alternative strategy to raw material extraction to deal with construction and demolition
waste [14]. It is therefore essential these emissions are assessed when selecting recycling
as a strategy for carbon emission minimisation. Factors influencing the quantity of carbon
emission during the recycling process are the materials being recycled and the level of
technological advancement of the recycling process [15]. Akbarnezhad and Xiao [8]
claimed that the initial £Cinvested in building materials during the production and con-
struction processes can be released during the process of recycling at the end of the build-
ing’s useful life. The authors, therefore, suggested that in the absence of data, the initial
carbon can be used to estimate the emissions of recycling structural elements or materials.

Notwithstanding, the environmental benefits of recycling demolished building ma-
terials at end of the service life in an attempt to reduce carbon emissions have been docu-
mented [5,16]. For instance, Hopkinson et al. [16] observed that due to the challenges to
reclaiming concrete, much emphasis has been on recycling instead of reuse. Yuan [17]
further highlighted that recycling diverts waste materials from being sent to landfills and
removes the need for virgin materials. Reducing waste production through recycling is a
key factor in material resource efficiency. Wu et al. [5] asserted that recycling has now
become the common EoL management strategy for concrete, and the proportion of con-
crete being recycled keeps increasing year on year. For instance, according to the British
Ready-Mixed Concrete Association [18], in the UK, approximately 90% of concrete can be
recycled or recovered. Hence, recycling as an EoL management strategy promotes effec-
tive resource utilisation by extending the life span of the building materials, thus improv-
ing the building and construction sector in an ecologically friendly way. Nevertheless,
there is no current study that examines the impact of different databases on EoL-phase
embodied carbon calculation.
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2.2. Embodied Carbon and Operational Carbon

The total carbon emissions generated during the whole life cycle of a building are
usually classified into operational emissions and embodied emissions. Operational carbon
emissions are the result of energy used during the use phase of the building and represent
approximately 28% of the global energy consumption [2], while embodied carbon is the
total amount of emissions of GHG emitted over the life cycle of the building accounting
for almost 11% of the energy used [6]. The initial £Cis a product-based emission that oc-
curs prior to the construction of the building and involves raw materials extraction, man-
ufacturing, and transporting of products to a construction site. The construction £Cis re-
lated to the construction stage of the building, whilst the recurring £C emission is associ-
ated with maintenance, replacement, deconstruction, demolishing, and disposal of the
building materials. In this paper, however, £Cis limited to reoccurring only. This is be-
cause this study only concentrates on the £Cemissions during the deconstruction or dem-
olition of building materials and their disposal.

In the past, a large amount of effort has been concentrated on optimising operational
carbon. However, due to the whole lifecycle of the buildings, carbon emissions extend
beyond the use of the building. Additionally, with the race to net-zero carbon intensified,
there could be no operational carbon for buildings in the future, and all carbon emissions
will be assigned to embodied carbon [19]. Therefore, the key to reducing the impact of
buildings on climate change is to minimise £C emissions, and the whole lifecycle of a
building should be taken into consideration in order to reap long-term benefits.

2.3. Life Cycle Assessment

One way to ensure the environmental impact of construction activities is minimised
to a reasonable level, whilst providing the needed economic and social infrastructure, is
the application of the life cycle assessment (LCA) tool [20,21]. LCA is a dynamic tool that
can be employed to assess the consumption of raw material and energy, carbon emission,
and waste associated with the whole useful life of a product or a system [21,22]. It is a
well-recognised quantification tool that allows the comparison of different materials used
in a project and their choice of management strategies [10].

As a multipurpose and useful environmental impact assessment tool, LCA can be
employed at a single-product level to calculate the carbon emission arising from the prod-
uct across its useful lifespan or to determine the environmental impacts of several prod-
ucts and processes over their entire life cycle [23,24]. It is an internationally accepted ap-
proach that provides a standardised methodological basis for quantifying carbon emis-
sion, consumption of energy, depletion of natural resources, and other environmental im-
pacts throughout the whole lifecycle of buildings [25-27].

The LCA methodology follows the four-stage framework (goals and scope definition,
life cycle inventory (LCI), LCA, and interpretation recommended by [22]. The EN 15978
[28] for buildings environmental performance assessment provides guidelines for the sus-
tainability of construction activities. Figure 1 illustrates the structure and definition of
stages in the life cycle of buildings.
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Figure 1. Life cycle assessment stages, reproduced [22].

The scope of this study is limited to the calculation of the £C of buildings. LCA scope
is EoL (C1-C4), as shown in Figure 2. Module C1 encompasses all the activities and pro-
cesses in the deconstruction or demolition of the building at the end of its useful service
life and includes carbon emissions associated with the use of equipment, fuel consump-
tion, and related emissions. Module C2 activities include the transportation of the decon-
structed or demolished building materials to the storage site for reuse, recycling plants,
waste treatment plants, or landfill sites. The carbon emissions associated with C2 depend
on the mode of transport and fuel consumption as well as the distance travelled. Module
C3 includes all the activities associated with the waste treatment plant, while Module C4
encompasses the carbon emissions of the processes associated with the final disposal of
building materials.
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Figure 2. Life cycle stages and modules with split carbon emission across all building elements,
adapted [29].

The life cycle of a building is divided into stages, and the carbon emission boundary
of each stage is determined. The carbon source of each stage is quantified according to the
material quantities and the emission factors of various materials that are determined. Re-
garding the carbon footprint of building material, however, the whole life cycle or an iso-
lated life cycle stage can be selected as a boundary system. The ISO 14067 [30] specifies
the assessment method for the carbon footprint of a product by providing some specific
requirements on the selection of system boundary and the simulation of other phases but
cradle to gate. This document specifies that the construction phase can be used as the sys-
tem boundary for carbon emission calculation only when:

¢ Information on a specific stage such as EoL of the products is unavailable, and rea-
sonable scenarios cannot be modelled, or

e The other phases have insignificant impact on the calculation of the carbon emissions
of the product.

Therefore, for certain materials/products” whole lifecycle estimation, the EoL stage
may be left out only if its results are considered insignificant. Hence, the need to investi-
gate the impact of ECF databases on the calculation of EoL embodied carbon.

2.4. Databases and Embodied Carbon Factors State of the Art

One of the crucial data requirements in the assessment of £C of buildings is the ma-
terials and components emission coefficients or embodied carbon factors (ECFs). Accurate
carbon emission coefficients are vital for reliable £C estimation. These factors can be ob-
tained from various secondary sources including national data, industry data, commercial
lifecycle database, PAS 2050 compliant carbon footprint, aggregated or derived from the
literature, and Environmental Product Declarations (EPDs). The accuracy and reliability,
however, differ from one database to another. Consequently, EN 15978 [29] requires that
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the most recently updated data be used and verified with the provisions of EN 15804 [31]
[32]. According to Gervasio and Dimova [33], emission coefficients can be obtained from
two main sources—generic and specific. Generic refers to datasets that are based on ma-
terial quantities production and construction processes specific to the geographical area
where the structure is built. These data sources may include national data and data de-
rived from the literature. Therefore, any amendments in these details can have a signifi-
cant impact on the results of the estimation. Generic databases should be used with cau-
tion, as they cannot be assumed to possess similar features as those of other geographic
regions where both material production and construction processes differ [34]. The data
should fit conditions of the geographical area of production and construction procedures.
Hence, the use of a specific data source can enhance the accuracy of lifecycle assessment.

Specific data, on the other hand, are supplied by producers and manufacturers in the
form of EPDs and externally validated to certify the environmental impact of the product
in accordance with the requirements of BS EN 15804 [35]. Additionally, the EPDs produc-
tion process must meet the standard of ISO 14044 [22]. The goal of EPDs is to share build-
ing materials or products’ environmental impacts with users [32]. According to Gelowitz
and McArthur [36], EPDs provide freely available environmental data. Ibafiez-Forés et al.
[37] have also observed that one of the important features of EPDs is to act as a valuable
source of transparency to understand the environmental impacts of construction materials
and processes. In addition, the availability of EPDs affords assessors more certainty in
their findings; therefore, they are noted as an effective way of transmitting products’ en-
vironmental performance [38]. The aforementioned demonstrate that EPDs are a useful
data source to gain an accurate picture of building materials” environmental performance
which can aid the assessment of £C.

However, EPDs are not mandatory for all the lifecycle stages except the A1-A3
boundary [35]. Although EPDs are currently a progressively growing source of the envi-
ronmental database for the built environment, they are still limited in number [38]. The
available literature suggests there are various reasons why EPDs are not currently well-
positioned to aid whole lifecycle assessment and for comparison [38,39]. Andersen et al.
[38] suggested that EPDs are presently accessible for a limited number of building mate-
rials, whilst Hunsager et al. [39] pointed out the challenge of the distrust of users concern-
ing inadequate transparency and validity. Additionally, Bhat and Mukherjee [40] dis-
cussed the issue of reliability in EPDS. The authors argued that inconsistency of results
because of uncertainty can greatly affect data quality. Therefore, these drawbacks limit
not only the quality and use but also the comparability of EPDs.

Currently, in the UK, the Inventory of Carbon and Energy (ICE) is recognised as the
most reliable database for carbon factors. It was developed in the late 1990s by the Uni-
versity of Bath and summarises embodied carbon coefficients for most common construc-
tion materials [41]. This database contains more than 500 building materials commonly
used in construction but provides only cradle-to-gate carbon factors. Therefore, the num-
ber of available databases providing ECFs for the EoL phase is limited. In this study, ma-
terials for which no EPDs could be obtained were inventoried from available databases
and literature with similar production conditions of the UK.

3. Methodology
3.1. Calculation of End-of-Life Embodied Carbon

The study adopts a process based LCA methodology (where the physical flow of all
aspects of building materials can be identified and traced) to establish the £C calculations

during the EoL phase. Two sets of input data are required to enable the calculation of
embodied carbon. These are material quantities and ECFs.
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3.1.1. Embodied Carbon Factors

As noted earlier, one of the vital data requirements in the assessment of £C of build-
ings is the ECFs. However, given the limited nature of databases providing ECFs for the
estimation of EoL £Cin the UK, ECFs were obtained from the following data sources.

The first data source is a national database created by the formerly Department for
Energy and Climate Change [42], now Department for Business, Energy and Industrial
Strategy (BEIS). This database contains over 40 ECF classifications including construction.
Construction material classifications for both cradle to gate and EoL management (waste
disposal) included aggregates, asbestos, asphalt, bricks, concrete, construction average,
insulation, metals, soils, mineral oil, plasterboard, tyres and wood.

The Royal Institute of Chartered Surveyors (RICS) suggests that if more specific data
are unavailable, derived or aggregated information can be used [43]. Based on monitored
case studies of demolition activities in the UK, the RICS manual provides average values
to assist the calculation of the carbon emissions arising during the EoL of buildings. In
accord with ISO 14044 [22] requirements, the RICS manual recommends that the selected
data should be the latest and representative of the geographic location of the project as
well as technologically up-to-date. Thus, these aggregated values represent the second
data source.

Similar to the RICS manual, the IStructE guide recommends that in the absence of
more specific data, default percentages for various lifecycle phases can be applied to aid
the calculation of £C (see Figure 2) [29]. The guide suggests 2% for the management of the
EoL phase of a building, 50% for the product stage, 5% for the construction phase, and
43% for the use phase. The third data source in this study is the IStructE guide.

3.1.2. Material Quantities

Another important parameter in the calculation of £Cis the material quantities. For
simplicity of measurement, the material quantities may be expressed in mass, volume or
area [44]. Hence, the calculation of an £Cof each material for the life cycle was determined
by Equation (1):

EG =Y (Qmaterial,i x ECFi) 1)

where ECi refers to the total embodied carbon of material,;, Q is the total quantity of ma-
terial,;, and ECF represents the embodied carbon factor of material,i.

The system boundary is the macro phase of EoL which can be further divided into
C1-to-C4 subsections; however, C3 and C4 are mutually exclusive in this study. Accord-
ingly, the total amount of £C of the building at this phase was estimated using Equation
(2):

ECe =EC1+EC2+ ECs3 (2)

The embodied carbon emission associated with demolition was estimated by:

EC1=Ym(Qmachinery,m x ECFmachinery,m) + ) «(Qenergy,. x ECFenergy,c) 3)

where EC1 refers to embodied carbon, m is the type of machinery for on-site operation,
and e is the type of energy used.

The embodied carbon emission associated with transporting dismantled building el-
ements or components to the storage site for reuse or demolished materials off site to the
recycling plant was estimated by:

EC>=Yi(Qtrans, x ECFtrans,:) 4)

where EC:2 represents the carbon emissions associated with transporting the building ele-
ment,i or the demolished materials,i.

The embodied carbon emission associated with processing demolished waste was
calculated by:
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ECs=3}i(Qwp,i x ECFwp,i) (5)

where ECs represents the carbon emissions associated with the processing of waste mate-
rials,i.

To facilitate the comparison, the total £C of a data source was divided by the initial
total £Cbased on the calculation of cradle to grave for the initial construction of the entire
building to give a change in difference (DA) for implementing the EoL strategy (recycling)
for the entire building materials, as determined by Equation (6):

. Vi
DAi = E—C‘ix 100% (6)

where V represents the total embodied carbon from a data source for the entire building
material,i.

From Equation (6), a higher percentage change between data sources indicates a sig-
nificant difference in EoL embodied carbon estimation between the datasets.

The system boundary of this study was set to the entire building, including substruc-
ture and superstructure, but excluding the external works and heating and ventilation
system. An LCA conducted focuses on carbon emission associated with the EoL phase of
a typical supermarket building in the UK. The building comprises a steel frame and a
composite panel external wall and was simulated using the BIM application. It is a single-
story structure, with an area of 2500 m? as illustrated in Figure 3.

Figure 3. A 3D simulation of a typical supermarket building.

Table 1. Building Elements and Structural Components of a 2500 m? Supermarket Building.

Building Element Structural Element and Component
Substructure Foundation including foundation wall and floor slab

Structural frame: roof beams, columns and tie beams
Roof: steel profile system on tapered insulation

Superstructure
p Upper floor: concrete

Stairs and ramps

External walls: steel frame and insulated cladding panels, concrete
External envelope and glazed curtain walling.
Windows and metal external doors
Internal walls: metal framed plasterboard, concrete, blocks and
paster and timber.

Interiors Internal finishes: floorings — ceramic tiles, vinyl and paint.
Ceilings—tiles, concrete, plasterboard and timber.
Metal doors

The extracted building materials were categorised in accordance with the classifica-
tion system suggested by the RICS [43], as shown in Table 1.
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The structural components obtained included ceilings and ceiling finishes, curtain
wall, doors, floor surfaces and finishes, roof, structural frame, foundation, external wall,
internal wall and finishes and windows

3.1.3. Background and Scenario

In order to make the comparison objectively and intuitively along with ensuring re-
liability and accuracy in the results, ECFs used in this study were sourced from the UK
databases to ensure geographical and regional conditions of production procedures, con-
struction practices, energy consumption, and building design characteristics were met. To
reiterate, the sources of ECFs used in this study were as follow: (i) BEIS, (ii) RICS and (iii)
IStructE.

The quantities of building material were obtained from the BIM model. Using Equa-
tion (1) and ECFs from the ICE database, the lifecycle embodied carbon was calculated as
displayed in Table 2.

Table 2. Material Weight and Calculated Initial Carbon Based on a 2500 m? Supermarket Building.

Material Weight (tonne) Initial Embodied Carbon

(tonneCO2e)

Aluminium 11.7 111.8
Bricks 30.1 14.8

Concrete 1055.6 285.0
Glass 0.7 5.2

Insulation 307.6 11475
Plastic 1.3 8.9
Plasterboard 40.4 4.8

Steel 283.2 2701.3
Tiles 60.4 8.9
Timber 0.1 27.1

Total 1791.1 4315.3

Three hypothetical scenarios were constructed to enable effective comparison. First,
it was assumed the entire building would be demolished at end of its 30-year useful life.
Second, to ensure effective comparison, a 100% recycling of all demolished materials was
assumed, although the UK has 90% and 96% recovery rates for concrete and steel, respec-
tively [18,43]. A 100% recycling refers to a scenario wherein all the demolished materials
are recycled [10]. Third, a road transport distance of 50 km fully laden was assumed.

Within the BEIS database, Bricks, Concrete, Insulation and Steel have the same ECF
of 0.989. Glass, Plastic and Plasterboard have an ECF of 21.294, while Aluminium and
Tiles were assigned a construction average of 0.989.

For RICS, an average value of 3.418 was assigned to all types of materials. This figure
was obtained by summing up a default figure of 3.400 for the carbon emissions occurring
during either on-site or off-site deconstruction and demolition activities (C1), 0.005 for
carbon emissions related to the transportation of demolished materials (C2) and 0.013 for
carbon emissions associated with waste processing (C3).

Finally, the IStructE guide recommends 2% of the total initial carbon, as indicated in
Figure 2.
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ii.

iii.

4. Results and Discussion

The study examined the effect of databases on EoL management strategy in which
all the generated demolished building materials were directed to recycling. As noted ear-
lier, the simulated building was steel frame and precast concrete, and therefore, concrete
and steel made up a major proportion (74.7%) of the building material, with concrete be-
ing 58.9%, and steel being 15.8%. Table 3 shows an overview of the calculated £Cfor the
different materials in the 2500 m? supermarket building using the three data sources. The
single most striking observation emerging from the data comparison was the totals.

Comparison between BEIS and RICS: the results from these two data sources showed
that the share of BEIS' total of the embodied carbon was less than half of RICS.
Comparison between BEIS and IStructE: comparison between these two data sources
totals revealed that the share of IStructE was about 30 time less than that of BEIS data
source.

Comparison between RICS and IStructE: in totals, compared with the IStructE guide,
the RICS source gave the higher contribution of carbon emissions, up to 70.9 times
more than IStructE.

Table 3. Calculated Embodied Carbon for Each Database Based on a 2500 m?Supermarket Build-
ing.

Material: Initial £C

Material Weight (tonne (toniEICSOze) (toniIeCCSOze) (t()II?;ZuCnge)
(tonneCO2e) COze)

Aluminium 11.7 111.8 11.6 40.1 2.2
Bricks 30.1 14.8 29.8 102.9 0.3
Concrete 1055.6 285.0 1044.0 3608.0 5.7
Glass 0.7 5.2 14.4 2.3 0.1
Insulation 307.6 1147.5 304.3 1051.5 23.0
Plastic 1.3 8.9 28.3 4.6 0.2
Plasterboard 404 4.8 857.1 137.6 0.1
Steel 283.2 2701.3 280.1 968.0 54.0
Tiles 60.4 8.9 59.8 206.6 0.2
Timber 0.1 27.1 1.8 0.3 0.5
Total 1791.1 4315.3 2631.2 6121.9 86.3

The differences among the three datasets for concrete are highlighted in Table 3. As
can be seen from the results, the IStructE guide provided the least carbon emission, fol-
lowed by the BEIS data source and the RICS. A comparison between the BEIS data source
and the RICS manual revealed a significant difference of 2564.0 tonneCOze between the
two sources, representing more than twice the BEIS result. The most surprising aspect of
the data is the difference of 3602.3 tonneCQOze between RICS and IStructE sources, whilst
a difference 1038.3 tonneCOze was revealed between the BEIS data source and the IStructE
guide.

From the data in Figure 4, it is apparent that there were significant differences among
the three datasets for steel. The most striking result emerging from the data is the RICS
data source result of almost 1000 tonneCOze. The difference between the RICS manual
(highest) and the IStructE guide (lowest) was about 914 tonneCO:ze.
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Figure 4. Comparison of Data Sources Embodied Carbon of Building Materials Based on a 2500 m2
Supermarket Building.

Turning now to the percentage difference, data from Table 3 and Figure 4 reveal stark
variations among the three sources of data for all building materials. For aluminium and
steel, the BEIS ECF accounted for 10% of the initial whole-lifecycle £C, while the RICS
default value represented 36%. In addition, 202% was recorded for using ECF from the
BEIS data source for bricks, with 698% for the RICS default value. For concrete, the RICS
data source showed 1266% share of the initial whole-lifecycle £C, and the BEIS data source
revealed a share of 366% (see Figure 4). A share of 277% was found for glass with the ECFs
from the BEIS data source, whilst RICS showed a share of 44%. For insulation, the use of
the RICS default value showed a share of 92% in the whole-lifecycle embodied carbon,
while the ECF from BEIS database provided a 27% share. There was an increase in £Cfor
recycling plastic, the BEIS data source indicating 319%, and RICS 51%. An increase of
17,745% in ECwas recorded when using ECF from the BEIS source for recycling plaster-
board, while a rise of 2848% was obtained when using the RICS default value. There was
a rise of 668% in EC for recycling tile using ECF from BEIS, and an increased of 2309%
when using the RICS manual. Finally, the use of ECF from the BEIS database for timber
showed 7% increased share in £C, while RICS default value indicated a 1% rise.

Together, these results provide important insights into the impact of databases on
the estimation of EC at the EoL phase of buildings. Whilst the IStructE data source was
based on 2% of the total initial whole-lifecycle embodied carbon, the BEIS data source and
the RICS manual showed a percentage change of almost 61% and 141%, respectively, with
an 80% difference between the two data sources.

A comparison among individual materials within the project was carried out to
demonstrate how sourcing carbon factors from different databases can impact the results
of EC calculation. Given the variance in the results among the three databases, which
might be due to the limited availability of carbon factors for EoL analysis, none of the
databases appeared to provide a desirable result. Since the choice of the data source for
carbon factors can greatly influence the reliability of the results, LCA assessors should
proceed with caution.

These results further suggest that more needs to be done to improve the shortage of
a detailed database for ECFs at the EoL phase of a building. While there are more detailed
databases available to source ECFs for other phases of the life cycle, particularly cradle to
gate, there are limited data sources for the EoL. In the absence of detailed databases, de-
fault ECFs values have to be used in the calculation of £C at the EoL stage. For instance,
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in their cradle-to-gate study to assess the impact of databases on the accuracy of embodied
carbon estimation, Mohebbi et al. [9] found that the choice of database for ECFs had an
insignificant impact on the results for concrete material. The authors, however, attributed
their findings to the availability of more detailed databases and subsequent ECFs at this
phase of the building’s life cycle. Contrarily, this study has shown that limited databases
can significantly impact the £Ccalculation outcome [45]. This lack of data can be attributed
to the comparatively long building useful lifespan and uncertain nature of the EoL pro-
cesses or activities [46]. Although the use of default national EoL values and assumptions
enable EoL modelling and reduce the time required in performing LCA, the lack of data
sources providing ECFs hampers the reliability of assessment results.

In their study to model the end-of-life phase of buildings and allocate benefits and
burdens, Mirzaie et al. [46] found that information in generic databases concerning EoL
activities such as deconstruction, transportation, recycling, and disposal, in many cases,
is little or non-existent. Considering that concrete forms the larger proportion of this su-
permarket building, recycling concrete can further reduce the life cycle carbon emissions
[30].

An attempt to reduce the £Cof a building starts from the design stage, and conduct-
ing LCA is key to selecting materials with low carbon intensity. The estimation of £C
therefore, provides a basis for material selection not only at the design phase of a new
project but also during construction and beyond. However, the shortage of a detailed da-
tabase for ECFs at the end of the useful life of building materials requires extra time and
labour on the part of the assessor. This can serve as a disincentive in carrying out LCA.
On the other hand, a detailed data source can offer alternatives, thereby reducing the
chances of resorting to derived or aggregated ECFs during estimation to ensure reliability
and confidence in the results.

Besides, the primary goal of this study was to explore the impact of sources of data-
bases for ECFs on EoL-phase £C calculation to mitigate climate change. There have been
a few studies carried out in this area. Studies involving EoL are mostly based on assump-
tions. This study, however, was based on a real-case project, with real data used for the
calculation of E£C. The findings of this research can contribute to consistent collection of
ECFs to create databases, which could guarantee reliability in the estimation of £Cin the
effort to mitigate the global climate change. While the study is also intended to encourage
change in the built environment, the availability of better data can empower the construc-
tion sector to reduce carbon emission on a significant scale. Furthermore, the assessment
methodology can be adopted in other studies around the globe to guide the environmen-
tal impact assessment and demonstrate the amount of £Cin similar structures.

5. Conclusions

The aim of ECestimation is to provide useful, reliable, transparent and credible in-
formation for designers, developers, investors and other stakeholders to make informed
decisions to mitigate climate change. The selection of a database for ECFs directly influ-
ences the results upon which decisions are made. Understanding the impact of databases
on ECestimation can greatly contribute to the whole lifecycle of embodied carbon reduc-
tion.

The study demonstrated that the lack of EoL. ECFs databases compared to more com-
prehensive databases for cradle to gate could result in a significant difference between
about 61% and 141%, thereby overestimating the result for implementing the necessary
EoL strategy. This is crucial, as it can misinform designers, investors and other stakehold-
ers in their attempts to reduce carbon emissions and to mitigate climate change. The key
to ensuring reliability and credibility in £Cestimation results is the accuracy of ECF data-
bases. However, there is a lack of a reliable database for ECFs for buildings” EoL phase,
impacting negatively in the calculation of whole-life £C. The lack of EoL datasets can lead
to time waste and increase inconsistency between life cycle assessors. It is therefore rec-
ommended to address this gap in life cycle inventory databases in the future to ensure



Sustainability 2022, 14, 2307 13 of 15

accurate calculation of carbon emissions at the embodied phase of buildings. The availa-
bility of data sources for ECFs for EoL can reduce inaccuracies in the calculation of £Cbut
also encourage more LCA to be conducted.

Nonetheless, it is noteworthy to point out the limitations of this study, which can
affect its practicality. The assumption of a 100% recycling rate for all building materials
considered in this study does not correspond to a real situation. In the UK, for instance,
the main materials in this supermarket building — concrete and steel —have recovery rates
of 90% and 96%, respectively. Notwithstanding, the findings of this study should facilitate
not only decision making regarding the availability and accuracy of ECF data sources,
particularly EoL of building materials, but also credible and reliable whole-lifecycle car-
bon emissions calculation at the embodied phase of buildings.

Author Contributions: Conceptualisation, A.B.-J., AM., M.B. and M.F.; Research, 3D modelling,
calculation and formal analysis, A.B.-A.; Writing—original draft preparation and editing, A.B.-A_;
Writing —review and editing, and supervision, A.B.-]., AM., M.B. and M.F. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: All data generated from this study are available within the text of this
manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

Wu, Y.; Chau, KW.; Lu, W.; Shen, L.; Shuai, C.; Chen, J. Decoupling relationship between economic output and carbon emission
in the Chinese construction industry. Environ. Impact Assess. Rev. 2018, 71, 60-69. https://doi.org/10.1016/j.eiar.2018.04.001.
UNEP. 2019 Global Status Report for Buildings and Construction Sector. 11 December 2019. Available online: https:// www.un-
environment.org/resources/publication/2019-global-status-report-buildings-and-construction-sector/ (accessed on 1 December
2021).

Onat, N.C.; Kucukvar, M. Carbon footprint of construction industry: A global review and supply chain analysis. Renew. Sustain.
Energy Rev. 2020, 124, 109783. doi.org/10.1016/j.rser.2020.109783.

Hossain, M.U.; Wu, Z.; Poon, C.S. Comparative environmental evaluation of construction waste management through different
waste sorting systems in Hong Kong. Waste Manag. 2017, 69, 325-335. https://doi.org/10.1016/j.wasman.2017.07.043.

Wu, P; Xia, B.; Zhao, X. The importance of use and end-of-life phases to the life cycle greenhouse gas (GHG) emissions of
concrete— A review. Renew. Sustain. Energy Rev. 2014, 37, 360-369. https://doi.org/10.1016/j.rser.2014.04.070.

Roberts, M.; Allen, S.; Coley, D. Life cycle assessment in the building design process—A systematic literature review. Build.
Environ. 2020, 185, 107274. https://doi.org/10.1016/j.buildenv.2020.107274.

UKGBC (2017). Embodied Carbon: Developing A Client Brief. Available online: https://www.ukgbc.org/wp-content/up-
loads/2017/09/UK-GBC-EC-Developing-Client-Brief.pdf (accessed on 2 December 2021).

Akbarnezhad, A.; Xiao, J. Estimation and Minimization of Embodied Carbon of Buildings: A Review. Buildings 2017, 7, 5.
https://doi.org/10.3390/buildings7010005.

Mohebbi, G.; Bahadori-Jahromi, A.; Ferri, M.; Mylona, A. The Role of Embodied Carbon Databases in the Accuracy of Life Cycle
Assessment (LCA) Calculations for the Embodied Carbon of Buildings. Sustainability 2021, 13, 7988.
https://doi.org/10.3390/su13147988.

Chau, C.K,; Xu, ].M,; Leung, T.M.; Ng, W.Y. Evaluation of the impacts of end-of-life management strategies for deconstruction
of a high-rise concrete framed office building. Appl. Energy 2017, 185, 1595-1603. https://doi.org/10.1016/j.apenergy.2016.01.019.
Umar, U.A,; Shafig, N.; Ahmad, F.A. A case study on the effective implementation of the reuse and recycling of construction &
demolition = waste  management practices in  Malaysia. Ain  Shams Eng. ]. 2021, 12,  283-291.
https://doi.org/10.1016/j.asej.2020.07.005.

Minunno, R.; O'Grady, T.; Morrison, M.G.; Gruner, L.R. Exploring environmental benefits of reuse and recycle practices: A
circular economy case study of a modular building. Resour. Conserv. Recycl. 2020, 160. 104855. https://doi.org/10.1016/j.rescon-
rec.2020.104855.

Huang, B.; Wang, X.; Kua, H.; Geng, Y.; Bleischwitz, R.; Ren, ]. Construction and demolition waste management in China
through the 3R principle. Resour. Conserv. Recycl. 2018, 129, 36—44. https://doi.org/10.1016/j.resconrec.2017.09.029.

Cai, G.; Waldmann, D. A material and component bank to facilitate material recycling and component reuse for a sustainable
construction: Concept and preliminary study. Clean Technol. Environ. Policy 2019, 21, 2015-2032. https://doi.org/10.1007/s10098-
019-01758-1.

Akbarnezhad, A.; Moussavi Nadoushani, Z.5. A computational method for selection of optimal concrete recycling strategy.
Mag. Concr. Res. 2015, 67, 543-558. https://doi.org/10.1680/macr.14.00211.



Sustainability 2022, 14, 2307 14 of 15

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Hopkinson, P.; Chen, HM.; Zhou, K.; Wang, Y.; Lam, D. Recovery and reuse of structural products from end-of-life buildings.
Proc. Inst. Civ. Eng. Eng. Sustain. 2019, 172, 119-128. https://doi.org/10.1680/jensu.18.00007.

Yuan, H. Key indicators for assessing the effectiveness of waste management in construction projects. Ecol. Indic. 2013, 24, 476~
484. https://doi.org/10.1016/j.ecolind.2012.07.022.

British Ready-Mixed Concrete Association 2018 Environmental Product Declaration as Per /ISO 14025/ and /EN 15804/. Avail-
able online: https://www.concretecentre.com/TCC/media/TCCMedialLibrary/PDF%20attachments/Generic-ready-mixed-con-
crete.pdf (accessed on 10 December 2021).

Seo, S.; Kim, J.; Yum, K.-K; McGregor, ]J. Embodied carbon of building products during their supply chains: Case study of
aluminium window in Australia. Resour. Conserv. Recycl. 2015, 105, 160-166. https://doi.org/10.1016/j.resconrec.2015.10.024.
Ingrao, C.; Messineo, A_; Beltramo, R.; Yigitcanlar, T.; Ioppolo, G. How can life cycle thinking support sustainability of build-
ings? Investigating life cycle assessment applications for energy efficiency and environmental performance. . Clean. Prod. 2018,
201, 556-569. https://doi.org/10.1016/j.jclepro.2018.08.080.

Robati, M.; Oldfield, P.; AkbarNezhad, A.; Carmichael, G.D.; Kuru, A. Carbon value engineering: A framework for integrating
embodied carbon and cost reduction strategies in building design. Build. Environ. 2021, 192, 107620
https://doi.org/10.1016/j.buildenv.2021.107620.

ISO 14040: 2006; Environmental Management—Life Cycle Assessment—DPrinciples and Framework. International Organization
for Standardization (ISO): Geneva, Switzerland, 2006.

Hellweg, S.; Mila, I; Canals, L. Emerging approaches, challenges and opportunities in life cycle assessment. Science 2014, 344,
1109-1113. https://doi.org/10.1126/science.1248361.

European Commission. Guidance for the Implementation of the EU Product Environmental Footprint (PEF) during the Environmental
Footprint (EF) Pilot Phase, Version 5.2; European Commission: Brussels, Belgium, 2016. Available online: https://ec.europa. eu/en-
vironment/eussd/smgp/pdf/Guidance_products.pdf (accessed on 15 December 2021).

Basbagill, J.; Flager, F.; Lepech, M.; Fischer, M. Application of life-cycle assessment to early stage building design for reduced
embodied environmental impacts. Build. Environ. 2013, 60, 81-92. https://doi.org/10.1016/j.buildenv.2012.11.009.

Buyle, M.; Braet, J.; Audenaert, A. Life cycle assessment in the construction sector: A review. Renew. Sustain. Energy Rev. 2013,
26, 379-388. https://doi.org/10.1016/j.rser.2013.05.001.

Lasvaux, S.; Achim, F.; Garat, P.; Peuportier, B.; Chevalier, J.; Habert, G. Correlations in Life Cycle Impact Assessment methods
(LCIA) and indicators for construction materials: What matters? Ecol. Indic. 2016, 67, 174-182.
https://doi.org/10.1016/j.ecolind.2016.01.056.

EN 15978:2011; Sustainability of Construction Works — Assessment of Environmental Performance of Buildings —Calculation
Method. European Standard: Brussels, Belgium, 2011.

Gibbons, O.P.; Orr, J.J. How to Calculate Embodied Carbon (Istructe); The Institute of Structural Engineers: London, UK, 2020.
ISO 14067: 2013; Carbon Footprint of Products—Requirements and Guidelines for Quantification and Communication. Inter-
national Organization for Standardization: Geneva, Switzerland, 2013.

EN 15804:2012+A2:2019; Sustainability of Construction Works. Environmental Product Declarations. Core Rules for the Product
Category of Construction Products; BSI British Standards. European Committee for Standardization (CEN): Brussels, Belgium
2019.

Waldman, B.; Huang, M.; Simonen, K. Embodied carbon in construction materials: A framework for quantifying data quality
in EPDs. Build. Cities 2020, 11, 625-636. https://doi.org/10.5334/bc.31.

Gervasio, H.; Dimova, S. Model for Life Cycle Assessment (LCA) of Buildings; EUR 29123 EN; Publications Office of the European
Union: Luxembourg City, Luxembourg, 2018; ISBN 978-92-79-79973-0. Available online: Publications.jrc.ec.europa.eu (accessed
on 3 November 2021).

Abouhamad, M.; Abu-Hamd, M. Life Cycle Assessment Framework for Embodied Environmental Impacts of Building Con-
struction Systems. Sustainability 2021, 13, 461. https://doi.org/10.3390/su13020461.

EN 15804:2014; Sustainability of Construction Works —Environmental Product Declarations—Core Rules for Product Category
of Construction Products. European Standard: Brussels, Belgium, 2012.

Gelowitz, M.D.C.; McArthur, ].J. Comparison of type III environmental product declarations for construction products: Material
sourcing and harmonization evaluation. J. Clean. Prod. 2017, 157, 125-133. https://doi.org/10.1016/j.jclepro.2017.04.133.
Ibafiez-Forés, V.; Pacheco-Blanco, B.; Capuz-Rizo, S.F.; Bovea, M.D. Environmental product declarations: Exploring their evo-
lution and the factors affecting their demand in Europe. ]. Clean. Prod. 2016, 116, 157-169. https://doi.org/10.1016/j.jcle-
pro.2015.12.078.

Andersen, S.C.; Larsen, H.F.; Raffnsoe, L.; Melvang, C. Environmental product declarations (EPDs) as a competitive pa-rameter
within sustainable buildings and building materials. IOP Conf. Ser. Earth Environ. Sci. 2019, 3231, 012145.
https://doi.org/10.1088/1755-1315/323/1/012145.

Hunsager, E.A.; Bach, M; Breuer, L. An institutional analysis of EPD programs and a global PCR registry. Int. ]. Life Cycle Assess.
2014, 194, 786-795. https://doi.org/10.1007/s11367-014-0711-8.

Bhat, C.G.; Mukherjee, A. Sensitivity of life-cycle assessment outcomes to parameter uncertainty: Implications for material pro-
curement decision-making. Transp. Res. Rec. 2019, 26733, 106-114. https://doi.org/10.1177/0361198119832874.

Jones, G.H.C. Embodied Carbon—The ICE Database. November 2019. Available online: https://circularecology.com/embodied-
carbon-footprint-database.html/ (accessed on 18 December 2021).



Sustainability 2022, 14, 2307 15 of 15

42.

43.

44.

45.

46.

UK Department of Energy & Climate Change. 5 October 2021. Available online: https://www.gov.uk/government/publica-
tions/greenhouse-gas-reporting-conversion-factors-2021 (accessed on 10 November 2021).

RICS. Whole Life Carbon Assessment for the Built Environment; The Royal Institution of Chartered Surveyors (RICS): London,
UK, 2017. Available online: https://www.rics.org/uk/upholding-professional-standards/sector-standards/building-survey-
ing/whole-life-carbon-assessment-for-the-built-environment (accessed on 15 December 2021).

Chen, C.; Zhao, Z.; Xiao, J.; Tiong, R. A Conceptual Framework for Estimating Building Embodied Carbon Based on Digital
Twin Technology and Life Cycle Assessment. Sustainability 2021, 13, 13875. https://doi.org/10.3390/su132413875.

Giesekam, J.; Pomponi, F. Briefing: Embodied carbon dioxide assessment in buildings: Guidance and gaps. Eng. Sustain. 2018,
171, 334-341. https://doi.org/10.1680/jensu.17.00032.

Mirzaie, S.; Thuring, M.; Allacker, K. End-of-life modelling of buildings to support more informed decisions towards achieving
circular economy targets. Int. ]. Life Cycle Assess. 2020, 25, 2122-2139 https://doi.org/10.1007/s11367-020-01807-8.



