
sustainability

Article

Carbon Footprints of Urban Residential Buildings:
A Household Survey-Based Approach

Xiaomei Yan 1,2,3, Shenghui Cui 1,3,*, Lilai Xu 1,3, Jianyi Lin 1,3 and Ghaffar Ali 1,3

1 Key Lab of Urban Environment and Health, Institute of Urban Environment, Chinese Academy of Sciences,
1799, Jimei Road, Xiamen 361021, China; xmyan@iue.ac.cn (X.Y.); llxu@iue.ac.cn (L.X.); jylin@iue.ac.cn (J.L.);
ghafar.gs@gmail.com (G.A.)

2 University of Chinese Academy of Sciences, Beijing 100049, China
3 Xiamen Key Lab of Urban Metabolism, Institute of Urban Environment, Chinese Academy of Sciences,

Xiamen 361021, China
* Correspondence: shcui@iue.ac.cn; Tel.: +86-0592-619-0777

Received: 28 February 2018; Accepted: 5 April 2018; Published: 10 April 2018
����������
�������

Abstract: With China’s rapid urbanization process, massive and extensive construction materials are
aggregated as stock in urban areas. Understanding the carbon footprints of residential buildings is
crucial for achieving the goal of low-carbon cities. In this study, to reveal the emission characteristics
of residential buildings regarding carbon footprint, stratified random sampling was developed,
and a face-to-face questionnaire was conducted, to obtain critical information on residential
buildings and the socio-economic status of 1092 families from 46 communities in Xiamen City,
China. The community buildings’ structures were identified, and carbon emissions from the
residential buildings were quantified based on analysis of the entire building life cycle. The building
life cycle can be divided into six stages: extraction and production; transportation; construction;
operation; demolition; and recycling. The household carbon footprints ranged from 0.37 tCO2/year
to 22.45 tCO2/year; the per capita carbon footprints ranged from 0.19 tCO2/year to 11.23 tCO2/year.
Overall, for the 46 surveyed communities, the average household and per capita carbon footprints
were 4.11 tCO2/year and 1.4 tCO2/year, respectively. The total carbon footprints of urban residential
buildings were 4.86 MtCO2/year. Analysis of the extraction and production stage revealed that steel
recycling could avoid almost 0.05 MtCO2/year. No significant correlations were found between
energy use awareness and energy use. The findings can be used by Chinese energy policymakers
to understand the views of various energy users, and to re-attune the efforts against these opinions
and interests. However, we consider this study a start and not an end to the importance of gauging
opinions on energy security from the population of energy users. Nonetheless, awareness campaigns
through print and electronic media could be another tool for life cycle emissions reduction in
building sector.

Keywords: carbon footprints; residential buildings; sustainable infrastructure; green growth;
low carbon policy

1. Introduction

China is playing an increasingly critical role in combating global climate change, generating the
largest share of carbon dioxide (CO2) emissions [1]. Furthermore, China proposed to achieve peak CO2

emissions by 2030, and to lower carbon emission intensity (CEI) by 60–65% by 2030, at the Paris Climate
Conference [2], which will result in GHG emission levels of roughly 12.8–14.3 GtCO2e in 2030, a 64–70%
reduction of emissions intensity below 2005 levels [3]. Chinese urban residents, who constitute 53% of
the Chinese population, produced 75% of the national household carbon footprints (HCFs) in 2012 [4],
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and future population growth is projected to be concentrated in cities [5]. HCFs are the greenhouse
gas emissions required to produce, distribute and dispose of all household consumption for one year,
including emissions resulting from all major economic sectors and services [6]. Housing is one of the
three most important contributors to the environmental impacts of household consumption, together
with food and mobility [7–9]. Buildings consume approximately 40% of the world’s energy resources,
accounting for approximately 36% of CO2 emissions within the European Union [10,11]. In China,
construction is the second largest source of energy-related carbon emissions [9,12]. Building construction
and operation consume considerable global resources and have been beset with well-documented
problems, especially impacts on the environment [10,13–15]. Accordingly, it has become imperative to
find effective means of further lowering carbon emissions throughout the life cycle of buildings [16].
With China’s rapid urbanization process, massive and extensive construction materials are aggregated
as housing stock in urban areas. Cities have become hot spots for consuming global energy and
generating global carbon emissions [17–19], and are therefore playing an increasingly important role
in implementing greenhouse gas (GHG) mitigation policies and actions [17,20–23]. Xiamen is one of
China’s low-carbon pilot cities, dedicated to exploring the way toward a low-carbon transition, and
buildings comprise one of the most important sectors needing attention [24].

Early research by Christopher Jones and Daniel M. Kammen, using U.S. national household survey
data, suggested a relationship between HCFs and population density. Some studies have looked
at the environmental impacts related to building energy usage [9,12,25–30], while other researchers
have focused on energy-saving awareness and behaviors of apartment residents [12,31,32]. Still other
researchers have quantified the environmental impacts of a single office building or dwelling throughout
its life cycle [14,33], and one study analyzed the life cycle energy for residential buildings [13].
Several life cycle assessment (LCA) studies have been conducted to evaluate the emissions attributable to
buildings [28,34]. The LCA methodology provides an account of resource use as well as environmental
impacts [8,14]. Information at the national, county, city or even household level collectively allows
policymakers to pronounce various mitigation or adaptation action plans; bottom-up information
is deemed necessary for analyzing carbon footprints. However, earlier studies have been limited to
analyzing a relatively small sample size, or lack of the combination with building carbon footprints and
household socio-economic attributes, as well as energy-saving awareness, using LCA methodology.

Therefore, the goals of this study were to (1) create an inventory of the carbon footprints of urban
residential buildings; (2) define the characteristics of households as they relate to the carbon footprints
of residential buildings; and (3) investigate the relationships among energy use, residents’ energy-use
awareness, and household carbon footprints. To achieve these goals, we conducted a household survey
and calculated the carbon footprints of residential buildings using LCA methodology. Furthermore,
we illustrated six categories associated with different socio-economic factors, and used correlation
analysis to identify the relationship between energy-use awareness and household energy use.

2. Materials and Methods

This study comprises four steps: (1) designing, distributing, and conducting a face-to-face
questionnaire survey; (2) data processing and analysis of the survey data, including normalizing
the values and taking secondary data for comparison and calculation; (3) defining the system boundary
and accounting methodology for building life cycle; (4) analyzing the carbon footprints at different
levels, and carbon footprints with household socio-economic attributes and energy-saving awareness,
as shown in Figure 1. For analysis, we used ArcGIS 10.0 software to draw the simple sites and the
distribution of household carbon footprints at community level (Figure 2); Microsoft Excel 2016 to plot
the carbon emissions of buildings’ different stages; and e!Sankey 3.0 software to plot the carbon flows
and material flows across the stages of building life cycle; and SPSS 22.0 to analyzing the Spearman’s
rho correlations of energy-saving awareness. The carbon footprints excluding the operational stage
were calculated by the emission factor, which was in per unit area of apartments. This increased the
risk of the inaccuracy of embodied emissions of the buildings’ life cycle.
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Figure 1. Methodological framework to estimate carbon footprints of buildings’ life cycle stages.
CF: carbon footprint.

Figure 2. Study area and sampling.
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2.1. Study Area

Xiamen is a municipality and a major city situated on the southeast coast of China (118◦04′04′′ E
by 24◦26′46′′ N), with an area of 1699.39 km2 [35]. In 2015, the urbanization level of Xiamen City was
89%, and the built-up area and household area of Xiamen were 317.10 km2 and 85.62 km2, respectively.
The residential population expanded to 3.86 million in 2015, up from 2.23 million in 2005, with 2.73 people
per household [36,37], and the per capita apartment area of Xiamen was 28.43 square meters (m2) in
2015, up from 21.36 m2 in 2005 [36,37]. Rapid economic growth and urbanization have resulted in
rising energy consumption in Xiamen City, and its total energy consumption reached 10.7696 million
tce (tons of coal equivalents) in 2010, with an energy consumption intensity of 0.569 tce/104 yuan [38].
In the past four years, almost 95,574 residential apartments have been built in Xiamen City.

2.2. Survey Design and Data Collection

A questionnaire was developed through the “alternatives, discussion modification, pre-survey,
feedback adjustment” chain of processes. Given the heterogeneous spatial demographics of households
and residential communities, we applied the stratified random sampling method to select 46 communities
to obtain the necessary information on residential buildings and the socio-economic status of
1150 households. This method takes into account the spatial distribution characteristics of the object,
and its principle is to balance the cost of sampling with the desired sampling precision, depending on
study objectives and spatial variation [39,40]. The questionnaire consisted of three components: necessary
information on buildings, household energy consumption and energy-saving awareness of residents.
Additionally, face-to-face questionnaire surveys were conducted in October 2015. After screening
1150 face-to-face questionnaires, 1092 were identified to be valid for analysis.

We collected primary data from the surveys and secondary data from the literature. Data on
the population and the per capita housing area of Xiamen City were taken from the Yearbook of the
Xiamen Special Economic Zone (2016).

2.3. Calculation Methodology

A building life cycle can be divided into six stages: material extraction and production, transportation,
construction, operation, demolition, and recycling [27,41]. The accounting methodology for residential
buildings [24,41], and the Intergovernmental Panel on Climate Change (IPCC) guidelines were followed, in
order to quantify the carbon footprints of urban residential buildings in Xiamen City. Only urban residential
buildings were considered in this study. In the surveyed households, the percentages of buildings
constructed of wood, wood-brick, masonry-concrete, and steel-concrete were 0.18%, 2.93%, 42.22%, and
54.67%, respectively (Figure S1), and the number of residential buildings for each of these types of structure
were 2, 32, 461, and 597, respectively. We calculated only brick-concrete- and steel-concrete-structure
buildings, including 1058 apartments, in Xiamen. In the study, housing was considered to be a durable
consumable good with a lifespan of fifty years, as this is the maximum service life of residential housing
regulated by the Ministry of Housing and Urban-Rural Development, People’s Republic of China [42].

2.3.1. Carbon Footprints from the Building Operational Stage

The carbon footprint from the building’s operational stage includes energy used (electricity and
fuel) within the household for appliances and household activities, including cooking, lighting, heating,
etc., and using various household appliances.

Because the electricity used in Xiamen City is not generated locally (the main source is electricity
transferred from Fujian Province), this study used the average carbon emission factor of Fujian Province
from 2010–2014; the specific data are shown in Table S2. The GHG emissions accounting of household
electricity use can be determined by the following formula:

EE = Ce × Ie, (1)
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Ie = (∑ GHGn/Cn)/n, (2)

where EE is the GHG emissions from residential electricity per month; Ce is the amount of household
electricity consumption per month; Ie is the emission factor of electricity, 0.6623 KgCO2/KWh; GHGn is
the total carbon emissions from power generation in Fujian Province in year n, tCO2e; and Cn is the
total grid generating capacity of Fujian Province in year n.

The GHG emissions from fuel consumption were calculated using the following formula:

EF = ∑ACi × NCVi × CCi × Oi × 44/12, (3)

where EF is the GHG emissions from residential natural gas consumption per month; ACi is the amount
of residential consumption in component i per month; NCVi is the average low calorific value for fuel I,
MJ/t, km3; CCi is the carbon content of fuel i, tc/TJ; Oi is the oxidation rate of fuel i, (see Table S3);
and 44/12 is the molecular weight ratio CO2/C.

2.3.2. Carbon Footprints Excluding the Operational Stage

Carbon footprints of residential buildings from the stage of material extraction and production,
transportation, construction, demolition, and recycling, excluding the operational stage, can be
calculated as follows:

CFi = Ai × EFi × T−1, (4)

where CFi is the carbon footprint of the building structure i; Ai is the housing area of building
structure i; EFi is the emissions factor of the building structure i (details in Table 1); and T is the lifespan
of the buildings; we assumed the building life to be 50 years.

Table 1. Carbon emissions per unit area of apartments in life cycle stages.

Steel-Concrete Structure Masonry-Concrete Structure

Extraction and production stage 0.6734 0.3221
Materials transportation stage 0.0045 0.0033

Construction stage 0.0337 0.0161
Demolition stage 0.0303 0.0145

Recycle stage −0.0319 −0.0068

Note: Factors refer to Li’s study [41]. Unit: tCO2/m2.

3. Results

3.1. Household Distribution of Carbon Footprints

Figure 3 shows, on the left-hand side (a), the carbon footprint distribution of 1058 households in
46 communities of Xiamen City, and on the right-hand side (b), the per capita carbon footprints of the
households and the household size. The carbon footprints of the surveyed 1058 households ranged
from 0.37 tCO2/year to 22.45 tCO2/year, and 90% of the households ranged from 1.65 tCO2/year to
7.37 tCO2/year with per capita HCFs from 0.25 tCO2/year to 6.47 tCO2/year. The per capita carbon
footprints ranged from 0.19 tCO2/year to 11.23 tCO2/year, and these show a different trend from the
households’ carbon footprints because of the variations in household size (inset, Figure 3b). The mean
value (4.11 tCO2/year) of HCFs was higher than the median value (3.74 tCO2/year), indicating that
the number of households whose carbon footprint was below the average was greater than the number
of households whose carbon footprint was above the average (Figure 3a). We broke down the HCFs to
per capita emissions and per unit building area emissions. As shown in Figure 4, range of per capita
HCFs of this study was within the world range, and the per unit buildings area emission was in the
reasonable range. Compared with previous studies, we argue the range of HCFs is valid. Since the
socio-economic attributes of 1058 household were entirely different among the surveyed households.
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Figure 3. (a) Household carbon footprints of urban residential buildings; (b) Per capita carbon
footprints of urban residential buildings.

Figure 4. (a) Comparison by per capita CO2 emissions; (b) Comparison by per unit building area CO2

emissions. Further detail can be found in Tables S4 and S5.

Among the ranked households, the household size (i.e., the number of household members)
was distributed evenly and is shown above the graph, on the right-hand side of Figure 3b. We can
see that three was the most common household size, followed by two and then four; there were
50 households of persons who lived alone, and 127 households consisted of more than four people.
Overall, for the surveyed households, the largest CO2 emissions came from the operational stage,
followed by the pre-operational stage, where extraction and production stages presented about 23.88%
of HCFs, as shown in Figure S2. Meanwhile, the comparison of households ranked first five percent and
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last five percent shows that bigger household size and apartment area trigger larger carbon footprints,
and the difference between households ranked first five percent and last five percent mainly sourced
from the operational stage, details can be found in Figure S3. Obviously, the trends of the different
stages, and the total emissions of all stages, varied, because of the socio-economic attributes varying
among households, such as apartment structure, apartment area, and apartment type. We analyzed
HCFs with different the socio-economic attributes in Section 3.3.

3.2. Urban Residential Building Carbon Footprints at the Community Level

At the community level, taking the average household and per capita carbon footprints of the
surveyed households as the carbon footprints of the communities, the 46 surveyed communities
were categorized into low-, medium-, and high-HCF communities (Figure 5). Among the high-HCFs
communities, the per capita HCFs differed in obvious ways, while among the medium- and low-HCF
communities, the per capita HCFs were almost uniform. Overall, for the 46 surveyed communities,
the average carbon footprints of each household and the per capita footprints were 4.11 t/year
and 1.4 t/year, respectively. Comparatively, the lowest-HCFs community was Xiayang, generating
1.8 t/year, and the highest-HCF community was Yecuo, generating 6.43 t/year. The average per
capita carbon footprints of the communities ranged from 0.92 t/year (Ridong) to 2.24 t/year (Wuxing),
further detail of communities can be found in Table S6. Overall, high-HCF communities were in
the newer built-up areas, and low-HCF communities were in older built-up areas. The communities
situated outside Xiamen Island occupy the higher end of the HCF spectrum, whereas the majority of
the communities on Xiamen Island have a lower average HCF. Since older built-up areas, especially in
Xiamen Island, were comprised mainly of old infrastructure, and style and size of residential buildings
are comparatively older and smaller. We analyzed the relationship between HCFs and household
socio-economic attributes, such as the age and area of apartments, in Section 3.3.

Figure 5. (a) The distribution of household carbon footprints of urban residential buildings at the
community level; (b) Household carbon footprints and per capita carbon footprints of urban residential
buildings at the community level.
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3.3. Carbon Footprints of Urban Residential Buildings with Different Socio-Economic Attributes

As shown in Figure 6, HCFs varied among households with different socio-economic attributes.
The bigger the household size, the smaller its per capita carbon footprint. The equations in Figure 6b
portray the trend of the relationship between per capita CF and household size, and equation y1

tends to show a higher per capita CF when the household members number more than five. Since
there are very few data points on household size larger than six, we argue that the per capita carbon
footprints have a negative relationship with household size. The HCFs of apartments lived in by two-,
three- and a four-person are similar. Apartments lived in by two to four people usually have similar
function/structure or area; the average area of two-, three- and a four-person apartment is 95 m2, 90 m2,
98 m2, respectively. HCFs have obvious positive relationships with household income level, while the
per capita CFs show little difference among five income levels, because of larger household size higher
income. Apartment area strongly affects both the household and the per capita carbon footprints:
the larger apartments generate larger household carbon footprints, as shown in Figure 6a,c. The HCFs
and per capita CFs differ regarding the apartments’ age, among the apartments built in the year of
1980–2010, the newer built apartments emitted more HCFs. Additionally, apartments built in the years
2001–2010 generating higher household and per capita CFs than either older or newer apartments.

Figure 6. (a) The carbon footprints of urban residential buildings with different socio-economic
attributes; (b) The relationship of per capita carbon footprints and household size; (c) The relationship
of household carbon footprints and the apartment area.

Interestingly, the apartments built after 2010 emitted lower HCFs, which could be explained
by the fact that because of the rapid increasing housing price, people are less likely to afford big
apartment than before. In Xiamen City, more apartments are constructed of steel-concrete than of
masonry-concrete. Apartments with steel-concrete structures generate larger carbon footprints than
apartments with masonry-concrete structures. Since these two structure apartments required different
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materials, and the emissions from these different materials differed in their life cycles, especially in
the operational and the extraction and production stages. Steel-concrete structure buildings need
heavier materials, including steel, cement, and stone, which caused more CFs in the extraction and
production stage and the transportation stage. The area of steel structure apartments is bigger overall,
while per capita and per unit area of the operational CF of steel structure were lower comparatively
(see Table S7). It is obvious that owner-built apartments generate larger carbon footprints than any of
the other apartment types; this is because the area of apartments built by owner are largest among all
types. These are followed by owner-occupied apartments, and there are many more of this type of
apartment than of any other type; rented apartments generate the smallest carbon footprints.

3.4. Total Urban Residential Building Carbon Footprints in Xiamen City

We scaled up the average HCFs of the surveyed households to the city level based on the number
of urban households and the per capita apartment area of urban residents. The total amount of building
materials, the household energy use, and the carbon footprints of urban residential buildings were
then calculated. Analysis revealed that the total carbon footprints of urban residential buildings were
4.86 MtCO2/year, mainly from the operational stage (75%) and the extraction and production stage
(24%). The household energy use of buildings during the operational stage was 0.835 million tons of
coal equivalent (Mtce/year), which included LPG (14%), natural gas (11%), coal (1%), and electricity
(74%), as shown in Figure 7. Aggregate construction materials included cement, steel, sand, stones,
wood, bricks, and glass, totaling about 214.5 Mt/year, and the materials generate more emissions
in the pre-operational stage than in the post-operational stage. Furthermore, the transportation of
materials in the pre-operational stage generates few emissions, because of the short distance that
heavy materials are usually transported. Analysis revealed that steel recycling could reduce CO2

emissions from the extraction and production stage by almost 0.05Mt/year. In the post-operational
stage, the total emissions were zero, because the amount of emissions reduced by recycling was equal
to the amount of emissions produced by demolition, while the amount of the recycled materials was
quite lower than materials sent to landfill. HCFs are mainly from the operational stage, and a lower
amount of HCFs are from the post-operational stage. In fact, when it was considered at a city level,
the amount of HCFs reduced by recycling of materials was significant.

Figure 7. Total urban residential building carbon footprints in Xiamen City.
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3.5. Energy Awareness

In this study, we analyzed energy-saving awareness, carbon footprints, and energy use, by using
Spearman’s rho correlations. The detail of the energy-saving awareness can be found in Table S1.
As shown in Figure 8, residents have high energy-saving awareness. Results revealed that residents
have high willingness to support governmental initiatives, and they valued energy conservation when
there were preferential policies rewarding it. Residents were also willing to encourage family and
friends to save energy, but this willingness did not score as high as their support of governmental
initiatives. Conclusively, energy-saving products were not noticed widely and valued highly when
compared with other types of energy-saving awareness.

Figure 8. Household carbon footprints and energy-saving awareness.

We found no significant correlation between energy-saving awareness and carbon footprints, or
between energy use awareness and energy use, while carbon footprint and energy use showed a high
correlation (Table 2). Significant correlations existed among the six types of energy-saving awareness.
Residents valued energy-saving, and it had more correlations with others types of energy-saving
awareness. The correlations between the willingness to support governments’ policy and the value of
saving energy were comparatively high. This means that if the government introduces relevant energy
conservation policies and preferential policies, residents will be very willing to save energy, which will
be very effective in reducing HCFs.

Although residents demonstrated high energy-saving awareness and high willingness to support
governmental initiatives, there was a gap between awareness and behavior. Previous studies
have suggested that residents’ behavior is a critical factor contributing to energy consumption in
buildings [43], and low-carbon behavior has the greatest impact on household carbon emissions [12],
implying that the government could affect carbon footprints via environmental laws and regulations,
and by encouraging people to save energy. Most importantly, energy-saving products represent the
connection between residents’ energy-saving awareness and energy-saving policies. If the government
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increases the preferential rate of energy-saving products and promotes it, residents will be very willing
to respond. If these measures are effectively conducted, they will shrink the gap between awareness
and behavior. Since, for the most part, residents seemed to feel that energy conservation is due not
only to laws and regulations but also to the consciousness and practice of residents.

Table 2. Spearman’s rho Correlations of energy-saving awareness.

ESP ECE SGI EUV SESM ELR CF EU

ESP 1.000 0.497 ** 0.397 ** 0.457 ** 0.032 0.051 0.020 0.038 Energy-saving products

ECE 0.497 ** 1.000 0.476 ** 0.442 ** 0.015 0.015 0.028 0.042
Energy conservation

encouragement

SGI 0.397 ** 0.476 ** 1.000 0.659 ** 0.012 0.006 −0.013 0.007
Support to

government’s initiative

EUV 0.457 ** 0.442 ** 0.659 ** 1.000 −0.016 −0.007 −0.010 0.004 Energy use value

SESM 0.032 0.015 0.012 −0.016 1.000 0.238 ** −0.031 −0.033
Saving energy is

saving money

ELR 0.051 0.015 0.006 −0.007 0.238 ** 1.000 −0.035 −0.030
Environmental laws &

regulations

CF 0.020 0.028 −0.013 −0.010 −0.031 −0.035 1.000 0.946 ** Carbon footprints
EU 0.038 0.042 0.007 0.004 −0.033 −0.030 0.946 ** 1.000 Energy use

** Correlation is significant at the 0.01 level (2-tailed).

4. Discussion

As observed in the above section, about 75% of the urban residential buildings’ carbon footprints
were from the operational stage, where energy was consumed in lighting, cooking, heating, and so
on. Previous studies have suggested that lowering energy consumption is the critical step in reducing
carbon emissions from buildings, along with minimizing the dependence on fossil energy resources
to supply the energy demand of the building stock [28,44,45]. An important finding of this study is
that approximately 75% of the carbon footprints were from the operational stage, in which 0.835 Mtce
energy was consumed annually. Therefore, this stage is the one with the most potential for emissions
reduction. Interestingly, steel-concrete structure apartments emit more operational HCFs, while per
capita and per unit area of the operational HCFs were lower compared to the masonry-concrete
structure. In addition, building design and retrofitting, and the demolition and recycling stages of the
building life cycle, should also be optimized for minimizing the energy use and carbon footprints in
buildings [45], since the energy embodied in building materials is also significant [28,29].

The findings can be used by Chinese energy policymakers to understand the views of various
energy users, and to re-attune the efforts against these opinions and interests. However, we consider
this study a start and not an end to the importance of gauging opinions on energy security from the
population of energy users, and we have pointed to the need to conduct a larger and more rigorous
opinion survey to investigate some further questions. Further studies would be useful: for example,
building a model that estimates the per capita demand and environmental impacts, considering the
relevant household characteristics, to predict the future demand and environmental impacts of a
new housing area, thereby building a benchmark for policymaker decisions, especially for carbon
mitigation. Also, building sustainable energy systems for residential energy usage, including both rural
and urban residences, and both single-family homes and apartments could provide a helpful pathway
to realizing a transition to energy conservation. Such a project would need to include developing an
inventory of China’s major cities and defining the energy-related characteristics for each. We found
that the per capita floor area for apartment residents is one of the key elements influencing building
carbon footprints, and for Xiamen City, this area is obviously relatively lower than for most the other
major cities in China, except for Shanghai, as we illustrate in Figure S4.



Sustainability 2018, 10, 1131 12 of 14

5. Conclusions

In this study, life cycle assessment method was used to estimate the carbon footprints of
urban residential buildings in Xiamen City. With a growing population and a rise in economic
activities, Xiamen City is expanding as never before. It was found that the bigger the household
size and apartment area, the higher the carbon footprints. Owner-built apartments, with the largest
area among apartment types, generated more carbon footprints than any other apartment type.
Apartments constructed with steel-concrete generated more carbon footprints than those constructed
with masonry-concrete in overall lifespan while its per unit area of carbon footprints during the
operational stage was lower than masonry-concrete structure. The operational stage was found to
generate 75% of an urban residential building’s carbon footprint, and during this stage, electricity
represented 74% of the mass-energy use. Household electricity consumption is usually for household
appliances such as television, refrigerator and heater.

According to the results, most residents had high energy-saving awareness during the operational
stage of a building’s life cycle, but a vast gap exists between energy use awareness and energy use,
i.e., knowledge versus practice. People are well aware of energy-saving tactics and benefits; however,
they have not adjusted their daily activities as per their awareness. Energy-saving products (e.g.,
household appliances) are gap bridges between governments’ encouragement strategies and residents’
low-carbon practice. Local policymakers should pay more attention to carbon reduction of owner-built
buildings, which are common in the relatively newer communities. These areas are attracting people to
reside in, and new buildings are being built there. Measures controlling the apartment area according
to the household size are one way to reduce carbon emissions in residential buildings. Moreover,
recycling of steel could reduce HCFs in the post-operational stage. Government stakeholders should
pay more attention to the recycling of material, especially in the steel-concrete-structure buildings,
and household energy consumption. Awareness campaigns through print and electronic media
could be another tool for life cycle emissions reduction in building sector. For any desired future,
reliable political targets and regulations will be important to permit optimal investment decisions
when technologies are implemented and scaled up. The findings can be used by Chinese energy
policymakers to understand the views of various energy users, and to re-attune the efforts against
these opinions and interests. However, we consider this study a start and not an end to the importance
of gauging opinions on energy security from the population of energy users, and we have pointed to
the need to conduct a larger and more rigorous opinion survey to investigate some further questions.
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other case studies, Table S6: Community ID, Table S7: Operational CF of steel- and masonry-concrete structure,
Figure S1: Urban residential building structure types in Xiamen City, Figure S2: Percentage carbon footprint
distribution of six stages, Figure S3: (a) The socio-economic attributes of households ranked first 5% and last
5%; (b) Per household and per capita carbon footprints of households ranked first 5% and last 5%, Figure S4:
Per capita apartment areas for major cities in China.
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