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A B S T R A C T   

Assessing and reducing the whole-life carbon emissions (WLCE) of buildings is essential to achieving global 
climate targets. Although many studies have examined building WLCE, there is a lack of understanding of the 
variability of WLCE for a large number of similar buildings in proximity and the key influencing factors. We fill 
these knowledge gaps by quantifying the WLCE of 145 residential properties in Cornwall, UK, following methods 
recommended in official standards and guidelines for building WLCE and using actual electricity consumption 
recorded by sensors, and then analysing correlations between the WLCE and a range of factors related to the 
properties and their occupants. We found significant variations in the WLCE among these 145 properties, ranging 
from 21 to 193 t CO2eq, with the WLCE intensity ranging from 0.5 to 2.6 t CO2eq/m2. There are strong corre-
lations between WLCE and two factors: floor area and number of occupants, followed by number of bedrooms, 
type of property, window frame material, type of heating system, age of the main occupant, type of glazing, and 
loft insulation thickness. This suggests that both building attributes and occupant characteristics can result in 
significant variations in the WLCE of similar buildings in proximity. Therefore, both building design and occu-
pant lifestyle need to be considered when developing strategies to reduce building WLCE.   

1. Introduction 

Buildings are responsible for approximately 40% of global carbon 
emissions. Thus, decarbonizing the building sector is crucial in 
achieving the Paris Agreement’s objective of limiting the increase in 
average global temperature to below 2 ◦C, which is necessary to mitigate 
the significant risks associated with climate change [1–3]. 

Life cycle analysis or life cycle assessment (LCA) plays a crucial role 
in informing carbon reduction strategies [4,5]. It is a method for holis-
tically evaluating the environmental impacts of a product throughout its 
whole life (e.g., creation, use, and end-of-life) [6]. ISO 14040:2006 [7] 
defines LCA as “compilation and evaluation of the inputs, outputs, and 
potential environmental impacts of a product system throughout its life 
cycle”. It was first conceptualised in the 1970 s and then gradually 
refined and standardised, and it is currently considered the most 
appropriate and reliable tool for assessing the environmental impacts 

and supporting decision-making for sustainable development [8–12]. 
Life cycle thinking plays a fundamental role in Whole Life Carbon 

Emission (WLCE) studies [13]. Given that the building sector is a sig-
nificant contributor to global carbon emissions, there has been a 
growing interest in quantifying WLCE in buildings at both global and 
national levels, as well as for individual buildings. WLCE studies in the 
building sector can help architects understand the lifetime consequences 
of building design decisions by quantifying emissions throughout the 
different stages of the building life cycle [14–17]. This promotes dura-
bility, resource efficiency, and future adaptability, all of which 
contribute to lifetime carbon reductions for buildings [18]. Under-
standing building WLCE is also the basis for sustainable net-zero 
building design [19–23]. 

The concept of the life cycle stages of buildings including the product 
stage, construction stage, use stage, and end-of-life stage, was presented 
around the 2000 s and formalised by a set of standards from the 
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European Committee for Standardisation in recent years. A modular 
concept for the definition of the system boundaries and scope of life 
cycle stages of buildings was introduced by The British Standard BS EN 
15978:2011 (Sustainability of construction works) standard [24]. It was 
updated in The EN 15804 + A2 (Sustainability of construction works - 
Environmental product declarations - Core rules for the product cate-
gory of construction products) standard [25] to refer to the full life cycle 
stages of buildings. The diagram (see Fig. 1) encompasses the building 
life cycle stages, scope, and typical system boundaries adapted from BS 
19578, EN 15804, and ISO 21930:2017 [26]. The initial phase of a 
product’s life cycle is commonly referred to as the “cradle” stage. When 
analysing the product stage specifically, it is often termed “cradle-to- 
gate,” where the “gate” signifies the point at which the product is ready 
for shipment from the factory. On the other hand, the final stage of the 
life cycle is known as the “grave.” Therefore, an analysis that encom-
passes the entire life cycle of a building is often referred to as “cradle-to- 
grave” [27]. Carbon emissions from buildings can also be broadly cat-
egorised into operational emissions resulting from energy use during the 
use stage and embodied emissions of building materials and components 
that make up the structure [28], which also include the lifetime emis-
sions from maintenance, repair, replacement, and ultimately demolition 
and disposal [29]. 

Existing studies on the quantification of WLCE in the building sector 
often have different objectives. Some studies evaluate the carbon foot-
print of the building stock and built environment at a national level, for 
example, in China [30], Australia [31], and Ireland [32,33]. These 
studies have employed diverse approaches, including input–output and 
process-based models [30] and innovative methodologies such as the 
Commodity Accounting Method and Sectoral Summation Method [32], 
to quantify the embodied carbon emissions of building materials. A 
model for forecasting the WLCE of the whole residential building sector 
was developed based on key drivers effecting the performance of the 
entire building stock [33]. They have also taken into account factors 
such as population growth, economic growth, and policy rather than 
solely focusing on technologies [31]. Although these studies offer useful 
information at a strategic level for policymakers and stakeholders in 
specific regions, they often lack detailed insights at a building level. 

Some studies analysed the WLCE of specific buildings to understand 

the emission characteristics of their building types. Examples include 
studies on a three-floor office building in the UK [34], a residential 
building in Spain [35], a timber-frame low energy use house in the UK 
[36], a typical large-scale office building [37] in China, a typical resi-
dential building in Ghana [38], a wood-based flat [39], a wood-based 
domestic house [40], hotels [41], and a traditional Korean building 
[42]. Their results show that the retrofitting approach that combines 
both passive and active measures, such as biomass boilers and solar 
panels, can considerably reduce the WLCE for refurbishing office 
buildings. Local low-carbon materials, renewable energies, and recy-
cling value chains are essential for reducing the WLCE of residential 
properties. Operational carbon emissions account for the largest share of 
buildings WLCE. The monitoring and management of energy systems is 
the key factor affecting the WLCE of the large-scale office building. The 
stabilised earth block facade proved to be the most sustainable facade as 
it reduces cumulative energy demand. The type of heating system 
strongly influences wooden-based residential properties’ primary en-
ergy use and carbon emissions. However, such studies often use a single 
building as a case study to provide emission characteristics for different 
types of buildings. Although these studies offer valuable insights into the 
unique challenges and opportunities for reducing carbon emissions in 
specific types of buildings, they rely on individual buildings as case 
studies and therefore may not provide generalizable findings for similar 
buildings. Moreover, WLCE calculations may be less accurate when 
using estimated or simulated building energy consumption data in some 
of these studies [35–38,41,42] rather than actual consumption. 

In addition, some studies calculated and compared the WLCE of 
several different buildings to show the variations and investigate the 
factors that influence the WLCE. For example, a glued laminated 
bamboo-based rural residential building has a lower WLCE than a 
reinforced concrete building [43], with the main reduction in carbon 
emissions in the use stage and the product stage. This is mainly because 
the bamboo material has better insulation performance compared to 
concrete, resulting in lower emissions during the use stage, and bamboo 
has the ability to sequester carbon, resulting in lower emissions during 
the production phase. An urban residential building has a higher WLCE 
than a rural one in Turkey [16]. A steel-bamboo structure is more 
carbon-friendly than a reinforced concrete frame structure mainly 

Fig. 1. Building life cycle stages (adapted from the BS EN 15978:2011, EN15804 and ISO 21930), and the scope and typical system boundaries.  
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because: (1) it has a lower energy need for space heating in the use stage, 
resulting in lower operational emissions; (2) it has a lower self-weight 
(quantity of materials), resulting in lower emissions from the founda-
tion in the product stage, from transportation in the construction stage, 
and from waste transportation in end-of-life stage; and (3) it has lower 
on-site energy demand for processing steel products compared with 
casting concrete members in the construction stage, resulting in lower 
total embodied emissions. [44]. Energy efficient buildings with better 
building performance could be assessed as green buildings according to 
the Evaluation Standard for Green Building (GB/T 50378–2006) in 
China. The average WLCE of green buildings is lower than non-green 
buildings in China, mainly because of their energy-saving technolo-
gies, which resulting in lower operational carbon emissions [45]. The 
average WLCE of buildings with district heating systems is lower than 
that of buildings with central heating systems [46]. The retrofit of office 
buildings’ roofs with the white roof or sedum-tray garden roof depends 
on the climate and various environmental benefits in China [47]. In 
these studies, the type of building structure, type of heating system, and 
number of stories were found to be key factors that influence the 
building’s WLCE. However, when comparing different kinds of build-
ings, using only one specific building as a representative may not be 
sufficiently generalisable, e.g. one building in an urban area to represent 
the urban residential building and another building in a rural area to 
represent the rural residential building [16], one bamboo-based struc-
ture building and one reinforced concrete frame structure building 
[43,44], one white roof and sedum-tray garden roof office buildings. 
Meanwhile, some of these studies used simulated energy consumption 
data rather than actual data for the WLCE calculation (e.g., simulated by 
software [43,43,44] or assumed from energy audits and statistics [46]). 
As a result, some factors that impact operational carbon emissions may 
be overlooked, further affecting the WLCE results for different buildings 
and the investigation of the influencing factors. 

Other studies aimed to contribute to the early design of sustainable 
buildings by developing and evaluating WLCE estimation or prediction 
models using WLCE calculation results from a case study as a baseline. 
Examples include establishing an online program based on a flat [48], 
developing an automated estimation program based on a residential 
property [49], and building different prediction models based on 207 
residential properties [50]. However, estimated or simulated energy 
consumption data were used in these studies to calculate the WLCE (e.g., 
estimated using building energy efficiency rating certification [48], 
estimated based on national agency reports [49], simulated by software 
[50]). As building energy consumption can be strongly influenced by a 
wide range of factors (e.g., actual weather conditions and occupant 
behaviour), using estimated or simulated energy consumption data 
could affect the accuracy of the baseline WLCE results, leading to po-
tential inaccuracy in the programs and models developed. Some studies 
on building WLCE did not follow the official standards, and others did 
not cover a building’s whole life cycle stages [51–55]. For example, 
some studies classify the process of material transportation from the 
manufacturing factory to the site into the production stage [46,56], 
while others classify this process into the construction stage [48,55]. 
The embodied carbon emissions from fuel used by construction equip-
ment in the construction stage A5 and from demolition at the end-of-life 
stage C1 were ignored [50,55]. 

Overall, there is a lack of studies on WLCE for a large number of 
buildings of the same or similar types in the same area based on actual 
energy consumption and covering all the stages of the building life cycle, 
resulting in critical knowledge gaps around how variable WLCE can be 
for these buildings and what might be the key factors contributing to the 
variations. To fill this gap, this paper aims to, for the first time, explore 
the variations in WLCE for a large number of buildings of the same or 
similar types in the same area and investigate the factors that lead to the 
variations by (1) quantifying the WLCE of 145 residential properties in 
Cornwall, UK, that covers all stages of the building life cycle, following 
the methods in the BS EN 15987 standards [24] and The Royal 

Institution of Chartered Surveyors (RICS) professional statement 
“Whole-life carbon assessment for the built environment” [28], and (2) 
statistically analysing the correlations between WLCE results and a wide 
range of factors related to the buildings and their occupants. Potential 
carbon reduction strategies were also proposed based on the key factors 
that can noticeably affect the buildings’ WLCE. Our results can help 
various stakeholders, including designers, building owners, and poli-
cymakers, develop decarbonization strategies from a life cycle 
perspective when designing new buildings or retrofitting existing 
buildings. This study could also support future modelling research by 
providing a basis for investigating more factors relevant to carbon 
emissions that are related to occupant behaviour and building design. 

2. Materials and method 

To investigate the Whole Life Carbon Emissions (WLCE) of a signif-
icant number of buildings of similar types within the same geographic 
region, we conducted a case study in Cornwall, UK. An overview of our 
methodology is shown in Fig. 2. We first calculate the WLCE for each 
individual property and then analyse the correlations between the WLCE 
results and building attributes and occupant characteristics. To ensure a 
comprehensive analysis of the WLCE, this study follows a “cradle-to- 
grave” scope covering the Product stage (A), Use stage (B), and the End- 
of-Life stage (C) in the building life cycle (see Fig. 1). 

As shown in Fig. 2, in this study, the carbon emissions included 
within the Product stage (A), Use stage (B), and the End-of-Life stage (C) 
are from the following processes:  

• A1-3: Raw material extraction and refining (A1), transporting raw 
materials to the plant (A2), and processing the raw materials to make 
building materials (A3).  

• A4: The transportation of the materials from the factory gate to the 
construction site  

• A5: Energy use at the construction site  
• B4: Replacement of building materials  
• B6: Operational energy use for occupants live the life (energy use for 

heating)  
• C1: Energy use of demolition for waste materials at the site  
• C2, C4: Transportation of the waste materials to the landfill (C2) and 

the landfill for final disposal (C4) 

A survey was conducted to gather information about the character-
istics of the buildings and their occupants. This allowed us to explore 
how WLCE varies among a large number of buildings in the same area 
and identify the main factors that contribute to these variations [52]. 
Detailed descriptions of the case study, the WLCE calculation methods, 
the assumptions of each process, the scope of each emission factor used, 
and the method of correlation analysis were presented in the following 
subsections. 

2.1. Case study description and data collection 

We quantified the WLCE of 145 existing residential properties, 
consisting of 79 flats, 17 bungalows, and 49 houses. These properties are 
typical residential properties in the UK [57] and are described in detail 
in Table S1 in the supplementary materials. A detailed description of the 
case properties, including information on their age, construction type, 
and other information, is also available in the supplementary materials 
(see Table S5). These properties were selected as high-resolution data on 
electricity consumption and characteristics of the buildings and their 
occupants from the questionaries by survey, which are from Smartline, a 
six-year interdisciplinary research program [58–60]. The electricity 
consumption was recorded at a maximum frequency of every 3 min by 
sensors. A detailed description of sensors can be found in our previous 
publication [102]. The survey was conducted to gather information on 
various factors related to occupant characteristics and building 
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Fig. 2. An overview of the methodology in this paper, with the black frame rectangles showing the life cycle stages included and the dark grey filled rectangles 
showing the input parameters and data. 

Table 1 
The scope, parameter used, data sources and assumptions made in this study (according to the standard: BS EN 15978:2011[24], the RICS [28] methodology and the 
guideline from RIBA [18].).  

Life cycle stage Emission sources Carbon 
emission type 

Parameters used Data sources and assumptions made 

Product stage 
(A) 

Raw materials supply (A1); 
Transport of raw materials (A2); 
Manufacture of building 
materials (A3) 

Embodied Emission factors for production of materials (A1-3). 
Quantities of building materials. 

Collected from UK government emission factors  
[62] and ICE database [63].Estimated by a 
bottom-up method similar to other studies  
[64,65] and the Centre-line method [66] which 
were commonly used in industry. 

Construction 
stage (A) 

Transport of building materials 
(A4); Construction-installation 
process (A5) 

Embodied Quantities of building materials.Average transport 
distance across different construction site (A4). 
Emission factors for transport (A4).Energy use during 
construction installation process at site(A5).Emission 
factors for energy use at site(A5). 

The same as the Product stageAssumed transport 
scenarios for UK projects from the RICS 
methodology [28].Collected from UK government 
emission factors [62]Assumed based on the 
energy use at site scenario from the EPD [67]. 
Collected from UK government emission factors  
[62] 

Use stage (B) Replacement (B4) Embodied The life span of the building structure (B4). Assumed according to the RICS methodology  
[28,29]. 

Operational energy use(B6); Operational Operational electricity consumption.Emission factor 
for electricity consumption.Operational gas 
consumption.Emission factor for gas consumption. 

Measured by sensors.Assumed based on the 
scenario from the UK National Grid [68]. 
Estimated using the Energy Performance 
Certificates available from a UK government 
website [69].Collected from UK government 
emission factors [62]. 

End-of-life 
stage (C) 

Demolition, transportation and 
disposal of waste (C1,C2,C4) 

Embodied Quantities of building materials.Recycling rate of 
materials.Emission factor for waste treatment 
methods of different materials (C2,C4).Energy use 
duringDemolition at site(C1).Emission factors for 
demolition at site(C1). 

The same as the product stage.Assumed based on 
the scenario of materials recycling situation. 
Collected from EPD [70] and UK government 
emission factors [62].Assumed based on the 
scenario of the demolition for materials from EPD 
[71].Collected from the EPD[71].  
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attributes by Smartline researchers. Detailed responses to the survey 
questionnaire, including the number of each answer, are available in the 
supplementary materials (see Tables S2, S3, and S4). 

2.2. WLCE calculation method 

The carbon emissions in this paper represent the emissions of all 
relevant greenhouse gases measured in CO2 equivalents (CO2eq). A 60- 
year building lifetime (assumed to be from 2020 to 2080) is adopted in 
this study, following the BS EN 15978:2011 standard [24]. The calcu-
lation methods for carbon emissions from each process of each life cycle 
stage included in this paper were in accordance with the RICS profes-
sional statement “Whole-life carbon assessment for the built environ-
ment” [28] and the guideline “Embodied and whole-life carbon 
assessment for architects” by the Royal Institute of British Architects 
(RIBA) [18], which have been adjusted to meet our research aim. The 
RICS professional statement emphasised the practical implementation of 
European and international standards such as BS EN 15987:2011 and 
ISO 14044:2006 (Environmental management – life cycle assessment 
[61]), and outlines additional requirements for calculation and report-
ing. Table 1 shows the scope (“cradle to grave”), parameters used, data 
sources, and main assumptions made for each process of the life cycle 
stages. 

The equation for calculating WLCE in this study is based on a com-
bination of embodied and operational carbon emissions, as shown in 
Equation (1) [72]. This formula has been developed by Ekundayo et al. 
(2019) [72] and is consistent with the commonly used methods in the 
UK, including those from RIBA [18] and RICS [28]. This equation is 
aimed at establishing a standardised method for modelling life cycle 
carbon emissions, as suggested by previous researchers such as Mon-
caster and Symons [73] and Roger Flanagan and Carol Jewell [74], 
given the varied and occasionally confusing literature on the topic. 

Whole life carbon emissions (WLCE) = Embodied (ECO2)

+Operational(OCO2)
(1) 

In the following subsections of each life cycle stage A to C, we also 
provide a detailed description of the calculation methods used for each 
process of the life cycle stages of buildings included in this paper, 
compassing the calculation methods, the assumptions made, the data 
sources, and the scope of each emission factor. These methods are based 
on the guidelines from RIBA, the methodology from RICS, and the BS EN 
15978 standards. For modules A1 to A3, C1, and C4, project-specific 
scenarios were developed at the building level to calculate emissions, 
while for modules A4, A5, B4, and C2, the project’s location was also 
taken into account. To ensure accuracy, this study utilised environ-
mental performance declarations (EPDs and equivalents) for UK- 
manufactured construction products [70,75,76]. 

We created an inventory dataset that is available in the supplemen-
tary materials and contains input parameters for calculating the emis-
sions for each process of life cycle stages, such as the material quantities, 
the emission factors for materials of different processes to generate re-
sults of embodied emissions, and input data on energy use and emission 
factors (carbon intensity) of the national grid and natural gas to produce 
operational carbon emissions. 

For embodied carbon emissions, we also referred to the RICS 
guideline “Methodology to Calculate Embodied Carbon of Materials 
[29]“ from RICS. To calculate operational carbon emissions, we took a 
different approach than the one outlined in the guideline. Instead of 
estimating the energy use of a building’s entire lifespan using software 
or models like BREEAM energy models [64], we used the actual elec-
tricity consumption of 145 residential properties over a year to obtain a 
more accurate reflection of real-world energy usage. 

2.2.1. Product stage 
The emissions from the product stage were generated from raw 

material extraction and refining (i.e., primary manufacture) (A1), 
transporting raw materials to the plant (A2), and processing the raw 
materials to make building materials (i.e., secondary manufacture) (A3). 

The carbon emissions from the product stage of the building life cycle 
were computed by multiplying the quantities mi (kg) of different 
building materials used by their corresponding emission factors qman,i 

(kg CO2eq/kg) shown in Eq.2. 

Emissionsmanufacture =
∑n

i=1
(qman,i × mi) (2) 

Ten main materials, including steel, cement, mortar, concrete, brick, 
plaster, timber, insulation, glass, and unplasticized polyvinyl chloride 
(uPVC), were considered in this paper due to a lack of actual quantities 
of all building materials, following the guidelines of whole life carbon 
assessment for the built environment and the methodology of embodied 
carbon emissions of materials from RICS [29,77]. Based on the meth-
odology from RICS, building components, including the substructure 
(foundations), the superstructure (roof, external walls, windows and 
external doors, and internal walls and partitions), were considered in 
embodied carbon calculations in this study. 

The actual bill of quantities (BoQ) for building materials was not 
directly available for the properties in this study. Therefore, we followed 
a widely used bottom-up method to estimate the Materials Intensities 
(MIs) and quantities for the ten main construction materials for each 
property, with the following steps [64,65,74–76]: (1) Identifying the 
case study’s scope and boundaries; (2) Collecting information and data, 
such as the floor area, age, and type of case residential buildings, divided 
the case buildings into different categories by their characteristics and 
selected the represented building in the different category; (3) Devel-
oping a general model for calculating the building materials of all 
building components for each material for a single building; (4) 
Adapting the model from step 3 and the information from step 2 to 
determine the material quantities for the represented buildings in each 
category; (5) Calculating the MIs for each represented building and 
establishing the MIs database; and (6) Lastly, using the MI database and 
the spatial information (floor area) to estimate the quantiles of building 
materials for every building in different a category. 

Some assumptions had to be made during the above steps based on 
the type, age, and geometry of the case residential properties, in 
accordance with the methodology of embodied carbon emissions of 
materials from RICS [29]. The report “The housing stock of the United 
Kingdom” from the Building Research Establishment (BRE) [57] was 
used in step (2) to help collect information on the typical residential 
properties in the UK. The model used in step (3) for quantifying the MIs 
was the Centre-line method that was commonly used in industry for 
estimating the quantities of building materials [66]. It was also aligned 
with the assumptions of the building components in this paper, 
including the substructure (foundations) and the superstructure (roof, 
external walls, windows and external doors, and internal walls and 
partitions). More detailed information regarding the estimation of the 
BoQ for building materials is provided in the supplementary materials, 
including a discussion of the bottom-up approach used to develop the 
MIs database, the scope and assumptions made during the calculation 
process, a brief description of centre-line method, the completed table of 
centre-line method, the MIs database calculation results for ten mate-
rials (see Table S7), the average results of MIs of the ten materials (see 
Fig.S2), the summary of the MIs results and the comparison of the results 
with other studies (see Table S6), the results of the quantities of main 
building materials (see Fig. S3(a)), and the limitations of the method. 

The emission factors of the ten main materials processes A1-3 in 
stage A (see Table 2) were collected from the GHG emission conversion 
factors published by the UK government [62] and The Inventory of 
Carbon and Energy (ICE) [63], a database developed by the University of 
Bath. The emission factors from the ICE database were the average 
“cradle-to-gate” emission factors, covering the emissions from the pro-
cesses of raw material extraction, manufacturing, and transportation 
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until they leave the “gate” of the factory (see A1-3 in Fig. 1). The 
emission factors sourced from the UK government report are “scope 3” 
emission factors that include the emissions from extraction, primary 
processing, manufacturing, and transportation of primary materials up 
to the point of sale [62]. 

2.2.2. Construction stage 
Emissions from the construction stage include energy and fuel con-

sumption during the transportation of material from the factory gate to 
the construction site (A4), as well as all works during the construction- 
installation process such as remediation, clearance, demolition of 
existing structures, and ground improvement (A5) [29]. The calcula-
tions for the emissions from the transport of the building materials (A4) 
during the construction stage were computed by multiplying the trans-
port distances di (km) of the building materials from the production 
plant to the construction site, the quantities of building materials mi 
(tonnes) and the emission factor qtran,i (kg CO2eq/t-km) for transport 
shown in Eq.3. 

Emissionstransport =
∑n

i=1
qtran,i × (di × mi) (3) 

The chosen mode of transportation is assumed to be road-based, 
utilising heavy goods vehicles (HGVs) such as lorries [28,73,78], 
which are commonly used in the logistics and transportation industry for 
transporting goods, including construction materials over long dis-
tances. The emission factor used for HGVs is 0.11133 kg CO2eq/t-km, 
obtained from the UK government emission factors [62]. This is a “scope 
3″ emission factor that includes the upstream and downstream freight 
emissions associated with transporting goods. The average transport 
distance to and from the factory is assumed differently by the material’s 
original place based on the default transport scenarios for UK projects 
from the RICS [28]. We assumed that all the concrete materials were 
sourced and transported within the UK at a 50 km transport distance. 
The other building materials, such as plasterboard, brick, and insulation, 
were manufactured domestically with a 300 km transport distance. The 
energy used for the concrete pump during the construction-installation 
process (A5) was assumed to be 1 L/m3 of diesel based on the sce-
narios from the EPD [67] of C60 Ready-mix Concrete generated from 
BRE global based on the EN 15804 EPD Verification Scheme. The 
emission factor used for diesel is 2.59411 kg CO2eq/litres, obtained from 
the UK government emission factors [58]. This is a ”scope 1″ emission 
factor that covers the direct emissions resulting from the combustion of 
the diesel fuel [62]. 

2.2.3. Use stage 
Emissions from the use stage mainly result from operational energy 

use (B6) for household heating, lighting, ventilation, air conditioning, 
etc. Following the scope in the RICS guideline, the emissions related to 
the replacement (B4) and operational energy use (B6) during the 
building use stage were considered in this paper. There will also be 
additional carbon emissions arising from the other processes that were 
excluded in this paper, such as maintenance, repair, and refurbishment 

of building elements (B2, B3, B5), the use or application of the installed 
product e.g. refrigerants, paints, carpets (B1) and the water use (B7) 
[29]. 

The emissions arising from the replacement (B4) of the building 
component in the use stage were in line with building materials in stage 
A. It is assumed that the replacement of the building components is ‘like 
for like’ for consistency and is fully replaced. The lifespans of the 
different building components are assumed based on the RICS profes-
sional statement [28,29], which is 30 years for the roof, external doors, 
and windows. 

The operational carbon emissions from the use stage were computed 
by multiplying the yearly energy consumption Eyearly,j (kWh) with the 
corresponding emission factors qenergy,j (kg CO2eq/kWh) shown in Eq.4. 
In this paper, the lifespan was assumed to be 60 years from 2020 to 
2080. 

Emissionsoperation =
∑2080

j=2020
qenergy,j ×

(
Eyearly,j

)
(4) 

In this paper, to ensure a more robust analysis of energy use, we 
checked the survey information, which showed that 14 properties used 
electricity for heating (12 using grid electricity and 2 using solar 
photovoltaic (PV) systems), while 131 properties used natural gas for 
heating. Therefore, the annual electricity consumption is assumed to be 
the actual consumption measured by the sensors for each property over 
an entire year during 2018 and 2019 and to stay the same for other 
years. For properties using natural gas for heating, the annual gas con-
sumption used for heating is the estimated gas consumption for heating 
in the Energy Performance Certificates (EPCs) collected from a UK 
government website [69]. The discussion, analysis, and comparison of 
energy use between electricity and gas, as well as the energy use by 
different types of properties (see Table S9 and S10), are available in the 
supplementary materials. 

The carbon intensity (the level of carbon emitted for each unit of 
energy generated) of grid electricity is a key factor in determining the 
impacts of operational energy use. Renewable energy such as wind 
power and solar energy have much lower carbon intensity than fossil 
fuels [79]. In the UK, there has been significant progress in decarbon-
izing electricity supply, with the country being one of the global leaders 
among major economies. Between 2013 and 2020, the carbon intensity 
of grid electricity in the UK reduced by 66% [68]. To take into account 
future grid decarbonisation in estimating the emissions due to electricity 
consumption over the life of the buildings, we estimated the carbon 
intensity for electricity used every year from 2020 to 2080 based on the 
UK Future Energy Scenarios (FES) published by the National Grid in 
2021 [68]. This carbon intensity can be considered as “scope 2″ emis-
sions that cover the provision of electricity to the grid. Following the 
guidance in the RICS professional statement, we used a conservative 
scenario from the FES report called “Steady Progression”, where the 
emissions by 2050 will be reduced by around 73% compared with 1990 
levels. It is the slowest decarbonisation scenario, with minimal behav-
iour change and decarbonization in power but not heat. The carbon 
intensity of grid electricity under the “Steady Progression” scenario is 
available for the year 2020, 2030, and 2050 in the FES report and listed 
in Table 3, based on which the carbon intensity of grid electricity in 
every year from 2020 to 2080 was estimated. The details of the as-
sumptions and estimations for future carbon intensity in each year are 
available in the supplementary materials. 

Table 2 
Emission factors (A1-3) for the 10 main building materials from the UK gov-
ernment [62] and ICE database [63].  

Building materials Emission factors (kg CO2eq/kg) Source 

Steel  2.89 [63] 
Cement  0.74 [63] 
Mortar  0.182 [63] 
Concrete  0.131 [62] 
Brick  0.24 [62] 
Plasterboard  0.12 [62] 
Timber  0.41 [62] 
Insulation  1.86 [62] 
Glass  0.86 [62] 
uPVC  3.16 [63]  

Table 3 
Annual average carbon intensity (B6) of UK grid electricity in the “Steady Pro-
gression” scenario from the National Grid [68].  

Year Carbon intensity of UK grid electricity (kg CO2eq/kWh) 

2020  0.155 
2030  0.042 
2050  0.014  
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The carbon emission factor for natural gas used is 0.184 kg CO2eq/ 
kWh, taken from the UK government emission factors [62]. This is a 
“scope 1” emission factor, covering the direct emissions from the natural 
gas combusted. Based on the “Steady Progression” scenario, the annual 
natural gas use for each property is assumed to be constant over the 
building’s lifespan. 

2.2.4. End-of-life stage 
End-of-life emissions are those associated with energy use during 

building demolition (C1), transportation (C2), waste disposal process 
(C3), and landfill of waste (C4) [29]. Demolition (C1) includes all 
emissions associated with dismantling a building. Demolition is assumed 
to consume 0.01 kWh of grid electricity per kg of building materials 
[71]. The ’scope 2′ emission factor of grid electricity from the UK gov-
ernment emission factors [62] is used. It is assumed that all of the waste 
is collected and transported to the waste treatment centre and that all 
building materials, except those that can be recycled, are then taken to 
landfill for final disposal (C4). The only material assumed to be recycled 
is steel, with a 95% recycling rate [80]. 

Transportation (C2) distance to the landfill is assumed to be 50 km, 
and the transportation mode is assumed to be road by HGVs. C3 is 
directly linked to Module D, which is beyond the cradle-to-grave scope 
and was excluded in this paper. C3 represents the carbon cost to bring 
the materials to an ‘out-of-waste’ state, whereas D represents the po-
tential benefit. 

Embodied carbon emissions during the end-of-life stage were 
computed by multiplying the quantities of materials mi (kg) and emis-
sion factors qEoL,i (g CO2eq/kg), as shown in Eq.5 [73]. 

Emissionsend− of − life =
∑n

i=1
(qEoL,i × mi) (5) 

Table 4 shows a summary of the emission factors for the materials in 
stage C, including processes C2 and C4. We could not collect the emis-
sion factors of each process for all materials from one data source, as 
they are not directly available. The emission factor for steel was directly 
collected from an environment product declaration (EPD) [70 71] 
created by researchers using the software One Click EPD Generator in 
accordance with European and international standards, ISO14040/ 
14044 and professional LCA databases such as Ecoinvent. For other 
main materials that needed to be landfilled, the UK government emis-
sion factors [62] were used. These emission factors include “scope 3” 
emissions, which cover collection, transportation, and landfill emis-
sions. The emission factors for cement and mortar were not available 
from the ICE database, the UK government, or EPDs and were therefore 
assumed to be 1.26 g CO2eq/kg, the same as that of concrete. 

2.3. Correlation analysis between the factors and the WLCE 

To investigate the factors that might affect WLCE, we conducted data 
pre-processing, which included extracting and organising raw data and 
screening for potential key factors from a survey questionnaire. The raw 
data was obtained from the questionnaire of the survey, which collected 
information from occupants of case residential properties and sensor 
data supplied by Smartline project researchers. The original dataset used 
in this study, which contained 100 variables, was collected and organ-
ised from the raw data. 

After obtaining and organising the original dataset, we conducted a 
multi-step screening process to select the most useful variables for our 
analysis. Firstly, we removed over 30 variables that were least relevant 
to building carbon emissions or posed potential data ethics risks, such as 

gender, national identity, ethnicity, employment situation, IMD decile 
value [81], and property address. Next, we removed more than 40 
variables based on their direct relevance to whole-life carbon emissions, 
such as the presence of a kitchen or information about pets. Addition-
ally, we eliminated over 10 variables that only applied to a very small 
portion of the sample, such as whether an electricity smart metre is 
installed. 

After conducting a multi-step screening process, we selected 15 
preliminary factors for our study. These factors include floor area, 
number of bedrooms, property type, glazing type, loft insulation thick-
ness, roof insulation type, window frame materials, wall construction 
type, age of the main occupant, indoor hours per week, number of oc-
cupants, type of heating system, boiler control habits, whether to avoid 
heating to save money, and window opening habits. Detailed informa-
tion about these factors, including the range and frequency of each 
answer, is provided in the supplementary materials of this paper (see 
Table S2, S3, S4). 

To analyse the dataset, we categorised the 15 factors into two groups 
based on their nature, building-related and occupant-related. The fac-
tors and their data types were summarised in Table 5. Prior to analysis, 
we conducted a check for missing data and then removed the outliers, 
such as properties with an annual electricity consumption of<100 kWh 
or more than 10,000 kWh. To normalize the dataset, we employed the 
centring and scaling transformations [78] to improve the normality of 
the data for the input variables. 

We visualised the Pearson correlation coefficient (Pearson’s r) and 
pairwise correlation between all variables and WLCE using a correlation 
heatmap. The Pearson correlation coefficient can range from − 1 to 1, 
indicating the degree of correlation between variables. A significance 
level was set as 0.05 (P < 0.05) to determine the significance of the 
correlation. The relationship between continuous, discrete variables and 
WLCE was visualised on scatterplots with an overlaid linear regression 
line. The relationship between categorical variables and WLCE was 
presented by boxplots. These analyses and visualizations were con-
ducted using the Pandas packages [82], Scikit-learn packages [83], and 
Seaborn library [84] in the Python programme (Python version 3.9 
[85]). 

3. Results and discussion 

3.1. Building WLCE 

The WLCE and WLCE intensity (WLCE normalised by per square 
metre) for 145 case properties and the average value of different prop-
erty types are presented in this section (see Fig. 3). Fig. 3 (a) shows 

Table 4 
Emission factors (C2, C4) for end-of-life stage of main building materials.  

Building materials Steel Insulation Concrete Brick Plasterboard Timber Glass uPVC 

Emission factors (g CO2eq/kg)  4.81  1.26  1.26  1.26  71.95  828.12  8.99  8.99  

Table 5 
Groups of factors and their data types.  

Type of Data Building-related data Occupant-related data 

Continuous 
variable 

Floor area (m2); Age of main occupant; Indoor 
hours per week; 

Discrete 
variables 

Number of bedrooms; Number of occupants; 

Categorical 
variable 

Property type; Type of heating 
system; Glazing type; Loft 
insulation thickness; Roof 
insulation type; Window frame 
materials; Wall construction 
type 

Boiler control habit; Whether 
avoid heating to save money; 
Window opening habit;  
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WLCE results for each case study property and different life cycle stage, 
with the value of WLCE ascending from left to right. Fig. 3 (b) shows 
WLCE intensity results for each case study property and different life 
cycle stage, with the value of WLCE intensity ascending from left to 
right. Fig. 3 (c) presents WLCE results for the three property types on 
average for different life cycle stages. Fig. 3 (d) presents WLCE intensity 
results for the three property types on average for different life cycle 
stages. 

The WLCE of case study residential properties ranges from 21 to 193 
t CO2eq (see Fig. 3 (a)). The WLCE intensity of case study residential 
properties ranges from 0.5 to 2.6 t CO2eq/m2 (see Fig. 3 (b)). The 
average WLCE of the three property types are 67, 114, and 85 t CO2eq 
for flat, house, and bungalow, respectively (see Fig. 3 (c)). The average 
WLCE intensity for the three property types are 1.4, 1.5, and 1.9 t 
CO2eq/m2 for bungalow, flat, and house, respectively (see Fig. 3 (d)). On 
average, houses have a higher WLCE than flats and bungalows while 
bungalows, have a higher WLCE intensity than flats and houses. 

The analysis reveals significant variations among buildings in the 
same area, particularly for operational carbon emissions from the use 
stage. The share of operational carbon emissions in the WLCE of the case 
study buildings ranges from 19% to 86%, with the average share being 

71%. The details of the calculation results, including the values of the 
min, max, standard deviation, mean, 25%, and 75% for WLCE and WLCE 
intensity and emissions from each life cycle stage, are available in the 
supplementary materials. The embodied and operational emission re-
sults are also available in the document of supplementary materials (see 
Fig. 3, Table S8, Fig. S5, Table S11). 

These results suggest that even for similar types of buildings in the 
same area, i.e., residential properties in this paper, there are significant 
variations in their WLCE and WLCE intensity. This suggests that the 
WLCE of a limited number of individual buildings could not be gener-
alized to represent the WLCE of their building types, as this may result in 
significant inaccuracies. 

3.2. Correlation analysis 

The correlation analysis was conducted to explore the potential 
reasons that might explain the variations in the WLCE results of these 
buildings. The correlation heat map (see Fig. 4) shows the Pearson 
correlation coefficient (Pearson’s r) value and the pair correlation be-
tween the chosen factors and WLCE. The heatmap uses a colour scale to 
represent the correlation coefficients, where red indicates a positive 

Fig. 3. (a) WLCE results for each case study property and different life cycle stage, with the value of WLCE ascending from left to right; (b) WLCE intensity results for 
each case study property and different life cycle stage, with the value of WLCE intensity ascending from left to right. (c) WLCE results for the three property types on 
average for different life cycle stage; (d) WLCE intensity results for the three property types on average for different life cycle stage. 
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correlation and blue indicates a negative correlation. Asterisks indicate 
statistically significant correlations, with “significant at p < 0.05″, 
”significant at p < 0.01″, and “significant at p < 0.001″ denoting the 
levels of significance. Absolute values for the Pearson correlation coef-
ficient lower than 0.35 indicate a weak correlation, values higher than 
0.36 are considered moderate correlation [86]. 

The results show that the number of occupants and floor area are 
significantly correlated with WLCE. Other factors, including the number 
of bedrooms, type of property, window frame material, age of the main 
occupant, type of heating system, and type of glazing, are also correlated 
with WLCE with a descending strength of correlation. Factors with a P- 
value greater than 0.05 were considered statistically insignificant and 
will not be discussed further. 

Scatterplots with an overlaid regression line also show these corre-
lations in detail (see Fig. 5). It displays the relationship between various 
continuous and discrete variables and their impact on WLCE. The scat-
terplots show that the number of occupants, floor area, and number of 
bedrooms have a positive correlation with WLCE, while the age of the 
main person has a negative correlation with WLCE. The larger the floor 
area and the greater the number of bedrooms, the higher the WLCE of 
the residential properties (see Fig. 5(a),(b)). The more occupants and the 
younger the main occupant is, the higher the WLCE of the residential 
properties (Fig. 5 (c),(d)). The reason for this is that the larger the res-
idential property, the more building materials and energy are required, 
leading to a higher WLCE. More occupants and younger occupants are 
expected to lead to more indoor activities, which could consume more 
energy and increase operational carbon emissions. 

Boxplots show the correlation results of the categorical variables in 
detail (see Fig. 6). The boxplots provide a visual representation of the 
upper and lower quartiles, median, highest and lowest values, and 
outliers of the dataset for each category. Specifically, the boxplots show 
how the type of property, heating type, glazing type, window frame 
materials, and loft insulation thickness relate to WLCE. The polar lines 
represent the highest and lowest values, while the points represent the 
outliers that are determined using a method based on the interquartile 
range. This figure provides insights into how different categorical vari-
ables influence the WLCE of residential properties. 

The results show that the WLCE of properties that use natural gas for 
heating is significantly higher than that of properties that use electricity 

for heating (see Fig. 6(a)). The first reason is that while evaluating the 
WLCE, the decarbonization of grid electricity was considered under the 
National Grid “steady progression” scenario. In this scenario, the carbon 
intensity of grid electricity will decrease in the future with more 
renewable technology, but the carbon intensity of gas does not change. 
Therefore, properties that only use electricity for heating will have lower 
operational emissions than properties that use gas for heating. Further, 
about 80% of the properties that use electricity for heating are through 
air-source heat pumps (see input energy use in the inventory dataset in 
supplementary materials). Heat pumps are energy recovery systems that 
use electricity to transfer higher temperature heat from the external 
environment, such as the air to the heating and hot water circuits of a 
building [87]. Air source heat pumps have high energy efficiency [88] 
and therefore require lower energy, which leads to lower operational 
carbon emissions than using gas for heating. There are two properties 
that also use PV system among the properties that use electricity for 
heating (see input energy use in the inventory dataset in the supple-
mentary materials). The shares of the operational emissions in the WLCE 
for the properties with PV installed are lower than 50%, while those for 
all other properties are higher than 50% (the average value of all 
properties is 71%). This finding implies that properties that use 
renewable energy sources, such as solar PV, have a low operational 
emissions share but a high embodied emissions share of total WLCE. This 
highlights the need to pay more attention to embodied emissions in 
buildings with renewable energy sources, as they have a more signifi-
cant impact on the total WLCE. The key finding here is that electrifica-
tion of heating and the use of energy-efficient systems such as air-source 
heat pumps and renewable energy such as solar PV could be effective 
solutions for WLCE reduction. 

Another key area that determines WLCE is the building envelope, 
including windows. Windows consist of two basic elements, the glazing 
unit and frame, which have a major impact on the thermal performance 
of the window [89]. The relation between the window glazing type and 
window frame materials is shown in Fig. 6(b) and (c). In this study, 
properties that use double-glazed windows with low emissivity (low +
E) coatings have significantly lower WLCE than those that use single- 
glazed windows (see Fig. 6(b)). Double-glazed windows could effec-
tively reduce energy loss [90], while the Low + E coating is an invisible 
microscopic coating that could be applied to the glass in order to 

Fig. 4. Correlation heatmap between all 
factors considered and WLCE. Red 
colour represents a positive correlation 
and blue colour represents a negative 
correlation. The correlation was consid-
ered strong when the absolute value of 
the Pearson correlation coefficient 
(Pearson’s r) was greater than 0.6 and 
statistically significant (P < 0.05). The 
asterisks indicate significant correlation, 
with *, ** and *** representing P < 0.05, 
P < 0.01 and P < 0.001 respectively. 
(For interpretation of the references to 
colour in this figure legend, the reader is 
referred to the web version of this 
article.)   
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improve its thermal efficiency and insulation effect [91–93]. It provides 
a higher level of visible daylight transmission, retains the aesthetics and 
outside view, and will simultaneously reduce the solar radiation and 
heat load [94]. Therefore, properties with double-glazed windows have 
lower operational carbon emissions, resulting in lower WLCE. 

In terms of window frames, properties with wooden frames have a 
lower WLCE than those with the Unplasticized Polyvinyl Chloride 
(uPVC) frames (see Fig. 6(c)). Wood has long been used as a window 
frame material, but uPVC is currently the most popular material for 
frames in the UK thanks to its lower price [95,96]. The wood window 
frame has the lowest thermal conductivity of any other frame material 
and has high energy performance [97], which can reduce heat loss and 
therefore energy consumption [89,95], resulting in lower operational 
carbon emissions. The energy performance of uPVC windows strongly 
relies on airtightness [96]. In this study, the discussion on the impacts on 
WLCE of the windows is only moderate for the operational carbon 
emissions, not only because the main significant variation in WLCE re-
sults between the properties is the operational carbon emissions. The 
quantities of window frame materials were also not considered when 
calculating the embodied carbon emission, consequently, the results 
could not imply the impact on embodied carbon emissions. 

Fig. 6(d) presents the relationship between loft insulation thickness 

and WLCE. Good thermal insulation of the building envelope is an 
effective way to reduce residential properties’ WLCE. The thickness of 
loft insulation recommended by the UK Government is currently 270 
mm, but some new properties are increasing their level of loft insulation 
to greater than 270 mm [98,99]. In the case study, properties with loft 
insulation greater than 270 mm have a lower WLCE than those 
with<270 mm (see Fig. 6(d)). Although we lack data on detailed loft 
insulation material types, and the insulation materials used can have an 
effect because of many factors, such as the thermal resistance of different 
types of materials [100], our results still show that thicker insulation is 
likely to provide better insulation performance, leading to reduced en-
ergy consumption for heating [101] and lower operational emissions. 

In conclusion, building attributes (such as floor area, the number of 
bedrooms, glazing type, and window frame) and the characteristics of 
the occupants (such as the number of occupants and the age of the main 
occupant) both contributed to the significant variations in the WLCE of 
different residential properties in the same area in our case study. 
Energy-efficient building design and a low-carbon lifestyle for occupants 
are therefore two potential approaches to reducing building WLCE. 
Technically, promising building-related strategies include electrification 
of heating, using renewable energy systems, installing double-glazed 
windows with low emissivity (low + E) coatings, using wood as 

Fig. 5. Relation between continuous, discrete variables and WLCE. Scatter plots and the overlaid regression line. The colourful shade shows the confidence interval 
of the regression estimation is 95%. 
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window frame material, and enhancing building insulation. In terms of 
occupants, choosing properties with smaller floor areas and/or the 
number of bedrooms, when possible, can also reduce the WLCE. These 
results enable different stakeholders to better understand the charac-
teristics of WLCE of residential properties and implement carbon emis-
sion reduction strategies in a long-term and holistic way. 

3.3. Limitations and future work 

The limitations of this study are mainly related to data availability 
and the associated assumptions made. The gas use was obtained from 
EPC rather than from actual measurements, which may have affected 
the accuracy of the results. We included ten types of materials used in 
components of the building substructure (foundations) and superstruc-
ture (roof, external walls, windows and external doors, and internal 
walls and partitions). We used a simplified bottom-up method and 
Centre-line method and made some assumptions to estimate the quan-
tities of ten main building materials for a large number of residential 
properties based on the type, age, and geometry of residential properties 
from the survey data as the actual BoQ of each property was unavailable. 
Furthermore, only the embodied emissions from building materials were 

considered, not those from the energy systems. In the end-of-life stage, 
we assumed that 95% of steel is recycled, but all other materials are not. 
The life spans of buildings and building components were assumed 
following the RICS guideline, though they might differ from the actual 
life spans in practise. These simplified methods and assumptions could 
introduce uncertainties into the embodied carbon emissions of building 
materials calculated. 

For future work, actual gas use, either measured by sensors or 
recorded by occupants, and actual BoQ of building materials and energy 
systems can be used to improve the accuracy and completeness of the 
operational and embodied carbon emissions. Additional end-of-life 
scenarios aligned with circular economy principles also need to be 
considered. Future research could also collect more detailed data on a 
more comprehensive set of factors relating to building attributes and 
occupant characteristics and behaviours to explore other factors that can 
potentially affect the WLCE. 

4. Conclusion 

This paper quantified the WLCE of 145 residential properties in 
Cornwall that cover the three typical property types in the UK (flat, 

Fig. 6. Relation between categorical variables and WLCE. The boxplot shows the upper and lower quartiles and the medians of the dataset; the polar lines show the 
highest and lowest values, and all data points are visualised with “outliers” determined using a method that is a function of the interquartile range. 
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house, and bungalow). The results indicate that the WLCE varies 
significantly among these properties, ranging from 21 to 193 t CO2eq, 
with WLCE intensity ranging from 0.5 to 2.6 t CO2eq/m2. Operational 
carbon emissions are the most significant emission source for most 
properties, with their share in the WLCE being 71% on average. The 
analysis also revealed that the average WLCE for flat, house, and 
bungalow types were 67, 114, and 85 t CO2eq, respectively, with an 
average WLCE intensity of 1.4, 1.5, and 1.9 t CO2eq/m2. 

Our findings highlight the urgent need to recognise the significant 
variations in building WLCE, even for similar buildings in proximity. 
Therefore, the WLCE of a limited number of buildings might not accu-
rately represent the average WLCE of their building type. 

Furthermore, this paper also statistically analysed the factors that led 
to the significant variations in the WLCE of the residential properties 
considered. The key factors that might affect the WLCE of these prop-
erties were investigated based on an analysis of the correlation between 
the WLCE calculation results and a range of building-related and 
occupant-related factors using data collected through a survey. 

The results suggest that the number of occupants and the floor area 
have a strong positive correlation with WLCE. Other factors such as the 
number of bedrooms, type of property, window frame material, age of 
the main occupant, type of heating system, and type of glazing are also 
correlated with WLCE with a descending strength of correlation. 

These results suggest that building attributes and the characteristics 
of the occupants both contributed to the significant variations in WLCE 
of different properties in our case study. Energy-efficient building design 
and a low-carbon lifestyle for occupants are therefore two potential 
approaches to reducing building WLCE. Specifically, this study recom-
mends using electric heating instead of gas heating, choosing natural 
window frame materials such as wood, installing low + e glazing for 
windows, and improving property insulation. The information can 
support decision-making in sustainable building design from a life cycle 
perspective during the early stages of design or the retrofiting of existed 
buildings. 
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