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• Carbon footprint is evaluated for a UK
low-energy building via an LCA perspec-
tive.

• Three different widely applicable HVAC
strategies in UK dwellings are analyzed.

• Electricity decarbonization reflects a sig-
nificantly lower GHG emission by∼50%.

• Improvement of the timber's waste treat-
ments decreases embodied emissions by
∼23 %.

• Further reduction in GHG emissions can
achieve with appropriate material selec-
tion.
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There is a limited comprehensive analysis of the effectiveness of adopted carbon mitigation strategies for buildings
over their life cycle, that are concerned with temporal perspectives of emissions. Accordingly, this paper explores a
life cycle assessment (LCA) to address the concerns regarding mitigating the carbon footprint of a UK timber-frame
low-energy dwelling. In particular, it aims to investigate the potential greenhouse gas (GHG) emission reduction in
terms of three different heating and ventilation options, and to analyze the influence of decarbonization of electricity
production as well as the technological progress of the waste treatment of timber on the building's environmental per-
formance. Thus, the whole life‑carbon of the building case studies was evaluated for a total of eight investigated pro-
spective scenarios, and they were compared to the LCA results of the baseline scenario, where the existing technology
and context remained constant over time. Results show that using a compact heat pump would lead to a significant
whole life-cycle emission reduction of the dwelling, by 19 %; while GHG emission savings can be reinforced if the
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assessed systems are employed simultaneously with grid decarbonization, exhibiting a 25 %–60 % reduction com-
pared to the baseline scenario. Moreover, technological changes in the waste treatments of timber products could sub-
stantially reduce the buildings' embodied emissions, representing 3 %–23 %. From these emission-saving measures,
the contribution of material efficiency strategies to achieve more embodied carbon savings should be highlighted in
future construction practices.
1. Introduction

Climate change, mainly associated with human activities (anthropo-
genic), is one of the most global challenges in damaging the environment
(Mahmoud and Gan, 2018). Global warming, as a result of greenhouse
gas (GHG) emissions, has been growing at an alarming rate, and they are
considered to have the highest potential to intensify worldwide environ-
mental concerns (Benato and Stoppato, 2019; López et al., 2023). To com-
ply with the European Green Deal (European Parliament, 2020), the
European Commission has put forward a plan to cut down GHG emissions
by at least 55 % compared to 1990 levels by 2030, and an ambitious aim
at a climate-neutral economy by 2050 (European Environment Agency
(EEA), 2020). Among the various GHG emitters, the construction sector is
a critical area for global carbon neutrality and achieving sustainable devel-
opment (Chen et al., 2022; Norouzi et al., 2021a). For example, in the
United Kingdom (UK), the construction of buildings is directly responsible
for 13 % of total emissions through manufacturing and construction activ-
ities, and indirectly responsible for a further 18 % due to heating, cooling,
and lighting of buildings (CCC, 2021). Besides, due to the population
growth and to ensure human well-being, the government set a target to
build 300,000 new homes per year by the mid-2020s in England (about
an annual 1.7 % increase trend by 2030) (Feng et al., 2022; POST, 2021),
while continuously contributing to the GHG emission (i.e., CO2eq emis-
sion). In this light, stronger efforts are needed in the construction industry
to shift from the current paradigm toward the co-benefits of low-carbon
buildings through directives, building regulations, as well as proper envi-
ronmental management (Din and Brotas, 2016).

The quantity of GHG emissions caused by buildings can be measured
comprehensively, across their entire life cycle, through whole life-carbon
assessment. The objective is two-fold: (i) reducing emissions associated
with the various energy demands during the operational phase of a building
including heating, cooling, ventilation, and lighting; and (ii) lowering those
embodied carbon emissions in materials, associated with the GHG emis-
sions produced by the manufacturing, renovation, maintenance, and end-
of-life of building materials. So far, the main focus of policymakers and
practitioners were primarily to concentrate on efforts the decarbonizing op-
erational emissions, through improving energy efficiency to reduce the
building energy demand (Röck et al., 2020). This enhancing energy effi-
ciency in building design and systems may reduce the site energy-related
emissions from the buildings, but it can potentially lead to an increase in en-
vironmental loads of source energy-related emissions from the electricity
mix production, and the potential of buildings for efficient heating, ventila-
tion, and air conditioning (HVAC) systems (Rahif et al., 2022). At present,
central heating from a natural gas-fired boiler is the most common system
in UK residential buildings (∼92 % in 2017 (Lin et al., 2021)), while Gov-
ernment has set to end fossil-fuel heating systems in new houses from 2025
as a result of Future Homes Standard on a national scale (HMGovernment,
2019a). The potential of low-carbon HVAC systems such as heat pumpswas
underlined as a prominent option to reduce the use of fossil fuels, lowering
GHG emissions (Scamman et al., 2020). However, their large-scale deploy-
ment is notwidely spread in theUK,mainly due to three concerns: (i) itmay
lead to an increase in the peak demand of electricity consumption; (ii) their
considerably higher investment cost than for gas boilers, even though the
higher efficiency of heat pumps reduces the required heater capacity; and
(iii) due to high carbon intensity of electricity, they may not necessarily re-
sult in lower environmental performance than condensing gas boilers
(Greening and Azapagic, 2012; Lin et al., 2021). In this context, the Govern-
ment has attempted to encourage manufacturers to reduce the costs of heat
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pumps by at least 25–50 % by 2025 (POST, 2021). Further, with respect to
the decarbonization of power generation, there is significant progressmade
by the UK (from∼3 % in 2000 to∼43 % of electricity generation from re-
newable sources in 2020 (DUKES, 2021)), while a net-zero emissions sys-
tem necessitates radical changes across all energy sectors to mitigate
carbon emissions (Wang et al., 2022a, 2022b). Under the EU Emissions
Trading System (EU ETS) regulation, the UK is legally bound to speed up
the transformation by 3–17 years for different parts of the electricity system
and produce at least 74 % of the electricity from renewable resources by
2030 (Pietzcker et al., 2021).

Giving the focus solely on reducing the emissions from the building op-
eration requires more extensive construction materials (i.e., thicker insula-
tion, energy-efficient glazing, etc), which might involve boundary passing
the environmental impacts from the use phase to other building life cycle
modules (Asdrubali et al., 2019). Moreover, it is suggested that improving
the environmental performance of the operation phase can significantly in-
crease the relative importance of embodied emissions, sometimes exceed-
ing the impact of the operational phase (LETI, 2020a; Saade et al., 2020;
UKGBC, 2019). Within this purview, focusing on material efficiency is crit-
ical for climate change mitigation of buildings (Lausselet et al., 2021). Sev-
eral material efficiency strategies have been identified as more intense use
of building materials and extending their lifetimes, using lighter and less
emissions-intensive materials, improving construction waste processing,
and applying circularity principles through the reuse and recycling of build-
ing components (Hertwich et al., 2019; Pomponi and Moncaster, 2016). At
a national level, the UK Green Building Council (UKGBC) has set out a
framework definition that aims to support progress toward net-zero carbon
buildings (UKGBC, 2019). To achieve these targets, identifying and apply-
ing the effectiveness and possible CO2 emissions reductions in the building
would, therefore, include tackling not only the operational carbon (OC)
emissions but also the embodied carbon (EC) emissions (Brooks et al.,
2021; POST, 2021). Hence, the broad analysis involving whole life-
carbon (including particularly embodied carbon) would provide a more
complete picture of the GHGs during the building's life cycle and enables
the identification of carbon hotspots and optimal combined mitigation
strategies.

Furthermore, the use of timber as a construction material for buildings
is growing significantly in the UK over the last decade. According to the
Structural Timber Association (STA), the timber frame market represented
28.4 % of UK houses in 2016, and its demand was expected to increase by
an annual 10 % trend by 2021 (STA, 2016). The possibility of storing car-
bon and achieving carbon sink effects through the increased use of bio-
based building materials is now included in the UK's Climate Change Com-
mittee (CCC) as one of the most effective options for zero-carbon buildings
(CCC, 2018). According to the study (Hafner and Schäfer, 2017), single/
two-family residential buildings can potentially reduce 35 % up to 56 %
GHG emissions in timber houses compared to mineral buildings. Even
though studies that compare methodological assumptions exist (Arehart
et al., 2021; Hoxha et al., 2020), the treatment of biogenic carbon storage
is an unsettled issue in the life cycle assessment (LCA) of buildings. Several
researchers (Fouquet et al., 2015; Levasseur et al., 2013; Negishi et al.,
2018; Santos et al., 2021) highlighted the importance of considering bio-
genic carbon, as well as how the choices related to the waste management
scenarios of timber products, lead to a significant variation in the LCA re-
sults for buildings and could provide useful information for policy-making
on the implementation of different solutions for emission reduction. How-
ever, the discussion around the effects of different modeling approaches
and future scenarios with regard to the waste treatment of biogenic carbon



M. Norouzi et al. Science of the Total Environment 882 (2023) 163490
flows of construction products and buildings is getting more attention
within the LCA society (Andersen et al., 2022; Petrović et al., 2023).

There have been several studies investigating the strategies to reduce
the environmental and resource footprints of buildings. For instance, the
application of higher levels of fabric insulation (Lamy-Mendes et al.,
2021; Rodrigues et al., 2023); building and service life extension (De
Castro et al., 2014; Valencia-Barba et al., 2023); using phase change mate-
rial (PCM) and Trombewall (Al-Yasiri and Szabó, 2022; Aranda-Usón et al.,
2013); alternative buildingmaterials and sustainablemanagement of build-
ing waste (Gan et al., 2022; Hossain and Ng, 2020; Zhang et al., 2022);
adopting energy-efficient systems and equipment (Smith et al., 2021; Wu
et al., 2018); improving the occupant behavior profiles (Fajilla et al.,
2020; Lam et al., 2022); and increases in renewable energy sources (RES)
(Al-Shetwi, 2022; Zhang et al., 2018). Although these studies have
attempted to investigate the various mitigation measures to help reduce
the buildings' environmental burdens, most of them did not include the
complete life cycle perspective in their case studies of building emissions.
In addition, studies investigating emission reduction measures (Alaux
et al., 2023; Crawford, 2011; Norouzi et al., 2021b) have focused primarily
on building operations and there are few efforts have been placed on mea-
suring and reducing the impact of embodied emissions on the building life
cycle.

Moreover, the vast majority of the existing LCA studies have conducted
their analysis by applying the static approach which means that, for exam-
ple in energy modeling, the current UK energy mix is considered to remain
constant over the lifetime of the building (Collinge et al., 2013; De Wolf
et al., 2017; Kiss et al., 2020). However, neglecting the impact of changes
in the electricity mix is one of the most significant drawbacks of the current
LCA practices (Negishi et al., 2018), as the decarbonization of electricity
generation through increasing the share of renewable sources has a crucial
role to decrease GHG emissions (Fouquet et al., 2015; Zhou et al., 2016).
Therefore, the LCA of buildings should include temporal aspects to assess
tracking the potential changes over a long period and help tomake environ-
mental assessment results more robust (Anand and Amor, 2017; Negishi
et al., 2018). In this perspective, limited studies have taken this effect to im-
prove their LCA studies. For instance, some studies only considered the
time-dependent changes for certain pivotal moments during the use stage
of buildings instead of variations over their entire life cycles (Collinge
et al., 2014; Roux et al., 2016); some researchers considered only the
heating system (Bianco et al., 2017; Neirotti et al., 2020); while others ap-
plied the theoretical concepts without a representative building application
studies (Negishi et al., 2018; Su et al., 2017; Wang et al., 2021).

To the knowledge of the authors, there is no comprehensive LCA study
that addresses the environmental performance of low-energy residential
buildings inwhich the potential contribution of the UK's national strategies,
in particular, the impact of the grid decarbonizing and technological
changes inwastemanagement treatments of timbermaterials, for achieving
European climate policies and potential improvements to the future elec-
tricity systems was investigated. This study intends to fill this gap. Besides
this paper investigates: (i) the relative impacts of different building life
stages by considering the whole life-carbon emissions and particularly to
further study whether the embodied emissions are significantly influenced
by the building elements (i.e., choice of materials); (ii) the influence of ac-
counting carbon sequestration in the LCA results; (iii) the impact of widely
used HVAC systems on the GHG emissions of the case studies; and (iv)
the effect of different levels up of combustion or degradation practices at
the end-of-life of timber products on the environmental performance of
the buildings. Furthermore, the LCA results will be further compared with
the UK benchmark regime for the buildings' carbon targets, aiming to pro-
vide insights to policymakers and building designers of the analyzed poten-
tial decarbonization solutions.

The remainder of this paper is structured as follows. Section 2 provides
an overview of the data andmethodology used. First, the LCAmethodology
is described, followed by the data collection of the case studies, and the dif-
ferent scenarios analyses were undertaken. Section 3 presents the results of
the baseline scenario and the effects of future decarbonization of electricity
3

generation and technological progress on the waste management treat-
ments of timber materials. Section 4 discusses the results, limitations, and
future work in light of current building decarbonization literature.
Section 5 summarizes the results of the work.

2. Materials and methods

2.1. Research methodology

A combination of scenario-based modeling and LCA methodology is
used in this study. Fig. 1 summarizes the design framework employed in
three main steps. The first step is the collection of building data from rele-
vant databases (e.g., environmental product declarations (EPDs)), and the
development of a building information modeling (BIM) model for the
case study. Besides, to illustrate different plausible directions, the method-
ological choices of dynamic aspects and prospective scenarios following
government plans and targets are integrated into the results. It is, therefore,
required to develop an LCA in accordance with the methodological modu-
lar approach of EN 15978 (CEN, 2011), as a baseline scenario, i.e., existing
technology and context should be assumed for the calculation (Collinge
et al., 2013; Hart et al., 2021). Then, the prospective parameters for data
collection and calculation describe a sensitivity analysis based on time-
dependent values. In the second step, the changes are integrated using im-
pact categories and environmental indicators into the LCA of the building.
Finally, the LCA results of the different scenarios are analyzed and com-
pared with the baseline scenario approach.

2.2. LCA methodological framework

The life cycle assessment (LCA) is a powerful decision support method
that can determine the potential environmental impacts, especially the
GHG emission, of a process/product through its entire life cycle (cradle-
to-grave or cradle-to-cradle).

As shown in Fig. 1, building information modeling (BIM) is oriented to
the modeling and communication of both graphic and non-graphic infor-
mation to organize, store, exchange, and allow access to the building data
during its life cycle to increase productivity in building design and construc-
tion. The application of BIM in this approach is a significant contribution to
improving the processes of building life cycle assessment as it allows man-
aging the semi-automatic calculations of the life cycle assessment through
the link of an Excel-based database (Shin and Cho, 2015). The BIM-based
LCA approach still has several limitations, such as concerns regarding
data interoperability among BIM applications, human-made errors, and
lack of database flexibilities (e.g., the possibility to add materials) (Najjar
et al., 2019; Santos et al., 2020b, 2020a). Even though some recent studies
have focused on improving the inclusion of environmental information in
the BIM model to address these limitations, a more regulated approach is
required (Santos et al., 2020b).

In this study, the preferred LCA methodology in accordance with ISO
14040 and 14044 (ISO 14040, 2006; ISO 14044, 2006), and the
European EN 15978 and 15804 framework for the “Sustainability of Con-
struction Works – Assessment of Buildings” (CEN, 2019, 2011) are con-
ducted for assessing the whole life-carbon emissions of buildings
according to the following four steps: (i) definition of the goal and scope
of LCA; (ii) life cycle inventory analysis (LCI); (iii) life cycle impact assess-
ment (LCIA); and (iv) interpretation.

2.2.1. Application to a real case study
In order to verify the LCA model, a semi-detached dwelling built to

satisfy the requirements of the “Passivhaus” standard (Feist, 2011) and
evaluated with the Standard Assessment Procedure (SAP) to comply with
UK's buildings regulations (UK Government’s National Calculation
Methodology, 2021) is chosen as a reference case study. Appendix A.1 in
Supplementary Materials shows the layout and elevation of the reference
case study. The dwelling, which represents the most common characteris-
tics of a British two-story timber-framed structure, is constructed with a



Fig. 1. Framework scheme of the LCA research methodology.
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timber frame kit system to external leaf, insulated with the high-
performance thermal layer in the wall and the roof, and sheathed with ori-
ented strand board (OSB). The ground floor and foundations are made of a
reinforced concrete slabwith three layers of expandedpolystyrene (EPS) in-
sulation. The internal walls are made of timber stud framework and insula-
tion in betweenwith sheets of plasterboards on both sides. The construction
details for the external walls, roofs, internal walls, and foundation of the
studied building system are described in Appendix A.2 in Supplementary
Materials. The building benefits from the application of argon gas-filled tri-
ple glazing with high-performance UPVC framing. In the reference case
building model (i.e., BS1), the cooling and heating are provided by a com-
bination of mechanical ventilation with heat recovery (MVHR) and an effi-
cient condensing gas boiler that is directly connected to the storage tank.
Based on the target from UK's building regulations, resulting from the im-
plementation of nearly zero-energy buildings (nZEB) targets, the adoption
of low-carbon technologies (e.g., electric heat pump) could achieve a sub-
stantial reduction in the energy consumption of buildings (D’Agostino,
2015). Moreover, to further reduce energy consumption, the use of heat
pumpswhen combinedwith the photovoltaic system is a solution of current
interest for the UK's building policies which plays a crucial role in the en-
ergy balance of an nZEB (De Masi et al., 2021; EASAC, 2021). Therefore,
three strategies that are among the widely applicable HVAC systems in
UK houses are implemented through efficient energy options: (i) a gas-
fired boiler + MVHR (i.e., reference case BS1); (ii) an electric compact
heat pump unit as a replacement for condensing gas boiler and MVHR
(i.e., BS2); and (iii) a photovoltaic system along with the electric compact
heat pump (i.e., BS3).

The compact heat pump unit is an ‘All-In-One’ Air-to-Water and Air-to-
Air system for a complete home climate solution with a seasonal coefficient
of performance (SCOP) equal to 5.11. The main thermal characteristics of
the building envelope components and integrated technical systems are
given in Appendix A.3 in Supplementary Materials.

Based on the real data obtained from the as-built construction drawings,
the BIM models were developed by Autodesk Revit (Autodesk, 2021). The
embodied environmental impacts are obtained from product-specific EPD
4

data and the scenarios development procedure of the processes in the
model (see Section 2.2.3.1). The measurement of operational energy use
is performed using DesignBuilder (DB) v6.1 energy simulation software to
quantify the annual energy consumption (DesignBuilder, 2021). The DB
software calculates the operation phase of the dwelling including energy
systems from households' use of heat energy and electricity for space and
water heating, and lighting (de Rubeis et al., 2018). These parameters
were assessed according to the UK-based building standards and the
ASHRAE-approved heat balance method using real hourly data from the
EnergyPlus database (EnergyPlus, 2022). The life cycle operational flow
used in this LCA study is further elaborated in Section 2.2.3.2. To evaluate
the effect of varying the composition of the energy source in building oper-
ations, a dynamic dataset is explored to account for the development of fu-
ture electricity mixes in a sensitivity analysis (see Section 2.4.1). For these
scenario predictions, official national statistics of energy mix over the
lifespan of the building are combined with data describing these processes
from Ecoinvent (Wernet et al., 2016), and analyzed in SimaPro (Pré
Consultants, 2022).

The electricity produced from the PV system is injected into the grid dis-
places, and therefore, according to the UKGBC ‘Renewable Energy Procure-
ment& CarbonOffsetting Guidance for net zero carbon buildings’ (UKGBC,
2021), it is assumed that offsets produced by exporting on-site produced
electricity can be discounted from the operational emissions. The carbon
savings are calculated using the same amount of emission intensity of the
low-voltage electricity grid for that given year. Fourteenmulti-Si PV panels
aremounted on the roof with an efficiency of 15.4% and a total peak power
of 3 kW. The solar PV component was simulated using PVsyst (PVsyst SA,
2022), and quantified an average annual electricity generation of ∼2630
kWh/y. Appendix A.4 in Supplementary Materials reports the technical
specifications of the solar PV panels.

2.2.2. Research goal and scope
The initial part of the model constitutes the goal and scope definition,

where the research goal, system boundary, functional unit (FU), and refer-
ence study period (RSP) are analyzed. The research goal is to evaluate the
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GHG emissions of a representative timber-frame low-energy building based
on a standard practice of LCA as a reference point (i.e., baseline scenario).
The baseline scenario represents the current LCA practice employed, as sug-
gested by EN 15978 (Bianco et al., 2017; CEN, 2011; RICS, 2017). In this
model, we performed the LCA system using static characterization factors
and assuming the current technologies and practices remained constant
into the calculation, whereas other prospective scenarios are compared
with the baseline scenario to discuss the potential changes by parameters
describing alternative future developments (Andersen et al., 2022;
Fouquet et al., 2015). To initiate this task, the present paper compares
three different levels of HVAC strategies, including a gas-fired boiler+me-
chanical ventilation with heat recovery (MVHR), an electric compact heat
pump unit (SCOP: 5.11), and an electric compact heat pump unit (SCOP:
5.11) + 3 kW photovoltaic (PV) panels. More importantly, to better repre-
sent the possible development of technological progress to climate change
mitigation at the national level, a sensitivity analysis is investigated to as-
sess the influence of future scenarios of the electricity mix pathways and
the technological changes inwastemanagement treatments of timbermate-
rials.

The FU defines the quantification of the identified function of the stud-
ied systems, which is the basis for the quantification of all environmental
impacts (de Simone Souza et al., 2021; ISO 14040, 2006). One square
meter of gross internal area (GIA) is proposed as a FU to compute the im-
pacts on the buildings; this choice allows further contributions with other
studies and building benchmarks (LETI, 2021). According to the Royal In-
stitution of Charted Surveyors (RICS) (RICS, 2017), an average RSP of
60 years was chosen for the service life, which is the standard lifespan of
UK buildings and consistent with the Green Guide to Specification standard
(BRE, 2021).

The modular structure setup from EN 15978 (CEN, 2011), as shown in
Fig. 2, is considered in this study to allow the incorporation of the whole
model of the building's life cycle, including the production stage (modules
A1–A3); construction process stage (modules A4–A5); use stage, differenti-
ated into modules related to embodied impacts (modules B1–B5) and im-
pacts from operational energy and water use (modules B6–B7); end-of-life
(modules C1–C4); additionally, the benefits and loads beyond the system
boundary (module D). Building material boundary corresponds to the
imported raw materials under study which they characterized in the area,
including the building structure, finishing elements, and mechanical sys-
tems (such as concrete and cement products, steel and other metals, insula-
tion, plastics, painting, …). Sanitary fittings and installations are excluded
Fig. 2. Building's life cycle stages from EN 1
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from this study. It should be noted that the details pertaining to the goal
and scope used for the LCA are consistent with the RICS guidance (RICS,
2017) to enable investigating the whole life carbon assessment of the build-
ing case studies and the possibility of comparison with the target values
(LETI, 2021).

2.2.3. Inventory analysis
In the LCI, the primary data of resources and energy consumptions are

collected for modeling the foreground processes and the datasets for quan-
tification of relevant inputs and outputs throughout the product life cycle
are elaborated (Wang et al., 2022a, 2022b). The primary data related to
the amount and type of building materials used is performed based on a
BIM/Revit model (Autodesk, 2021). The BIM model (i.e., level 2 standard)
is generated based on the building design layout and the data about con-
struction products provided by the construction company. The data quanti-
ties exported from the BIM model were then post-processed to provide the
accurate mining and aggregation of the materials used in the building de-
sign (Maierhofer et al., 2022). The materials obtained based on the BIM
model are grouped with similar functions in general waste treatment cate-
gories, for example, concrete, timber and timber-based, steel and other
metals, oil-based (e.g., expanded polystyrene (EPS), extruded polystyrene
(XPS), and polyurethane (PUR)), inert (gravel, plasterboard, paint, render,
and adhesive mortar), composite (windows, and doors), etc. The list of
quantities of material categories for different building case studies is pre-
sented in Appendix A.5 in Supplementary Materials. In the energy simula-
tion, the material information provided by the BIM model has been used
as the input for the thermal analysis.

To deliver reliable and consistent results, the data collection process,
scenarios development procedure, and cut-off rule are considered in this
step (AzariJafari et al., 2021). The cut-off rule, as indicated in EN 15804
(CEN, 2019), is applied to the processes within the system boundaries de-
scribed in Section 2.2.2. This means that data needs to correspond to the
system boundaries set for the assessment. Based on this, the cumulative
total of all neglected inputs should not exceed 5 % of energy usage and
mass allocated, while it is a maximum of 1 % for each unit process. How-
ever, this cut-off rule does not apply to hazardousmaterials and substances.

2.2.3.1. Life cycle embodied flow. As a data collection and calculation pro-
cess, the use of product-specific data in the form of third-party verified
EPD for each material/product based on the local market could obtain
not only consistent and accurate life-cycle inventory and data, but also
5804 and EN 15978 (CEN, 2019, 2011).



M. Norouzi et al. Science of the Total Environment 882 (2023) 163490
provide comparable and transparent LCA results (CEN, 2011). EPDs sum-
marise the description of the product's life-cycle environmental impact
that has been developed in accordance with the standardized product cate-
gory rules, which are transparent and verified documents (Honarvar et al.,
2022). As themain source of information used in this environmental assess-
ment, we resorted to several EPD databases to collect nationally published
EPDs of materials that exist in the UK market (e.g., The International EPD
System (EPD International AB, 2023), Wood for Good Lifecycle Database
(Wood for Good, 2023), ECO Platform (EcoPlatform, 2023), and
GreenBookLive (BRE Group, 2023)). The shortcomings of the datasets
were carefully retrieved from European countries with a similar carrier
portfolio to the UK (e.g., Netherlands, Ireland, and Belgium). All EPDs se-
lected in this study were produced to the following requirements of EN
15804 (CEN, 2019), due to EPD standardization, and the comparability of
EPDs, as well as inconsistencies in the material denomination. However,
the use of EPD data at different stages to conduct a whole building's life
cycle presents several challenges, as EPDs are based on one probable sce-
nario and they are not always context-specific (AzariJafari et al., 2021;
Fufa et al., 2018). In this study, according to RICS (RICS, 2017) guidance,
the most accurate information data for modules (A1–A3), (B1–B3), (C3–
C4), and (D) are retrieved from themanufacturers' EPDs. For the remaining
life stages and to increase consistency, the background data are obtained
based on a project-specific basis (i.e., considering the project location, antic-
ipated operation, and waste management scenarios) (RICS, 2017). In this
sense, the scenarios development procedure is employed to clearly identify
the appropriate assumptions and estimations for the UK conditions, accord-
ing to the RICS and IStructE guidance (IStructE, 2022; RICS, 2017), when
the data situation is unclear (Wang et al., 2022a).

To estimate the emissions of transportation from the manufacturing fa-
cility to the construction site (A4), building elements are classified into
three transport categories depending on the product sourcing locations
and the default scenarios of the UK's projects specified by RICS (RICS,
2017). These categories are used in combination with the standard trans-
portation distances and applied in the datasets (Appendix A.6 in Supple-
mentary Materials). The impact from the construction energy use (A5) is
calculated for the fuel (i.e., electricity, and diesel) consumption of on-site
equipment for wood frame buildings using the estimated values of
15 MJ/m2 of diesel and 2 kWh/m2 of electricity (Balasbaneh and Sher,
2021). Moreover, the NetWaste (WRAP, 2008) factors are accounted for
material wastage of the activities during the construction of the building
and then applied to the overall values of inventoried construction materials
from the production stage (Appendix A.7 in Supplementary Materials). The
UK Government emission conversion factors (BEIS, 2021) are used for the
carbon equivalent (CO2eq) impact of electricity, transport, and fuel con-
sumption.

Any carbon emissions released from building components (e.g., refriger-
ant leakage by the mechanical systems), and the impact of potential carbon
uptake of concrete during the life of the building are accounted for themod-
ule B1. Calculation of the emission concerning the refrigerant leakage is
based on themanufacture report, while the assessment of carbonation is ex-
plained in Section 2.3. To calculate the impacts of materials with lower es-
timated service life (ESL) than the reference study period (RSP) of the
building, the quantity of new items and their end-of-life stage and transpor-
tation to the site needed for regular maintenance and replacements are
modeled based on thematerial use percentage and life expectancy of differ-
ent components and systems (Appendix A.8 in Supplementary Materials).

During the end-of-life (EoL) stage, the most environmentally feasible
option is selected, as it is assumed that the actual practices will be the
same at the end of the lifespan (Larivière-Lajoie et al., 2022). The carbon
emission from any deconstruction and demolition activities (C1) is esti-
mated based on an average value for building demolition of 3.4
kgCO2eq/m2 (GIA) (RICS, 2017). The transportation of waste to the dis-
posal facility or intermediate waste processing location (C2) is calculated
with a standard distance of 50 km (Hart et al., 2021). In processing and dis-
posal of the waste treatment and any benefit beyond of system boundary
(C3–C4, and D), the percentage allocation of waste materials going to
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different treatments is based on the current practices and facilities of the
building sector in the UK for different types of waste materials, as assessed
jointly with the construction company based on the representative EPDs of
the chosen building context. When the data for the product's end-of-life is
not reflected in the same context as the UK waste practices defined in the
RICS recommendation (RICS, 2017), the EPDs used can allow the building
assessor to choose and calculate the correct scenario based on the assump-
tion that 100 % of the material was disposed of solely via one means
(Barrett et al., 2019). For those with unavailable data, the default carbon
factors according to the IStructE (IStructE, 2022) guidance are considered
in the calculation. The default rates for the EoL situation of the building el-
ements are summarized in Appendix A.9 in Supplementary Materials. Ac-
cording to UK practices, 90 % of the general waste mass is recycled or
recovered at the end-of-life of the buildings and used for a secondary appli-
cation (RICS, 2017); however, wool insulation and gypsum board are as-
sumed to be sent to the landfill (Balasbaneh and Sher, 2021). For timber
materials, one aspect of the EoL stage is the considerably sensitive results
to the inclusion of biogenic carbon (Peñaloza et al., 2016), which has al-
ready been discussed in Section 2.3. Another important aspect is how tim-
ber materials are treated after demolition. According to the RICS
recommendation and in line with the Department for Environment, Food
and Rural Affairs (DEFRA) of the UK (DEFRA, 2012), the assumption
made for timber waste materials was that 25 % is considered to be
landfilled (with no gas recovery) and 75 % incinerated with energy recov-
ery (to generate electricity). It is used for the baseline EoL scenario for tim-
ber materials; however, this is a conservative approach, as the implication
of landfilling wood in the UK is declining (Symons et al., 2013), and conse-
quently, recycling and biomass recovery of timber is expected to become an
increasingly common practice in the upcoming years (Peñaloza et al.,
2016). With respect to this advantage from a sustainability perspective,
the scenario analysis for modeling different future waste treatments of tim-
bermaterials is carried out in Section 2.4.2. Concerning timber degradation
in landfill, a proportion of carbon contained is released into the atmosphere
as CO2 andmethane (CH4) (note that CH4 has a GWP 25 times higher than
CO2 (IPCC, 2007)). In this study, it is assumed that 20 % of the timber is
decomposed into carbon, from which 60 % into CH4 and 40 % into CO2,
and none of the landfill gas is recovered, as this is the common practice
for timber waste management in the UK (Symons et al., 2013). The key pa-
rameters used for the carbon impact of the timber EoL scenarios are shown
in Appendix A.10 in Supplementary Materials. It should be noted that the
benefits and burdens regarding the reuse, recovery, and recycling of mate-
rials after the end-of-life are included to measure the influence on the re-
sults but are accounted for separately to the system boundary according
to EN 15978 and EN 15804 (CEN, 2019, 2011).

2.2.3.2. Life cycle operational flow. The dynamic building energy simulation
is performed using DesignBuilder (DB) for the energy assessment of envi-
ronmental performance during the operational stage of the case studies
(DesignBuilder, 2021). The data exchange from BIM/Revit model was
first exported as a gbXML file and then imported into DB. The default DB
profiles were applied harmonized with the ‘standard user’ based on the
local climate conditions, and characteristics of the building shell extracted
from the models' information, while the energy use pattern and users' be-
havior parameters are set according to the SAP 2012 (BRE, 2014), and
ASHRAE guide (Ben and Steemers, 2014). The DBmodel was generated ac-
cording to the analytical model and included the building envelope which
they have a significant impact on the overall U-value of the building
(Bughio et al., 2021). The weather file used for this study is extracted
from the EnergyPlus database (EnergyPlus, 2022) and used in DB simula-
tion software. Operational emissions are calculated by linking final energy
results from DB to the specific fuel emissions factors (BEIS, 2021). A sum-
mary of the characteristics made in the energy simulations has been pro-
vided in Appendix A.11 in Supplementary Materials. As part of the
operational use of water stage (B7), it is assumed that the house is occupied
by 2.3 people for an average UK household unit with daily water consump-
tion of 150 L per person per day (Cuéllar-Franca and Azapagic, 2012).
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2.2.4. Impact assessment
After the data collection for each module, inputs, and outputs listed in

LCI are assigned to the corresponding impact indicators of the materials
and products throughout their life cycles to be consistent with the goal
and scope of the study and then quantified to get the environmental impact
results (Rosenbaum et al., 2017). In this study, the environmental indica-
tors in terms of carbon dioxide equivalents (CO2eq) via the Climate
Change-Global Warming Potential (GWP100-year) are provided from
published literature (e.g., EPDs), and presented in metrics of the envi-
ronmental impact functions for each life cycle module. The reason for
this single indicator is two-fold: (i) it is based on the goal of the study
in the response to the current climate crisis and follows the approach
for construction types in the Green Guide to Specification (BRE,
2021); and (ii) it is an accurate indicator of the overall impacts and
more often used as the sole impact metric on the environmental perfor-
mance of the buildings, despite the risk of neglecting other environmen-
tal impacts such as; resource use, and resource depletion (Anand and
Amor, 2017; Balasbaneh and Sher, 2021; Laurent et al., 2012). LCIA
could be further developed to quantify environmental impacts through
the application of impact factors over time (Röck et al., 2021).

2.3. Carbon sequestration

One of the features of bio-basedmaterials such as timber consists of bio-
genic carbon. Biogenic carbon absorbs atmospheric CO2 during plant
growth involving photosynthetic processes and is temporarily stored in a
bio-based product throughout its service life and then re-emitted CO2 at
its end-of-life through combustion or decay (Hoxha et al., 2020). It is com-
mon practice in the current LCIAmethods (e.g., EN15978 (CEN, 2011)) that
do not account effects of biogenic carbon as a factor of climate change
(Fouquet et al., 2015). As highlighted by multiple studies (Peñaloza et al.,
2018, 2016; Santos et al., 2021), it is important considering biogenic car-
bon into account for a building composed of significant amounts of wood
as can influence significantly the LCA outcomes of wood-frame buildings
for climate change impact. However, there is no consensus on how to
deal with biogenic carbon in LCAs, and therefore it can be a source of con-
fusion (Hawkins et al., 2021; Hoxha et al., 2020). To avoid this, the present
study assumed that the timber originates from sustainably managed forests
consistentwith the forestry practice (certified by the Programme for the En-
dorsement of Forest Certification (PEFC) and the Forest Stewardship Coun-
cil (FSC)), and the carbon assessment includes the whole of life cycle
perspective (RICS, 2017). According to these suppositions, the biogenic car-
bon emissions from bio-basedmaterials and residues are effectively zero, as
the emissions are balanced through the sustainably managed forest on the
landscape level. Therefore, according to RICS guidance (RICS, 2017), the
biogenic carbon storage figures can be included in the product stage (A1–
A3), effectively modeling sequestration as an instantaneous pulse but
should be reported separately as a “negative emission” from storing the car-
bon. Consequently, an equivalent amount of this biogenic carbon is added
at the EoL (C) stage of the product system instantaneously as it is re-
released into the atmosphere or in the case of newmaterial (e.g., recycling)
which is further transferred to a subsequent product system; however, in
both cases with a “positive emission” impact (Hoxha et al., 2020). It is
worth noting that the treatment of time for carbon emissions and the influ-
ence of rotation periods (due to slow forest growth and carbon absorption)
of the bio-basedmaterial growth are not taken into account in this study, as
it is assumed that the calculation of climate change impacts was based on
static characterization factors (Lukić et al., 2021). The quantity of biogenic
carbon sequestration in the wood products is taken in the material EPD, as
this is now required to present separately as additional environmental in-
formation for EPDs specified in the latest version of EN 15804:2019
(CEN, 2019). When EPDs were lacking (for the case of EN 15804:2012
(CEN, 2012)), the estimation is calculated according to EN 16449 (EN
16449, 2014). It is assumed that the carbon fraction of woody biomass
(dry) is 50 %, while the moisture content of 12 % is taken for timber
materials.
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In addition, an inherent characteristic of building cementitious
materials (e.g., concrete) is their ability to carbon sequestration through
the process known as carbonation. The carbonation of concrete in buildings
occurs over the lifespan of the products in the use phase (B1) and takes
place also in the waste treatment phase (C3–C4), while burdens from re-
placement are directly accounted for in module B4 (resulting as a negative
impact). TheCO2 uptake due to carbonation of the concrete is seldom inves-
tigated in LCAs (García-Segura et al., 2014) but is included in this study
with the purpose of extracting important design drivers. For carbonation,
product-specific EPDs are considered to account for when the information
was available. If EPDs do not provide this information, as given in the
IStructE guidance (IStructE, 2022), the estimation to take up a 2.5 % re-
absorption part of the CO2eq from the production stage (A1–A3) emissions
throughout the use phase (B1) over a 60-year lifespan, and a further 5 % in
the waste treatment phase (C3–C4) due to the surface area exposure after
the crushing for recycling purposes (Hawkins et al., 2021; MPA The
Concrete Centre, 2016).

2.4. Future scenario analysis

In this study, we applied scenario analysis to investigate how the system
reacts due to the alteration in the mitigation potential of the environmental
impacts. Scenario analysis is a type of sensitivity analysis often used in LCA
to obtain robust design decisions (Khan et al., 2021). Therefore, the influ-
ence of decarbonization of future electricity mix, and changes in waste
treatments of timber materials are analyzed.

2.4.1. Projections of the future electricity mix
After performing a baseline scenario using the current (static) energy

modeling following the EN 15978 standard (CEN, 2011), we developed a
dynamic energy modeling framework able to describe the sensitivity to
some decarbonization scenarios. As shown in Fig. 3, the current electricity
mix in the UK still heavily relies on fossil sources, where the share of the
mix is 36 % from natural gas, wind 24 %, nuclear 16 %, solar 4 %, and
others 20% (DUKES, 2021).With the tightening regulation, the key climate
policy was to drive the decarbonization of the electricity system (Pietzcker
et al., 2021).

For the assessment of future decarbonization of the electricity mix, dif-
ferent prospective scenarios depending on the national context defined in
Future Energy Scenarios (FES) are used. In this projection, two potential
energy pathways are described based on the different speeds of
decarbonization for the UK: “Steady Progression”, and “Two Degrees”
(FES, 2019). The “Two Degrees” can match the 2050 carbon reduction tar-
get of the UK and it indicates to reduce the GHG emissions by at least 80 %
from the 1990 levels by 2050; while the slowest decarbonization happens
in the “Steady Progression” scenario, which doesn't get to reach the target
by 2050 (FES, 2019). The “Steady Progression” provides a usual approach
to ensuring low costs for consumers and is expected to exhibit approxi-
mately half the rate of emissions reduction in 2050 (FES, 2019). Imple-
menting the scenario “Two Degrees” paves the way for the fastest
credible decarbonization journey by combining high consumer engage-
ment andmore “large-scale” centralized electricity generation. The descrip-
tion for these scenarios which are representative of the UK electricity
projection is not detailed here but is reported in (FES, 2019).

The share of each technology used in electricity generation for the cur-
rent electricity matrix (DUKES, 2021), and for future projections (FES,
2019), are presented in Fig. 3.

To calculate the yearly CO2 emissions factors for a unit of the low-
voltage electricity mix over the building lifespan, the annual average CO2

coefficient of electricity production in 2020 (BEIS, 2021) is considered for
different scenarios, while this CO2 factor is fixed for the current situation
(static) scenario over the lifespan. To compute the carbon factors of the pro-
jection scenarios, the future relative shares of electricity sources reported
for certain moments (Fig. 3) are modeled with the corresponding energy
source-specific unit impacts existent in Ecoinvent 3.8 (Wernet et al.,
2016) using Simapro (Pré Consultants, 2022) according to the data



Fig. 3.Mix scenarios of electricity production in the UK (DUKES, 2021; FES, 2019).
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described from the FES and the literature studies (Stamford and Azapagic,
2014; Zhao and Baker, 2022). It should be noted that the interconnection
network (i.e., import and export of electricity) and technological evolutions
in the generation processes are beyond the scope of this study and are not
considered (Appendix A.12 in Supplementary Materials). The conversion
between different voltage levels and the electricity losses are accounted
for in the product system (Itten et al., 2014; World bank, 2018). A gradual
annual evolution of the electricity CO2 factors is considered using linear re-
gression to cover eventual gaps between the values obtained for the key
moments over the 60 years of the building service life. As prospective sce-
narios are provided up to 2050, no further changes are assumed after this
year, and thus the impacts of these emission levels are assumed to be iden-
tical until the end of the model timeframe. Appendix A.13 in Supplemen-
tary Materials shows the CO2 emission factors in terms of kg/kWh
electricity produced from different scenarios.

2.4.2. Additional timber scenarios
Given the long lifespan of buildings, the potential alternative solutions

from current waste management practices to future scenarios are consid-
ered as it is a significant factor for the embodied carbon reduction of timber
materials (Robati and Oldfield, 2022). Two additional scenarios are in-
cluded to provide different possible results for the end-of-life of timber ma-
terials, alongside the initial approach already described. An alternative
scenario is proposed in which the current waste management practice of
timber materials indicated in the baseline scenario is developed to consider
future technologies to achieve higher emissions reduction. An optimistic
“BECCS” scenario explores the potential future ability impact of the seques-
tration of CO2 at EoL, through a combination of two well-known technolo-
gies: bioenergy and carbon capture and storage (CCS) (Jeswani et al.,
2022). The latter is particularly important as it plays a significant part in
the Climate Change Committee's framework for the UK to help achieve
the net-zero emissions target by 2050 (CCC, 2019). Due to the already sig-
nificant BECCS for the UK plans (20 to 70 Mt. CO2 annual negative emis-
sions (Smith et al., 2016)), and the arguably greater potential of biomass
sources to balance GHG emissions, we focus on quantifying the role of
this option that could reduce emissions of biogenic CO2 back to the atmo-
sphere in a geological formation (Almena et al., 2022). At present, the de-
ployment of BECCS is often described as context-dependent, and it still
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requires time to be established on a centralized large scale (Almena et al.,
2022). According to the UK's strong policy incentives and attractive feed-
stock of waste wood for future BECCS application (due to appropriate tech-
nical characteristics and economics) (Cooper et al., 2019; Hawkins et al.,
2021), it has been demonstrated that this technique can capture 90 % of
the CO2 emitted in the combustion of timber waste treatment from the
power plant (CCC, 2019; Leonzio et al., 2023). Similar carbon removal
from the combustion processing is considered in the BECCS scenario of
the present study.

This study also analyzes another deterministic scenario that considers
future penetration strategies from existing technologies (Hart and
Pomponi, 2020). Based on this vision, the current pressure to minimize cli-
mate change impacts is forcing us to keep waste out of landfills and to in-
crease the proportion of recycling rate (Peñaloza et al., 2016), as the
recycling process would likely result in a delayed re-release of biogenic car-
bon (Hawkins et al., 2021). In linewith this,Wood for Good (WfG) LCApro-
posed 55 % recycling of products such as animal bedding or particleboard,
44 % incineration for energy recovery, and 1% disposal in a landfill (Wood
for Good, 2017). Information on the unit processes used for the EoL sce-
nario of timber products is included in Appendix A.10 in Supplementary
Materials.

3. Results

The results obtained are interpreted by performing contribution and
sensitivity analysis in two aspects: (i) evaluate the GHG emissions of the
building's case studies with an LCA in accordance with EN 15978 standard
as a baseline scenario and compare the results with UK benchmarks for de-
veloping knowledge area; and (ii) the parametric study of the influence of
the decarbonization of electricity production and changes in the waste
treatment of timber on the GHGs results.

3.1. Life cycle impact assessment of baseline scenario

Fig. 4a presents the variation of the baseline cumulative life cycle (em-
bodied+ operational) emissions of the different case studies, including the
benefit of the PV system in terms of avoided emissions over the 60-year
time horizon, and Fig. 4b makes a distinction between operational and



Fig. 4. Building life-cycle emissions for different case studies for (a): Total cumulative GHG emissions over a 60-year; and (b): Contribution of embodied and operational
carbon emissions to the whole life-carbon. (Note that this figure considers the baseline scenario, assuming the current electricity mix scenario and RICS scenario for waste
treatment of the timber materials.)
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embodied impacts of the buildings (detailed results can be found in Appen-
dix A.14 in SupplementaryMaterials). The initial peak is due to the increase
in the emissions of both production (A1–A3), and construction (A4–A5)
stages, as we assumed they happen in the same year (see Fig. 4a). The con-
tribution of the production (A1–A3) stage in this figure includes manufac-
ture (fossil) emissions and sequestered (biogenic) emissions. Comparing
the life cycle outcomes, it can be noted that they have the same trends
while showing an advantage associated with the case studies using the
heat pump and/or renewable technologies (i.e., BS2, and BS3), being pri-
mary due to their more efficient energy systems and relative to a cleaner
combination of energy consumption. As shown in Fig. 4a and Appendix
A.14 in Supplementary Materials, the annual saving for the case study
using a compact heat pump unit (i.e., BS2), is responsible for ∼19 %
fewer emissions during the 60-year time horizon with respect to the case
study equipped with condensing gas boiler (i.e., BS1). Adding the PV
panel to the heat pump (i.e., BS3) significantly reduces the amount of grid
electricity, therefore lowering the cumulative emissions by ∼20 % com-
pared to the BS2; while the environmental benefits can be also reinforced
when the PVs are associated with the heat pump, as ∼36 % fewer emis-
sions relative to BS1 are achieved.

From Fig. 4a, the case studies BS2 and BS3 have around ∼6 %, and
∼17 % higher impacts, respectively, during the first year compared to
the reference case study, due to the additional initial embodied emissions
related to the production and construction process of those pieces of equip-
ment and PV system (i.e.,modules A1–A5). However, due to a lower annual
OC emissions rate during the 60-year lifespan of the dwelling, the case stud-
ies designed with better (advancements) energy improvement options (i.e.,
BS2 and BS3) outperform the case study with the installation of a heating
condensing gas boiler (i.e., BS1).

As shown in Fig. 4b, the share of operational and embodied emissions to
whole life-carbon for the different case studies are represented to 56–70 %,
and 30–44%, respectively. Since the building structure and enclosure were
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similar in each case study, regardless of the significantly larger effects of OC
emissions on the total emissions, the EC of the case study buildings differs at
most by∼25 %. The contribution differences associated with the EC in the
different life cycle stages can be attributed to two factors: (i) tend to have
higher emission-intensive materials of the technical equipment and PV sys-
tem; and (ii) the relatively high maintenance and replacement of the heat
pump-based buildings (due to the direct emissions from refrigerant leakage
in BS2 and BS3) than the heating gas boiler-based building (i.e., BS1). These
observations are comparable to previous studies of low-energy buildings
that discuss how advancements in buildings' operational energy perfor-
mance led to an increase in embodied loads' contribution (30–60 % of life
cycle GHG emissions) (Larivière-Lajoie et al., 2022; RICS, 2017; Röck
et al., 2020).

Moreover, the carbon payback period (CPBP) is determined to indicate
how long it would take for the operational savings to outweigh the increase
of the EC caused by implementing a certain CO2eq mitigation process
(Roberts et al., 2020). As shown in Fig. 4a, the CPBP of the increase in
the embodied impact emission of the strategy that focuses on the use of
heat pumps (i.e., BS2) is 1.7 years. The increased implementation details
existing in the building coupled with heat pumps and PV system (i.e.,
BS3) resulted in a CPBP of 2.2 years.

The contribution analyses of the EC (in kgCO2eq per m2 (GIA)) are pre-
sented in Fig. 5 for the reference case study (i.e., BS1). The contribution
analysis is performed to understand the influence of the choices of the dif-
ferent parameters on the EC, including the life cycle modules, the building
element families, and the classification of the emissions into the material
categories. The first notable part of the Sankey chart is the allocation of
the emissions into the distinct life cycle modules according to EN 15978
(CEN, 2011), as presented in Fig. 5b. The A1–A3 (manufacture) represents
the most significant single contribution toward the EC emissions of the
building due to the extraction of rawmaterials as well as the transportation
and manufacturing of the building materials. Modules A1–A3 (manufacture)



Fig. 5.Embodied carbon emissions of the reference case study in kgCO2eq/m2 (GIA). It allocates the emissions into three parameters: (a):Material categories based on general
waste treatment practices; (b): Distinct life cycle modules according to EN 15978 (CEN, 2011); and (c): Building element families according to the RICS guidance (RICS,
2017).
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are responsible for 32 % of the EC calculated (e.g., 155.9 kgCO2eq/m2). In
terms of the in-use stage (B1–B5), GHG emissions have 95.5 kgCO2eq/m2

(e.g., ∼20 % of the EC), mostly because of the contribution of the replace-
ment during the service life of the building (B4), which highlights the impor-
tance of recurring EC to the total impacts.

The EoL stage has a considerable contribution to the GHGs emitted by
108.8 kgCO2eq/m2 emission over the whole building life cycle (i.e.,
∼22% of the EC), which is mainly due to impacts from the emissions asso-
ciated with the incineration of timber materials in waste processing and
final disposal (i.e., released back the carbon sequestration into the atmo-
sphere). The scenario for biogenic carbon storage of the timber materials
associated with modules A1–A3 (sequestered) is caused by −84.9
kgCO2eq/m2 emission (e.g., by avoiding 16.55-ton CO2eq, equal to
∼18 % reduction of EC over 60 years), in which a negative sign indicated
an environmental gain.

In terms of the construction stage (A4–A5), the transportation of con-
crete and inert materials resulted in higher carbon emissions, accounting
for ∼50 % of the total construction stage emissions. However, the results
also show that the emissions associatedwith this stage are not relatively sig-
nificant compared to other life cycle phases, resulting in ∼8 % of the EC
emissions.

Another notable result derived from Fig. 5c is the emissions in the
distinct life cycle modules in relation to the element contribution,
which points to further details of the EC emissions. The higher GHG is
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induced by the contribution of the “Substructure” system, accounting
for ∼50 % of the emissions in modules A1–A3 (manufacture)
and ∼24 % of the EC emissions calculated. The reason for this is that
the “Substructure” is comprised almost entirely of concrete and steel,
which tend to have significant embodied emissions when it is used in
much larger amounts than other building materials. The embodied
emission of the exterior enclosure (i.e., clustering “External walls”,
“Windows and external doors”, and “Roof”) is responsible for ∼27 %
of total EC emissions. Due to the use of extensive timber materials in
“External walls”, and “Roof”, their GHG impact are decreased by 50 %
and 40 %, respectively.

The third largest contribution to the total embodied impacts is the
“Building services”, being mainly by “Steel and other metals”, which are
generally allocated a high fraction of EC emissions and need to be replaced
on a regular basis during the use stage. This is assessed by adding 52.3
kgCO2eq/m2 (e.g., ∼10.19-ton CO2eq) to the overall GHGs.

The results identified architectural finishes as a significant impact con-
tributor (∼28 % of the EC emissions), which are mainly driven by the high
replacement rates of the building elements associated with the silicone-
based render and the paint for the “Wall finishes”, as well as the vinyl
floor covering for the “Floor finishes”. These elements accumulate large
amounts of EC over the building lifespan while their recurring embodied
contributions can be comparable to or higher than the values of their initial
embodied impacts (A1–A5).
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Finally, the GHGemissions are also allocated to distinctmaterial catego-
ries in Fig. 5a. It can be observed that the “Timber and timber-based”mate-
rial used in the building envelope components (e.g., “External walls” and
“Roof”), stands out as the major contributor to EC emissions (∼26 %).
The substantial contribution of the “Timber and timber-based” materials
is mainly originated from end-of-life treatment (i.e., incineration process-
ing), as they are representing a relative share of 82 % of the demolition
EC emissions. Therefore, the choice of changing the waste management
treatment of timbers can be identified as a key parameter to reduce the en-
vironmental impacts of a timber building, which is further illustrated in
Section 3.3.2. The results implied that “Inert” materials (e.g., plasterboard,
paint, and render), a component mainly of the finishes, were the second
highest contributor to the EC emissions (∼19 %), followed by “Biogenic
carbon storage” (∼−18 %), “Concrete” (∼12 %), and “Steel and other
metals” (∼12 %). According to Fig. 5a and Appendix A.14 in Supplemen-
tary Materials, there is also a substantial contribution from “Oil-based”
and “Mineral wool”, accounting for ∼7 % of the EC emissions in each
case study (for both material categories, it is mainly due to having the
high-intensity insulation materials embedded in the building envelope
components), whereas the quantity of these materials is less than∼1.5 %
of the total weight. It is important to point out here that if the concern is
to reduce further emissions of the EC emissions, the designer should focus
on a careful selection to replace these materials, with an alternative that re-
duces materials' quantity or emission intensity (these suggestions would
serve the same purpose and with similar functionality to the project
(Pamenter and Myers, 2021)). For this purpose, the substitution of the ce-
ment with supplementary cementitious materials (SCMs) (e.g., ground
granulated blast-furnace slag (GGBFS), a by-product of the steel industry)
in ordinary Portland cement (OPC) based concrete is the most common
method used in the UK cement and concrete industries (Shanks et al.,
2019). The average percentage of substitutions could increase to up to
50 % corresponding to a potential reduction in the UK industry that main-
tains the structural performance (Pamenter and Myers, 2021). By changing
the raw materials mix from OPC-based concrete to 50 % GGBFS, the total
EC emissions can be reduced by∼2 %. Similarly, insulation is changed to
blown cellulose, instead of the rigid polystyrene board within the floor,
and of the glass wool within the roof and external walls but with similar
thermal performance. With this switch in the case study, the total EC emis-
sions can be reduced by∼3 %, as a result of emission saving of the overall
carbon sequestration within the product. Choosing resilient Linoleum floor
covering instead of vinyl covering has less impactful alternative materials,
as a result of the combination of natural renewable materials and high
recycled content. This is assessed by saving∼1 % to the overall embodied
impacts. Therefore, focusing on building elements with the greatest poten-
tial for improvement in the possible retrofit scenario of existing buildings or
Fig. 6. The performance of the case studies and target values of LETI Climate Emerge
refrigerant leakage and PV system); and (b): Operational energy.
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designing new buildings with the assessed low environmental impact sub-
stitutions can potentially achieve a noticeable reduction in EC emissions.

3.2. Comparison to benchmark

To further interpretation of the results obtained and understand if the
analyzed case studies will match the UK's environmental targets, a compar-
ison is made with the benchmark described in the LETI Climate Emergency
Design Guide (LETI, 2020b). The LETI, developed by the London Energy
Transformation Initiative, is a collaborative network of built environment
professionals that proposed voluntary targets for the reduction of EC and
OC for residential and non-domestic buildings (e.g., offices and schools).
These targets have been incorporated into the policy guidance to push the
carbon emissions to become part of legislation to achieve net zero carbon
(LETI, 2020b).

Fig. 6a shows the design targets of the LETI for the ambition across var-
ious typologies and portfolios of total EC emissions (A1–B5, C1–C4, includ-
ing sequestration) based on an A++ to a C rating system (LETI, 2021), and
the performance of all case studies. The embodied carbon targets are
assessed under consideration of the whole life-carbon assessment and the
building elements required in RICS while excluding refrigerant leakage
and renewable electricity generation (e.g., PVs). From this figure, the LETI
provides metrics aligned with the letter banding for residential buildings
as follows: LETI 2020 Target, it should be equivalent to letter banding of
C (less than 800 kgCO2eq/m2 (GIA)); and LETI 2030 Target, equivalent
with letter banding of A (less than 450 kgCO2eq/m2 (GIA)) (LETI, 2021).
As shown in Fig. 6b in terms of operational energy, this standard also set
out performance targets of 35 kWh/m2/year (GIA) (LETI, 2020b). The com-
parison of the results obtained in the present study with LETI targets
showed that the case studies alignedwith band A andmeet not only the ob-
jectives for the EC of the year 2020 but also for 2030. With respect to oper-
ational energy, the case study BS1 does not meet the required performance
target, while BS2 and BS3 can match this benchmark.

3.3. CO2eq emission for different scenarios

3.3.1. Effect of decarbonization on electricity production
To facilitate a detailed comparison of the scenarios, the results for differ-

ent case studies are displayed for the baseline (current electricity mix) sce-
nario and two future electricity decarbonization scenarios. Fig. 7 shows the
contribution of embodied and operational carbon emissions, benefits im-
pact, as well as their relative saving GHG of the different case studies in re-
lation to the baseline's reference case study (i.e., BS1 in the current
electricity mix) over a 60-year lifespan of the building. Overall, the total cu-
mulative GHG impact of the case studies decreases significantly (∼50 %)
ncy Design Guide (LETI, 2020b) for (a): Whole embodied carbon emissions (excl.



Fig. 7. The effect of decarbonization of electricity mix on greenhouse gas emissions for different case studies over the building lifespan. It includes three scenarios: (a): Static
(current) energy mix (Note that panel a considers the same approach as Fig. 4); (b): Steady Progression; and (c): Two Degrees.
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when the grid energy is shifting toward increasingly more renewable
sources. For example, the two degrees scenario shows the highest improve-
ment in GHG balance emissions, representing∼29%,∼37 %, and∼50 %
reduction in BS1, BS3, and BS2, respectively when scenarios using the same
construction techniques are compared.

From the steady progression scenario, the case study BS3 can achieve a
56 % GHG saving over the building's life cycle relative to the baseline's ref-
erence case study, being essentially due to a full electricity-based HVAC,
and thus, higher energy savings in the use phase and related benefits
from an increase in the share of renewables. In this sense, it can be con-
cluded that in order to get the maximum benefits from the electricity pro-
duction sector and can support the clean energy transition in buildings, it
is necessary to: (i) “electrification” the building elements (e.g., from
fossil-fuel-based to efficient electricity-based heat pump system); and (ii)
improving electricity generation in the cleanest possible way (e.g., two de-
grees scenario).

Considering the future electricity scenarios (Fig. 7), the benefit from the
surplus (PV) electricity production over the building's life cycle is signifi-
cantly reduced when the electricity grid becomes more decarbonized.
This is due to the assumption that the benefit provided by the delivered
electricity generation by the PV system is accounted to have the same emis-
sion intensity given the evolution of the electricity grid over the lifespan of
the building, while the PV modules have the same efficiency of today's per-
spective. This can be explained by the fact that, if future electricity produc-
tion is made tomore renewable sources, the net performance of PV systems
(i.e., impacts + credits) are lowered, while also breaking even; as an exam-
ple, in certain scenario of the BS3 compared to the BS2 in the two degrees
scenario, which this technology produces negative credits to the system
during its lifespan, and consequently, the CPBP of PV system exceeds the
whole building service life.
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From Fig. 7, as the OC impacts of the case studies are reduced signifi-
cantly, due to improved technological systems and grid decarbonization,
the magnitude of EC is increased dramatically. As an example, comparing
the baseline's reference case study (i.e., BS1 in Fig. 7a) with the case study
equipped with the heat pump and PV panel in a prevalent grid
decarbonization scenario (i.e., BS3 in Fig. 7c), it can be seen the ratio be-
tween embodied and operational carbon from the current situation and fu-
ture electricity mix may vary considerably (e.g., ∼30 % for BS1 in the
current electricity mix, reaching∼500 % for BS3 in two degrees scenario).

3.3.2. Effect of technological progress on the waste treatment of the timber mate-
rials

In the previous subsection, a sensitivity of LCA results regarding the en-
ergy mix was illustrated. Additionally, the effect of waste management
treatments of timbers is explored in a scenario analysis by considering alter-
native solutions.

Fig. 8 demonstrates the EC emissions differentiated into its modules to
the building life cycle for the baseline scenario (as assessed by the RICS sce-
nario) and two technological progress scenarios in the waste treatment of
timbermaterials (i.e.,Wood for Good (WfG) and BECCS scenarios). The var-
iation of EoL strategies of timber products has a significant impact on the
EC reduction for the case studies by up to 23 %, under sustainable forest
management and re-emitted the sequestered carbon at the product's
end-of-life. Considering the improvement in the recycling share of waste
treatment options (i.e., Wood for Good scenario) for timbers in a cradle-
to-grave basis of different case studies, could reduce EC impacts by∼3 %
as compared to the same construction technology of the baseline scenario
(Fig. 8a and b).

As shown in Fig. 8, the inclusion of environmental credits from the anal-
ysis can lead to different overall rankings between scenarios and the



Fig. 8. The effect of technological progress in the waste treatment of timbermaterials on embodied carbon emissions for different case studies. It includes three scenarios: (a):
RICS; (b): Wood for Good (WfG); and (c): Bioenergy with carbon capture and storage (BECCS).

M. Norouzi et al. Science of the Total Environment 882 (2023) 163490
relevance of life cycle stages. The figure shows that the case studies in the
WfG scenario have ∼2 % higher CO2eq emissions when using the same
construction technology of the baseline scenario are compared. The differ-
ent result obtained for overall GHG emissions between scenarios, which is a
consequence of including credits, is explained by the differences in the
higher proportion of timber waste that is used directly for electricity gener-
ation treatment from incineration for the RICS scenario compared to the
WfG scenario. This implies that considerably higher emission is avoided rel-
ative to the lower benefits received for recycling processing (e.g., animal
bedding or particleboard).

The results strongly suggested that widespread adoption of the BECCS
scenario in timber end-of-life could substantially reduce embodied impacts
of BS1, BS2, and BS3 by ∼23 %, ∼20 %, and ∼18 %, respectively, com-
pared with the baseline scenario. This contribution makes up to ∼84 %
of the waste processing stage (i.e., C3–C4), up to∼20% of the replacement
module (i.e., B4), and up to∼1% of the construction stage (i.e., A5). In this
optimistic scenario, there are substitution benefits associated with the use
of future carbon-capture technology (i.e., BECCS) to reduce the emission
emitted in the EoL of the timbers, which demonstrates the possibility of
using wood products with low long-term climate impacts.

4. Discussion

Addressing the whole life-cycle carbon emissions of buildings is crucial
in meeting national and global targets for mitigating climate change in nu-
merous countries. This research focuses on reducing the carbon footprint of
13
a typical low-energy timber-frame residence in the UK, in line with the
country's goal of achieving net-zero carbon emissions by 2050, and is
intended to inform future construction trends. Currently, the introduction
of enhancing building energy efficiency in design and systems can effec-
tively reduce the GHG emissions of buildings over their lifespan, but it
passes the load to the electricity mix production, more efficient HVAC sys-
tems, or embodied carbon emissions (e.g., material choice and end-of-life
measures) (Nematchoua et al., 2022; Rahif et al., 2022).

The findings of this study indicate that installing a compact heat pump
unit (i.e., BS2) can reduce total CO2eq emissions by approximately 19 %
when compared to the current electricity mix (i.e., baseline scenario BS1).
Furthermore, implementing a coupled PV system with an electric compact
heat pump unit (i.e., BS2) may reduce the amount of electricity supply
taken from the grid, exhibiting a 36 % reduction of CO2eq emission. Com-
paring the results obtained for the analyzed case buildings with other
European dwellings (Houlihan Wiberg et al., 2014; Satola et al., 2022) re-
veals a noticeable contribution of the heat pump and/or PV systems in
emission reduction over the building lifespan. This reduction can be partic-
ularly attributed to the current situation with a high-carbon electricity
emission factor in the UK's grid (∼0.25 kgCO2eq/kWh) compared to
those countries with cleaner electricity production (e.g., Sweden or
Norway). Therefore, the results that identify and implement cleaner energy
sources while fostering the use of technologically advanced building sys-
tems (e.g., efficient electric compact heat pump unit) play an important
role in minimizing energy demand and achieving the target value (Fenner
et al., 2018; Ligardo-Herrera et al., 2022).
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Due to the high amount ofwood used in the studied timber frame dwell-
ing, biogenic carbon accounting in the analyses tends to have a significant
contribution to the embodied impact (i.e., ∼18 % of EC). However, it
should be noted that when biogenic carbon is considered on a cradle-to-
gate basis (A1–A3), the EC analysis of timber products might mislead the
conclusions, giving an incomplete picture of describing its subsequent re-
lease back in the EoL (C) stage. This concluding remark is also highlighted
in a fewother studies (Morris et al., 2021; Petrović et al., 2023). Indeed, this
may also encourage the use of wood products in construction, resulting in
possible negative impacts on landscapes. Therefore, it is imperative to con-
sider the entire life-cycle carbon emissions of timber products and buildings
to fully comprehend the impact ofwood-basedmaterials andmakemore in-
formed decisions in efficient construction design.

The majority of LCA studies have not assessed the impact of “Building
services” mainly because of: (i) the difficulty in quantifying their impacts
(e.g., challenging to quantify the life cycle inventory phase of these compo-
nents) (Rodriguez et al., 2020), and (ii) as their environmental impact ap-
peared to be relatively small in magnitude in earlier studies when
compared to operational emissions, thus they are often left outside of the
assessment boundaries (Moncaster and Symons, 2013). However, the pres-
ent study indicates considerably high embodied effects of the “Building ser-
vices” compared to other building elements, with the latter accounting for
∼17 % of EC emissions. This highlights the importance of considering the
“Building services” in the embodied carbon assessment of the residential
buildings.

Furthermore, the sensitivity analysis of the future electricity mix projec-
tions demonstrated an increased share of renewable sources that is
reflected in the lower GHG emissions of the case studies, by up to ∼50 %
when scenarios with the same construction technologies are compared.
Additionally, results suggest that the emission saving of the grid
decarbonization can be reinforced through implementing the evaluated en-
ergy improvement technologies by ∼60 % reduction in the building case
study of BS2. In this sense, it can be concluded that in order to get the max-
imum benefits from the electricity production sector and to support the
clean energy transition in buildings, it is necessary: (i) to follow “electrifica-
tion” of the building elements (e.g., from fossil-fuel-based to efficient
electricity-based heat pump system); and (ii) to improve the electricity gen-
eration in the cleanest possible way (e.g., two degrees scenario). The use of
renewable electricity for running heat pumps can be included in any further
effort aiming tomove toward the complete phasing out of fossil fuels in res-
idential heating (Lin et al., 2021). As a result of these significant operational
saving measures, the contribution of embodied to operational carbon emis-
sions can subsequently becomemore relevant in the environmental balance
(e.g.,∼30% for BS1 in the current electricity mix, reaching about∼500%
for BS3 in the prevalent electricity decarbonization scenario). While in
agreement with (CCC, 2020; HM Government, 2019a), the results of this
study imply that operational savings are large in magnitude to reduce resi-
dential UK GHG emissions while achieving a zero-carbon building requires
the explicit incorporation of EC emissions. Moreover, the magnitude of the
initial emission savings associated with the initial EC is of paramount im-
portance since it can be easily achieved through the implementation of sev-
eral material efficiency strategies (Azzouz et al., 2017). In this context, the
findings also indicated that the use of 50%ground granulated blast-furnace
slag (GGBFS) concrete, blown cellulose insulation, and resilient Linoleum
floor covering can attain further savings by ∼6 % on embodied carbon
emissions. Hence, increasing attention should be placed on the material
choice to substantially decrease the initial embodied impacts and immedi-
ate contributions to reduce the carbon footprint of buildings.

Moreover, since the compensation of the avoided impacts associated
with the surplus (PV) electricity production is sensitive to shifts in the
decarbonization of the electricity grid, the benefits from the PV system
over the UK building's life cycle are not always feasible. Therefore, both
new and retrofit buildings should find a permanent improvement in the
net performance of the PV system by developing more environmentally
friendly materials and manufacturing techniques. As the possible solutions,
the importance of integrating PV panels into building structures such as
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Building Integrated Photovoltaic (BIPV), and Building Integrated
Photovoltaic-Thermal (BIPVT) systems (Lamnatou et al., 2020; Zhang
et al., 2018); adopting a photovoltaic system with reused cells in the PV
modules (Contreras Lisperguer et al., 2020; Kristjansdottir et al., 2016);
and the use of growing waste battery from the automotive sector in the
coming years (Cusenza et al., 2019) could be considered.

Additionally, the results illustrated that the adoption of potential tech-
nological progress in the waste treatments of timber products and buildings
could substantially reduce embodied emissions, by∼3 % through increas-
ing the recycling rate and by ∼23 % through introducing carbon capture
and storage with bioenergy (BECCS) scenario, as the scenarios with the
same construction technology of the baseline end-of-life scenario
(landfilling+ incineration) are compared. The recycling practice of timber
waste materials through secondary uses (e.g., animal bedding or particle-
board) does not seem to differ greatly from having landfill and incineration
treatments in the baseline scenario. This observation can be explained by
the way that biogenic carbon is treated by the EN 15804 standard (CEN,
2019) due to future recirculation options. Through this perspective, as ex-
plained in Section 2.3, all the carbon sequestrated in timber products is
modeled as being emitted at the end-of-life stage to the atmosphere and is
debited accordingly, and a credit is applied reflecting the substitution ben-
efit. However, concerning recycling treatment, the biogenic carbon storage
is not actually released into the atmosphere to the first product, but instead
transferred in the subsequent products utilizing the recycled biogenic mate-
rial. It is worth noting that treating carbon transferred to new material as
being released is respected based on an accounting convention adopted to
avoid double counting the benefits from the biogenic carbon (Morris
et al., 2021). Thus, in alignment with the UK path to net-zero carbon (HM
Government, 2019b), it is essential to increase the recycling rate of timbers
(e.g., WfG scenario) rather than incineration with electricity generation,
which can contribute to the long-term carbon storage products, providing
the buildings as a temporal carbon sink to slow down climate change
(Allen et al., 2022), and consequently, it can allow more time for develop-
ing the sustainability transformations of the society envisaged under the
Sustainable Development Goals (SDGs) (Andersen et al., 2022).

While modeling benefits outside the system boundary can present
methodological challenges (Meex et al., 2018), it is important to note that
module D has a significant impact on the overall results, particularly in
the case of bio-based products (Häfliger et al., 2017), and it should be
taken into account. For instance, in the case of the incineration of timber
materials, as shown in Fig. 8a, a large credit is awarded in the recovery
and recycling potential stage for the assumed substitution of alternative
electricity production. However, as the energy supplied will become more
decarbonized, this choice of substitution credits is likely to be very low
compared to today's perspective. Therefore, from a climate change perspec-
tive, expanding the analysis to include the avoided burdens can lead to dif-
ferent conclusions estimated from LCA studies of timber products and
exceed the total debits from other stages. Nonetheless, there is a high uncer-
tainty about the avoided impacts at the time of demolition, particularly con-
sidering the relative benefits associated with the current electricity
substitution of the recovered energy that might look less favorable option
(Hart and Pomponi, 2020).

The temporal perspective of carbon emissions, especially regarding the
use phase (e.g., electricity mix) and end-of-life of the building (e.g., waste
management treatment) are other topics which are not been covered prop-
erly by the previous studies in assessing impacts related to climate change
(Cabeza et al., 2014; Meex et al., 2018). It is believed that both technolog-
ical changes in the electricity mix and the waste management scenarios at
the building end-of-life are aspects that should be considered in future
GHG emissions calculations, especially for timber products and buildings.

All the results of this study refer to one square meter of gross internal
area (GIA) as a functional unit. This choice is in accordance with the RICS
guidance to facilitate the incorporation of further contributions with
other studies and building benchmarks (LETI, 2021). However, the use of
an area-based basis may potentially distort the results, as it attributes
both building and occupant-related emissions emitted to the area of the
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house, thereby wiping out any improvements achieved by increasing the
area efficiency (e.g., area per occupant) (Stephan et al., 2013). When the
number of occupants in the house is increased, the overall emissions for
area per occupant may effectively be reduced. This clearly depicts that a
smaller floor area per occupant and the sharing of cars by a higher number
of people could contribute considerably tomeeting climate targets (Cabrera
Serrenho et al., 2019; Roca-Puigròs et al., 2020). Therefore, the area per oc-
cupant functional units is judged as a more appropriate metric for compar-
ing buildings with varying floor areas and the number of occupants (Fuller
and Crawford, 2011; Stephan et al., 2013).

There are several environmental indicators for quantifying the LCA of
buildings. Using only GWP as an environmental impact category has the
benefit of increasing clarity for decision-makers, and often correlates with
other environmental impacts (Wiik et al., 2018). Moreover, some other
studies have found that GWP will be a reasonable proxy for other impact
categories, particularly for those categories linked to non-renewable energy
consumption, or related emissions (e.g., acidification, photochemical ozone
formation, etc.) (Häfliger et al., 2017; Lasvaux et al., 2015). However, this
sole focus may increase the risk of burden shifting to other impact catego-
ries that do not always correlate with GWP, such as resource use and re-
source depletion (Anand and Amor, 2017; Laurent et al., 2012). Thus, to
ensure comparability, it is recommended to conduct further LCA studies
considering the broad range of indicators instead of solely focusing
on GWP.

Previous studies also suggested that the robustness of LCA results for
timber materials in the construction of buildings may be further improved
by considering the forest management activities associated with the growth
and harvesting of trees as well as the carbon stock changes (Fouquet et al.,
2015). Hence, future research steps should address the issue of time differ-
ences between the uptake and release of carbon in the timber building sector.

5. Conclusions

This study aimed to address the concerns regarding mitigating the car-
bon footprint of a representative timber-frame low-energy dwelling in the
UK in terms of HVAC GHG emissions through three different energy im-
provement options, i.e., the reference case BS1: a gas-fired boiler + me-
chanical ventilation with heat recovery (MVHR); BS2: electrical compact
heat pump unit; and BS3: electrical compact heat pump unit + photovol-
taic (PV) panels. More particularly, future decarbonization potential from
the national perspective concerning the changes in electricity mix produc-
tion and technological evolution of the waste treatment of timber products
used in the building were investigated, aiming at providing a sensitivity
analysis of climate change mitigation. The whole life-carbon emissions for
a total of eight investigated scenarios were analyzed considering the poten-
tial improvements of carbon footprint to fulfill future projections for the
new UK building sector, and the results were compared to the LCA results
of a baseline scenario, where the existing technology and context were con-
sidered fixed over time.

The results of this study show that considering temporal changes in elec-
tricity mix production and technological progress in the waste treatment of
timber materials significantly alters the predicted climate impacts of the
building over its lifespan. For example, the findings indicated that using
an efficient electric compact heat pump in parallel with the national
decarbonization targets of the electricity mix can significantly reduce the
whole life-cycle emissions of long-term climate impact assessment at the
UK building by ∼60 %. Moreover, the results of this research implied
that the adoption of potential technological progress in the waste treat-
ments of timber products and buildings could substantially reduce build-
ings' embodied emissions, representing by ∼3 % through increasing the
recycling rate and by∼23 % through introducing carbon capture and stor-
age with bioenergy (BECCS) scenario, as the scenarios with the same con-
struction technology of the baseline end-of-life scenario (landfilling +
incineration) are compared.

Results showed that it is of high importance to consider biogenic carbon
in evaluating the climate impact of a building composed of significant
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amounts of wood as it can significantly influence the embodied impact of
timber-frame buildings, by ∼18 % in the present study, that is expected
to support/incentivize the more use of timber-based products in the build-
ing sector. Moreover, the inclusion of “Building services” in the climate im-
pact assessment of the residential building is emphasized to obtain a more
accurate outcome as it could affect the embodied carbon estimations, e.g.,
increasing CO2eq by∼17 % in the current study.

The evaluation of whole life-carbon emissions of the dwellings demon-
strates the relative importance of the operations phase in the baseline sce-
nario, compared to the materials, construction, and end-of-life phases.
Nonetheless, according to the sensitivity analysis suggest that the
decarbonization of electricity mix production and advancements in the
treatment of timber waste can considerably reduce the environmental im-
pact of the building's operation and end-of-life phases compared to the ma-
terial and construction phases. These emission-saving measures highlight
the importance of material efficiency strategies for achieving more embod-
ied carbon savings in future construction practices.
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