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Abstract

The decarbonization of the building sector is a critical challenge for achieving Japan’s
net-zero targets. However, comprehensive assessments comparing residential construction
methods and building heights at the national scale remain limited. This study applies
Environmentally Extended Input–Output Analysis (EEIOA) to evaluate the embodied
CO2 emissions associated with four distinct residential construction methods. The results
reveal that, when accounting for carbon storage, the net CO2 emissions per unit of floor
area were significantly lower for wooden houses (195 kg-CO2/m2) compared to steel-
reinforced concrete (1109 kg-CO2/m2), reinforced concrete (857 kg-CO2/m2), and steel-
framed houses (803 kg-CO2/m2). A further analysis based on building height indicates
a structural divergence: while wooden houses account for the majority of emissions in
one- to three-story buildings due to their high market share, reinforced concrete houses
dominate emissions in four- to nine-story buildings driven by their high carbon intensity.
These findings suggest that promoting timber construction, particularly in taller buildings,
is a vital strategy for climate change mitigation. Consequently, policy support focusing
on technological advancement, cost reduction, and consumer awareness is essential to
accelerate the adoption of wooden architecture.

Keywords: input–output analysis; carbon footprint; residential buildings; construction
methods; energy-related CO2 emissions; Japan

1. Introduction
Climate change is a major issue for human society, with many governments setting

goals of achieving net-zero CO2 emissions by 2050 [1]. In Japan, the building sector accounts
for approximately 30% of energy consumption, and measures are urgently needed for this
sector [2]. In recent years, efforts made during construction have become increasingly
important in terms of the environmental impact of buildings [3,4].

The use of wood in buildings has been implemented in Japan as a strategy for mitigat-
ing climate change. The Act on the Promotion of Wood Use in Public Buildings, enacted
in 2010, was revised in 2021 to the Act on the Promotion of Wood Use in Buildings for
Contributing to the Realization of a Carbon-Free Society, emphasizing the importance
of wood in public buildings and in all types of buildings [5]. In 2023, Japan initiated
820,000 new housing projects, with 450,000 (55%) and 370,000 (45%) of the houses being
wooden and non-wooden, respectively [6]. Wooden houses are more common in detached
houses and small apartments, whereas non-wooden houses are more common in large
apartments and condominiums, depending on the number of floors and building size. To
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promote the abovementioned policies as measures against climate change, quantifying the
environmental impact of buildings, specifically the differences in construction methods
and the number of floors, is crucial.

However, despite the growing body of literature on the environmental impacts of
residential buildings, several important gaps remain. First, national-scale analyses based
on input–output analysis have either relied on outdated data or focused on a single con-
struction method, particularly wooden houses, limiting comparisons across different con-
struction types. Second, while the influence of building height on embodied CO2 emissions
has been examined mainly using process-based approaches, it has rarely been analyzed
within a consistent environmentally extended input–output framework, especially in the
Japanese context, where mid- and high-rise wooden construction is increasingly promoted.
To address these gaps, this study aims to quantify CO2 emissions associated with housing
construction across different construction methods and to examine how variations in con-
struction methods and building height influence embodied CO2 emissions using a unified
environmentally extended input–output approach.

This paper begins by first reviewing the relevant literature to position the present
study within existing research on embodied carbon in residential buildings (Section 2).
Section 3 describes the analytical framework and methodology, followed by Section 4,
which details the data sources and assumptions employed in the analysis. The results are
presented in Section 5. Section 6 discusses the implications of the findings, addresses the
study’s limitations, and outlines directions for future research. Finally, Section 7 concludes
the paper by summarizing the main findings and policy implications.

2. Literature Review
Process-based Life Cycle Analysis (LCA) and Environmentally Extended Input–

Output Analysis (EEIOA) have commonly been used to examine the environmental impact
of housing throughout its life cycle [7,8].

2.1. Previous Studies Using Process-Based LCA

Process-based LCA quantifies the environmental impacts of products and processes
throughout their life cycles, from cradle to grave [4]. This bottom-up approach allows for a
detailed assessment of the material and energy balances at each process stage. Moreover, it
is widely used in environmental impact assessments of energy, buildings, transportation,
material footprints, and infrastructure [9,10]. Studies employing process-based LCA have
also focused on wooden houses [11–16]. For instance, Monahan and Powell (2011) reported
that the embodied carbon of a low-energy timber-frame house in the UK was approximately
405 kg-CO2/m2, which was 34% lower than that of a traditional masonry home [14].
Similarly, Petrovic et al. (2019) conducted a process-based LCA of a one-story wooden
house located in Sweden; the CO2 emissions per floor area were 566.7 kg-CO2/m2 [16].
These studies illustrate how results can vary depending on regional characteristics and
building specifications.

Studies have used process-based LCA to analyze wood in buildings [17–23]. For
example, Upton et al. (2008) demonstrated that substituting wood for concrete or steel
in residential construction could reduce net greenhouse gas emissions by 20–50% over a
100-year period [17]. In the Japanese context, Nakano et al. (2024) conducted a process-
based LCA of structural wood production in Japan [23]. They found that the CO2 emissions
of wood were 79.9 kg-CO2/m3, while its carbon storage effect was −291 kg-CO2/m3.
This highlighted the importance of long-term wood use in mitigating global warming.
However, it is important to note that process-based LCA has the disadvantage of including
truncation errors depending on the system boundary definition [8,9,24]. Additionally,
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since system boundaries are defined subjectively in each study, comparisons across studies
are difficult [25].

To address system boundary issues, hybrid LCA, which combines process-based LCA
with input–output analysis, can be used [8,9,24]. Several studies have applied hybrid LCA
to analyze wooden houses [9,26,27]. Gerilla et al. (2007) used hybrid LCA to evaluate the
environmental impact of Japanese wooden houses and steel-reinforced concrete houses [26].
They found that carbon emissions were the primary factor influencing the environmental
impact of houses, with steel-reinforced concrete houses having a greater impact than
wooden houses. However, the practical application of hybrid LCA remains limited, and
accurately eliminating double counting is challenging [9].

2.2. Previous Studies Using EEIOA

EEIOA is a top-down approach that quantifies both direct and indirect environmental
impacts associated with economic activities by linking input–output tables with environ-
mental intensity data [10]. Unlike process-based LCA, which requires subjective system
boundary definitions, EEIOA captures the entire upstream supply chain consistently at the
national level. Hence, it is the most commonly used approach for quantifying carbon emis-
sions from the building sector [9,10]. Additionally, EEIOA’s top-down approach is useful
for the decision-making of sustainable development policies, especially when assessing the
overall environmental impacts of a country or industrial sector [10].

Studies have used EEIOA to assess the environmental impact of the construction sector
in various countries such as Japan [28,29], China [30], the United States [31], Australia [32],
Sweden [33], Ireland [34], and Hong Kong [35]. Studies have also focused on the global
environmental impacts of production activities in the construction sector [8,36].

Suzuki et al. (1995) [28] and Imada et al. (2024) [29] studied the Japanese housing
sector. Suzuki et al. (1995) used EEIOA to analyze the CO2 emissions associated with
housing construction in Japan and found that the direct and indirect CO2 emissions per
floor area were 250 kg-CO2/m2, 850 kg-CO2/m2, and 400 kg-CO2/m2 for wooden houses,
steel-reinforced concrete houses, and steel-framed houses, respectively [28]. Additionally,
Imada et al. (2024) used EEIOA to analyze the direct and indirect CO2 emissions of an
average Japanese wooden house with a total floor area of 119 m2 and found them to be
38 t-CO2, which indicated CO2 emissions per floor area of 319 kg-CO2/m2 for wooden
houses in Japan [29].

2.3. Contributions of This Study

Research on the environmental impacts of houses was conducted using both bottom-
up and top-down approaches. However, the studies have had several limitations. First,
studies adopting input–output analysis to analyze housing across Japan have been limited
to using outdated data from 1988 [28] or to focusing only on wooden houses [29]. Given
the critical nature of global warming, the environmental impact of the specific differences
in construction methods remains unclear. Second, most studies focusing on the number
of floors in housing have used process-based LCA, and none have used input–output
analysis. Therefore, how differences in the number of floors of housing impact the envi-
ronment in Japan, where the use of wood in mid- and high-rise buildings is encouraged,
remains unclear.

To address these gaps, this study used Japan’s latest input–output table to quantify the
direct and indirect embodied CO2 emissions of four different construction methods, namely
wooden houses, steel-reinforced concrete houses, reinforced concrete houses, and steel-
framed houses, for analysis of the construction sector in 2015. Using data on the number
of houses by the number of aboveground floors and total floor area, we calculated the
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average CO2 emissions per house by construction method and number of floors, analyzed
the CO2-related impact of differences in construction methods and the number of floors on
CO2 emissions, and discussed policy implications.

3. Methodology
3.1. Overview of the Input–Output Framework

This study employed EEIOA to quantify the total carbon footprint of residential
buildings. In this study, the carbon footprint is defined as the cumulative carbon emissions
produced directly and indirectly by an activity [37]. Unlike process-based LCA, which
typically requires subjective system boundary definitions, EEIOA utilizes the national
input–output table to capture the interdependence of industries across the entire economy,
ensuring a consistent assessment of the entire upstream supply chain.

The underlying methodology is based on the Leontief input–output model [37]. This
model conceptualizes the national economy as a system of linear equations, where each
equation describes how the product of a specific sector is distributed across other sectors and
final consumers. By utilizing observed data on inter-industry flows over a specific period
(in this study, 2015), the model quantifies the interdependence of production activities.

The structure of the environmentally extended input–output framework with n in-
dustrial sectors is illustrated in Figure 1. In Figure 1, Z =

(
zij

)
denotes an (n × n) matrix

of intermediate demand, where each element represents the input supplied by sector i to
sector j. For instance, when sector j represents “Residential construction (wooden),” the
inputs zij capture the inputs from upstream sectors, such as “Timber” and “Fabricated
architectural metal products”, as well as service sectors like “Electricity” and “Road freight
transport.” f = ( fi) is an (n × 1) vector of final demand, representing products of sector
i purchased by final consumers. x = (xi) is an (n × 1) vector of gross output, representing
the total output of sector i. v =

(
vj
)

is a (1 × n) vector of value added, representing value
added generated by sector j. Environmental concerns arise because producers in each
sector generate CO2 emissions through their production activities; therefore, e =

(
ej
)

is
a (1 × n) vector of direct CO2 emission coefficient, representing the direct CO2 emissions
per unit of production in sector j.

 

Gross 
output

( )

Final
demand 

( )

Intermediate input ( )

Sector Sector Sector 1

Sector 1

Sector 

Sector 

Value added 
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Gross output
( )
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Figure 1. Structure of the environmentally extended input–output framework used in this study.

In this study, the residential construction sectors (wooden, steel-reinforced concrete,
reinforced concrete, and steel-framed houses) are explicitly represented as individual
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sectors in the input–output table, allowing construction-method-specific final demand to
be traced throughout the entire supply chain.

3.2. Estimation of Carbon Footprint

We used EEIOA to estimate both direct and indirect CO2 emissions (i.e., the carbon
footprint). The gross output vector x = (xi) (i = 1, . . . , n) in the input–output table
consisting of n sectors was formulated as follows [38]:

x = Zi + f = Ax + f (1)

where Z =
(
zij

)
(i, j = 1, . . . , n) represents the intermediate input matrix and zij represents

the intermediate inputs from sector i to sector j. i shows the summation vector whose
elements are all 1, f represents the final demand vector (including domestic final demand
and exports). A = Zx̂−1 =

(
zij/ xj

)
=

(
aij

)
represents the input coefficient matrix, and

aij represents the intermediate input from sector i required per unit of production in sector
j. By rearranging Equation (1), we obtained the following equation:

x = (I − A)−1f = Lf (2)

where I represents the identity matrix. (I − A)−1 = L =
(
lij
)

represents the Leontief
inverse matrix, and lij represents the output in sector i directly and indirectly required per
unit of final demand in sector j. In this study, as the utilized input–output table consists of
217 sectors, the Leontief inverse matrix has dimensions n = 217.

We used Equation (3) to estimate CO2 emissions associated with final demand (see,
e.g., Suh, 2010 [39]).

q = ê(I − A)−1f = êLf (3)

where q is a vector representing the direct and indirect CO2 emissions. ê represents the
diagonal matrix of the direct CO2 emissions vector e =

(
ej
)
, where ej represents the direct

CO2 emissions per unit of production in sector j.
In this study, to estimate the direct and indirect CO2 emissions induced specifically

by each construction method, we constructed a target-specific final demand vector. We
assigned the construction cost to the element corresponding to the specific construction
method (e.g., wooden houses), while setting the final demand of all other sectors to zero,
and substituted this vector into the right-hand side of Equation (3). This configuration
allows us to isolate the CO2 emissions attributable solely to residential construction by
excluding emissions driven by final demand in other sectors. In this context, indirect
demand refers to the production activities induced in upstream sectors—such as construc-
tion materials, energy supply, and transportation services—required to fulfill the housing
construction. Although the final demand vector is specified only for the target construction
sector, these necessary intermediate inputs are determined endogenously through the input
coefficient and Leontief inverse matrices. Therefore, the indirect emissions quantified in
this study consistently reflect the production ripple effects throughout the supply chain,
rather than relying on exogenously specified intermediate inputs.

3.3. Estimation of Carbon Storage

We employed Equation (4) to estimate the carbon storage capacity of wood, following
guidelines published by the Japanese government [40].

Cs = W × D × C f ×
44
12

(4)
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where Cs represents the amount of carbon stored in wood (CO2 equivalents). W represents
the wood volume (m3), D represents the wood density (t/m3), C f represents the carbon
content weight of wood, and 44

12 is a coefficient for converting the atomic weight of carbon
into the molecular weight of CO2. We used data (obtained from the Japanese government’s
domestic production value table) on the unit cost of timber (m3/million JPY) by sector,
as well as data (obtained from the input–output table for the analysis of construction
sectors) on the input amount of the timber sector (million JPY), and calculated the wood
volume used in houses by construction method [41,42]. The wood density was set at
D = 0.38 t/m3, which is commonly used for Japanese wooden houses [43]. Based on a
previous study [44], the average carbon content of dry wood was set at 0.5. Of note, this
study only estimated the average carbon storage in wood and did not consider variations
in carbon storage due to tree age or the impact of wood utilization on deforestation.

4. Data
We used Japan’s 2015 input–output table, which provides the highest sectoral resolu-

tion (496 row sectors × 380 column sectors) and which was published by the Ministry of
Internal Affairs and Communications [41,45]. Additionally, the 2015 input–output table for
construction-sector analysis, published by the Ministry of Land, Infrastructure, Transport
and Tourism, was utilized [42]. In this table, the residential construction sector is classified
into four detailed construction methods: wooden houses, steel-reinforced concrete houses,
reinforced concrete houses, and steel-framed houses. Because these two input–output
tables differ in the number of sectors and the national input–output table does not pro-
vide intermediate input data for the detailed construction methods, we developed a new
database. This database comprises a 217 × 217 sector national input–output table for
2015 that includes intermediate inputs and the final demand for the detailed construction
methods. The monetary values in the database are expressed in million JPY. Since EEIOA
captures interdependence across the entire national economy to calculate the Leontief
inverse matrix, the database includes all 217 sectors defined in the Japanese industrial clas-
sification, regardless of their direct relevance to residential construction. The input–output
database is available on the open data site (https://doi.org/10.5281/zenodo.18382989).

This study estimated direct and indirect CO2 emissions by inserting a final demand
vector that includes only the final demand for a specific construction method, while setting
the final demand of all other sectors to zero, into the right-hand side of Equation (3) [39]. It is
important to note that the final demand vector included in the uploaded database represents
the actual national demand observed in 2015 for reference purposes, which differs from the
vector used for the estimation in this study. Additionally, the direct CO2 emission intensity
values of the sectors estimated by the National Institute for Environmental Studies in Japan
were used [46,47].

Furthermore, we used the Building Starts Statistics [48], which covers all new residen-
tial construction projects initiated in Japan in 2015. Since this study utilizes aggregated
national data rather than specific case-study buildings, the analysis reflects the average
characteristics of houses constructed across Japan, averaging out specific parameters such
as location, site context, and regional climatic differences. Using the total floor area and the
number of newly built homes categorized by construction method and number of floors,
we estimated the CO2 emissions per unit of floor area.

To analyze differences based on the number of floors in a house, we incorporated
data from the same survey on the number of buildings and on the total floor area, both
characterized by construction method and number of aboveground floors. First, the to-
tal floor area of homes built from 2015 was divided by the number of homes for which
building started that year to calculate the average total floor area per building, catego-

https://doi.org/10.3390/en19030783

https://doi.org/10.5281/zenodo.18382989
https://doi.org/10.3390/en19030783


Energies 2026, 19, 783 7 of 16

rized by construction method and number of floors. For each floor category, the con-
struction method with the largest total floor area per building was used to determine
the average total floor area per building for homes with that number of floors. The av-
erage total floor area per house for homes newly built in Japan in 2015 was as follows:
134 m2/house for one-story houses, 213 m2/house for two-story houses, 728 m2/house
for three-story houses, 1095 m2/house for four-to-five-story houses, and 2417 m2/house
for six-to-nine-story houses. The classification of floors as “1-story,” “2-story,” “3-story,”
“4–5-story,” or “6–9-story” aligned with the survey’s classification of usage data. In this
study, the average CO2 emissions per house for a given construction method and number
of floors were calculated by multiplying the average total floor area per house for the
specific number of floors by the CO2 emissions per unit of floor area for the corresponding
construction method.

5. Results
5.1. CO2 Emissions by Construction Method

In 2015, the gross output of Japan’s residential construction sector by construction
method was 8820 billion JPY for wooden houses, 102 billion JPY for steel-reinforced concrete
houses, 4108 billion JPY for reinforced concrete houses, and 3099 billion JPY for steel-framed
houses [42]. The combined gross output of these residential construction sectors accounted
for 1.6% of Japan’s total sectoral gross output in 2015. Based on the Embodied Energy
and Emission Intensity Data (3EID) for Japan Using Input–Output Tables, published by
the National Institute for Environmental Studies, the direct (on-site) CO2 emissions from
the residential construction sector in Japan for 2015 were 139 kt-CO2 and 267 kt-CO2 for
wooden and non-wooden houses, respectively [46,47].

Figure 2 shows the direct and indirect CO2 emissions (i.e., the carbon footprint)
associated with the final demand for houses, as well as the amount of carbon stored (CO2

equivalent) by wood used in houses by construction method. Positive values indicate
the carbon footprint, and negative values represent the CO2 emissions avoided through
the carbon storage of wood. The total carbon footprint of houses across all construction
methods was 34,985 kt-CO2, while the total carbon storage was 6400 kt-CO2. This carbon
footprint value was 86 times larger than the direct CO2 emissions from houses across
all construction methods (406 kt-CO2), suggesting that the residential construction sector
induced significantly more indirect CO2 emissions through the construction supply chain
than through direct activities at construction sites.

Additionally, the net CO2 emissions, calculated by subtracting the amount of car-
bon stored from the carbon footprint, were 8982 kt-CO2, 263 kt-CO2, 10,802 kt-CO2, and
8538 kt-CO2 for wooden houses, steel-reinforced concrete houses, reinforced concrete
houses, and steel-framed houses, respectively. As shown in Figure 2, compared to those of
other construction methods, wooden houses had a larger amount of avoided CO2 emissions
due to carbon storage (−5679 kt-CO2) relative to their carbon footprint (14,660 kt-CO2).
This indicated that the amount of carbon stored in wooden houses played a remarkable
role in reducing CO2 emissions.

The estimated CO2 emissions per total floor area of houses by construction method
are shown in Figure 3. In 2015, the total floor area of newly constructed houses in Japan
was 46,079,607 m2, 237,373 m2, 12,599,939 m2, and 10,626,360 m2 for wooden houses,
steel-reinforced concrete houses, reinforced concrete houses, and steel-framed houses, re-
spectively [48]. The CO2 emissions per floor area were 195 kg-CO2/m2, 1109 kg-CO2/m2,
857 kg-CO2/m2, and 803 kg-CO2/m2 for wooden houses, steel-reinforced concrete houses,
reinforced concrete houses, and steel-framed houses, respectively. Bahramian and Yetilmez-
soy (2020) reviewed studies on environmental impacts in the building industry published
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between 1997 and 2018 and found that CO2 emissions per floor area of buildings ranged
from 0.07 kg-CO2/m2 to 35,765 kg-CO2/m2 [9]. Considering that this included values from
analytical methods other than input–output-based analysis and that the values reported
using process-based LCA and hybrid LCA exceeded those reported using the input–output
table, the values determined in our study are considered appropriate.
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Figure 2. Carbon footprint, carbon storage, and net CO2 emissions from residential construction in
Japan in 2015 by construction method. Carbon footprint includes both direct and indirect emissions
induced along the construction supply chain, while carbon storage represents the CO2 equivalent
stored in wooden materials. Net CO2 emissions are calculated as the difference between the carbon
footprint and carbon storage.
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Figure 3. CO2 emissions from houses per floor area by construction method (2015).

5.2. Breakdown of CO2 Emissions by Construction Method

Figure 4 shows a breakdown of the top five sectors contributing to the carbon footprint
of houses for each construction method. For all construction methods, the carbon footprints
of the top five sectors, out of a total of 217 sectors, accounted for more than 70% of the
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total carbon footprint. Among steel-reinforced concrete houses, reinforced concrete houses,
and steel-framed houses, where steel and rebar are primarily used as the framework, the
proportion of the carbon footprint attributable to the pig iron and crude steel sectors was
the highest, accounting for more than 25%.

28%

18%

13%

7%

6%

28%

Carbon footprint

14,660 kt-CO2

25%

23%

18%

8%

5%

21%
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26%
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Cement Private power generation Others

28%

23%18%

5%

4%

22%

Carbon footprint

8942 kt-CO2

Figure 4. Breakdown of the top five sectors contributing to the carbon footprint from houses by
construction method (2015).

Additionally, the carbon footprint of the cement sector in steel-reinforced concrete
houses and reinforced concrete houses exceeded that of the private power-generation
sector. Steel-reinforced concrete houses and reinforced concrete houses are associated with
construction methods that achieve excellent durability by combining rebar (which is strong
in tension) with concrete (which is strong in compression). Therefore, compared to other
construction methods, the use of cement, an essential material for concrete, has a greater
impact on the carbon footprint. Furthermore, the direct CO2 emissions per gross output in
the cement sector were 38 t-CO2/million JPY, which was the highest among the 217 sectors.
This suggested that the cement sector, which is carbon-intensive, contributed significantly
to the high CO2 emissions per floor area of steel-reinforced concrete houses and reinforced
concrete houses (Figure 3).

5.3. Analysis of CO2 Emissions by Construction Method and Number of Floors

We analyzed the CO2 emissions based on the number of floors in a house, using the
CO2 emissions by construction method as a reference. The average total floor area per house,
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by number of floors, for newly built houses in Japan in 2015 was 134 m2/house for one-
story houses, 213 m2/house for two-story houses, 728 m2/house for three-story houses,
1095 m2/house for four-to-five-story houses, and 2417 m2/house for six-to-nine-story
houses [48]. By multiplying the CO2 emissions per floor area of houses by construction
method (Figure 3) and the total floor area per average house by number of floors, we
estimated the average CO2 emissions per house by construction method and number of
floors. The CO2 emissions per average house, by number of floors, for each construction
method are shown in Figure 5.
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Figure 5. Average CO2 emissions per house by construction method and number of floors (2015).
These values are calculated by multiplying the CO2 emissions per unit of floor area by the national
average total floor area per house for each height category.

Figure 6 shows a skyline chart of the CO2 emissions from houses by construction
method and number of floors. The vertical axis shows the average CO2 emissions per
house for each construction method and number of floors, while the horizontal axis shows
the cumulative values scaled by the natural logarithm of the number of houses for which
building started in 2015. Because the scale of the data for the number of houses varied
significantly, comparisons would be difficult. There was a large value of 320,000 and a
very small value of 1, and if these values were plotted directly on a chart, extreme visual
differences would make comparisons challenging. To address this issue, the data were
transformed using the natural logarithm to compress the range of values and improve
the visual clarity. From left to right, the bars are arranged in the order of one-story
wooden houses, two-story wooden houses, three-story wooden houses, four-to-five-story
wooden houses, and six-to-nine-story wooden houses, followed by bars for steel-reinforced
concrete houses, reinforced concrete houses, and steel-framed houses, according to the
same classification by number of floors. For houses between one and three stories tall, one-
story wooden houses, two-story wooden houses, and three-story wooden houses emitted
the most CO2. These three house types accounted for 45% of the CO2 emissions from all
houses. Figure 6 shows that the bars for these three types of houses were horizontally
longer, indicating that, while the CO2 emissions per house were smaller than those of other
construction methods, the number of these houses was larger, contributing to higher total
CO2 emissions.
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Figure 6. Skyline chart showing the contribution of residential buildings to total CO2 emissions
by construction method and number of floors in Japan (2015). The vertical axis shows the aver-
age embodied CO2 emissions per house (t-CO2/house), while the horizontal axis represents the
cumulative value scaled by the natural logarithm of the number of houses for each category. Each
bar, therefore, reflects both emission intensity per house (height) and the relative number of houses
constructed (width). Low-rise wooden houses contribute substantially to total emissions due to
their large construction volume, whereas mid- to high-rise reinforced concrete houses show higher
emissions per house, leading to a dominant contribution despite fewer buildings. The colors corre-
spond to different construction materials: orange bars represent wooden structures; dark blue bars
represent steel-framed structures; grey bars represent reinforced concrete structures; and light blue
bars represent steel-reinforced concrete structures.

For houses between four and nine stories tall, the highest CO2 emissions came from
four-to-five-story reinforced concrete houses and six-to-nine-story reinforced concrete
houses, which together accounted for 14% of the total CO2 emissions from all houses.
Figure 6 shows that the bars for these houses were longer vertically, indicating that both a
larger number of houses and higher CO2 emissions per house contributed to the higher
total CO2 emissions.

In summary, the results demonstrate distinct characteristics in the carbon footprint
of Japanese residential buildings. Wooden houses exhibit the lowest net CO2 emissions
per unit of floor area (195 kg-CO2/m2), benefiting significantly from carbon storage. In con-
trast, non-wooden structures show much higher emission intensities (e.g., 1109 kg-CO2/m2

for steel-reinforced concrete) driven by carbon-intensive sectors such as pig iron and cement.
Furthermore, the skyline chart analysis reveals a structural divergence: total emissions in
one- to three-story buildings are driven by the sheer volume of wooden housing starts,
whereas emissions in four- to nine-story buildings are driven by the high carbon intensity
of reinforced concrete structures.

6. Discussion
6.1. Policy Implications

The findings of this study highlight the critical need to promote wooden construction
to reduce greenhouse gas emissions in the residential sector. Currently, Japan’s tallest
pure wooden building is an 11-story structure completed in 2022, with an 18-story project
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scheduled for 2026 [49,50]. However, ensuring the widespread adoption of such mid- to
high-rise wooden structures faces strict regulatory and technical challenges, particularly
regarding fire resistance and seismic resilience. To overcome these barriers, government
agencies should enhance support through R&D funding and demonstration projects for
advanced timber technologies, such as Cross-Laminated Timber (CLT). Updating design
guidelines to embed performance-based standards is also essential.

Furthermore, beyond regulatory and technical support, policy measures must also
target the entire construction supply chain to foster market demand, with a specific focus
on expanding the adoption of mid- to high-rise wooden structures. Economic incentives—
such as tax credits, accelerated depreciation, or subsidies—should be directed toward
manufacturers of low-emission materials and developers implementing certified low-
carbon practices. Simultaneously, construction companies should actively communicate the
environmental performance and safety of modern wooden architecture to foster consumer
acceptance. Implementing a “green procurement” evaluation system for public and private
projects would further encourage builders to select environmentally friendly suppliers,
creating a stable market for high-performance wooden materials.

Finally, regarding non-wooden construction, policies must focus on reducing emis-
sions along the entire supply chain of carbon-intensive materials. Rather than promoting
specific technologies, policy support should prioritize R&D and deployment pathways
that demonstrably achieve net emission reductions when assessed across the full life cycle
and upstream supply chains of steel and cement production. This includes evaluation
frameworks that explicitly account for potential burden shifting across regions and sec-
tors, alongside carbon pricing mechanisms that internalize upstream emissions. At the
international level, harmonizing embodied carbon assessment methods and promoting the
transparent exchange of best practices can help ensure that low-carbon material strategies
deliver verifiable mitigation outcomes beyond the Japanese context, aligning national
climate goals with global industry standards.

6.2. Limitations and Future Research

This study has several limitations that should be acknowledged and addressed in
future research. First, because this study relies on Japan’s national input–output tables,
the analysis represents an “average” residential building for each construction method
and does not capture regional heterogeneity. Differences in local construction practices,
climatic conditions, or regional supply chains are therefore averaged out. In addition, the
geographical origins of imported materials cannot be explicitly identified within the single-
region input–output framework. Applying global or multi-regional input–output tables
would enable a more geographically nuanced assessment of embodied CO2 emissions and
international supply-chain dependencies.

Second, due to data classification constraints, residential buildings with four or more
floors were treated as aggregated categories, limiting the ability to distinguish emissions
by more detailed height classes. Moreover, variations in CO2 emissions across building
heights were primarily attributed to differences in total floor area, without explicitly
accounting for height-related changes in material requirements, structural systems, or
construction methods. In practice, taller buildings often require additional structural
reinforcement, different load-bearing systems, and altered material compositions, which
may increase embodied emissions per unit floor area. Owing to the aggregated nature of
the input–output data, such design-level differences could not be explicitly modeled in
this study. Future research should incorporate more detailed material input data based
on architectural and structural design specifications, potentially at the bill-of-materials or
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detailed construction drawing level, to better capture the complex relationship between
building height, construction methods, and embodied carbon emissions.

Third, this study’s treatment of carbon storage in wooden buildings represents another
important limitation. While carbon stored in wood products contributes to temporary
carbon sequestration, the analysis does not explicitly account for potential carbon release at
the end-of-life stage, such as through demolition, incineration, or decay. Consequently, the
carbon storage effect discussed here should be interpreted as time-limited rather than per-
manent mitigation. From a climate-policy perspective, the net mitigation benefit of wooden
buildings depends on assumptions regarding building lifespan, end-of-life treatment, and
material reuse or recycling. Future research should adopt dynamic life-cycle perspectives
that explicitly consider carbon release pathways and timing.

Fourth, this study focuses exclusively on embodied CO2 emissions associated with
the construction stage and does not consider emissions during the operational stage. Op-
erational energy use can vary substantially depending on building design, insulation
performance, occupant behavior, and energy systems [51]. Consequently, the total life-
cycle carbon performance of residential buildings cannot be fully evaluated based on
construction-stage emissions alone. Nevertheless, the primary objective of this study was
to isolate and compare embodied carbon impacts attributable to construction methods and
building height using a consistent national-scale framework. Future research should aim
to integrate operational-stage emissions with embodied emissions, potentially through
hybrid approaches combining EEIOA with building energy simulation models.

Finally, the international applicability of the findings should be interpreted with cau-
tion. This study reflects Japan’s construction practices, industrial structure, and material
supply chains, where wooden construction is relatively common and supported by do-
mestic forestry resources. Nevertheless, the underlying mechanisms identified in this
study—namely, the lower embodied emissions of wood-based construction relative to
mineral-based materials and the role of carbon storage—have also been observed in Europe
and North America [13–17]. Therefore, while the absolute emission values reported here are
Japan-specific, the relative trends and the EEIOA-based analytical framework are broadly
applicable. Moreover, considering Japan’s strict seismic building codes, which necessi-
tate robust structural materials, the finding that wooden structures maintain a significant
carbon advantage provides a compelling reference for other earthquake-prone regions
aiming to decarbonize their housing sectors. Future research could enhance international
comparability by applying the same framework to multi-regional input–output tables or
through harmonized cross-country analyses.

7. Conclusions
This study employed EEIOA to estimate CO2 emissions from house construction

using four different construction methods in Japan. The results demonstrated that wooden
houses achieved the lowest net CO2 emissions per unit of floor area (195 kg-CO2/m2) due
to the carbon storage effect. In contrast, steel-reinforced concrete houses exhibited the
highest emissions (1109 kg-CO2/m2). The analysis by building height revealed a struc-
tural divergence: wooden houses dominated emissions in the low-rise segment (one- to
three-story) due to their large supply volume, whereas reinforced concrete houses were
the primary emitters in the mid- to high-rise segment (four- to nine-story) due to their
high carbon intensity. These findings provide quantitative evidence supporting the pro-
motion of timber construction, particularly in taller buildings, alongside the decarboniza-
tion of the concrete and steel supply chains, as essential strategies for achieving Japan’s
net-zero targets.
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