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Abstract: In this study, in order to clarify the impact of the use of domestic timber for wooden
chairs on greenhouse gas (hereinafter referred to as GHG) emissions from the product life cycle,
chairs made of foreign hardwoods (referred to as Product A and Product B) manufactured by two
wooden furniture manufacturers (referred to as Companies A and B) in the Hida-Takayama region of
Gifu Prefecture, respectively, were evaluated with regard to GHG emissions and carbon storage, as
calculated from raw material procurement to product manufacturing. In addition, GHG emissions
were calculated for the case where the origin of the hardwood was converted from overseas to
Japanese local and regional production. As a result, GHG emissions when foreign hardwoods were
used were 23.12 kg-CO2e and 22.23 kg-CO2e per leg for Product A and Product B, respectively, and
carbon storage was 11.20 kg-CO2 and 16.90 kg-CO2. In addition, the conversion of hardwoods to
local and regional origin was found to reduce GHG emissions by about 25% and 27% for Product A
and about 20% and 21% for Product B, respectively.

Keywords: hardwood; life cycle assessment; GHG emissions; hardwood chair

1. Introduction

The use of domestic timber is attracting attention as an initiative to achieve carbon
neutrality by 2050 and to realize a sustainable society. In addition to being a material that
consumes little energy during production, wood is expected to be a climate change counter-
measure because trees store the carbon they absorb. Japan has a high forest coverage of 67%
of its land area, of which 60% is natural forests and 40% planted forests. Plantation forests
are mainly composed of coniferous trees such as cedar and cypress; since approximately
50% of the planted forests are more than 50 years old and in the process of being cut down
and harvested, measures to expand the use of domestic coniferous trees are being strongly
promoted. The development and utilization of wood-based structural materials has been
promoted by new laws to convert medium- and large-sized buildings to wood and wood
materials, and compressed cedar boards have been developed for use in furniture, among
other measures.

On the other hand, the self-sufficiency rate of domestic hardwoods is as low as 10%,
and most of its use is for chips. However, in recent years, due to factors such as the wood
shock and the price hike of foreign timber caused by the situation in Russia and Ukraine,
the furniture industry experimented with the use of domestic hardwoods.

This study will determine the impact of the use of domestic hardwood lumber in
wooden furniture on the GHG emissions of the product. As a case study on GHG emissions
from wooden furniture, an evaluation of eight pieces of wooden furniture produced by
three different furniture manufacturers in Finland [1] revealed that raw materials have the
largest impact on total GHG emissions. An evaluation of locally produced and consumed
school desks in Italy indicated that GHG emissions from the use of adhesives and metal
products could be a hot spot for reduction by optimizing the transportation process [2]. An
assessment of wooden furniture in Germany pointed out that the choice of wood products
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for raw materials and the use of metal parts have a significant impact on GHG emissions [3].
In addition, many other research papers have been reported worldwide in recent years
as using the LCA and CFP of furniture products as keywords [4–9]. In Japan, the SuMPO
environmental labeling program, a type III environmental labeling program conducted
by the Sustainable Management Promotion Organization, Japan, evaluated stools from
a wooden furniture company and found that emissions from the production stage were
the largest [10]. As described above, while examples of LCA for wooden furniture have
been accumulated in Japan and around the world, there are few examples that focus on the
origin and transportation process of wood. Furthermore, there are few reports that focus
on the impact on GHG emissions from the life cycle of the supply chain of local production
for local consumption. In promoting the use of domestic hardwoods for furniture in Japan,
it is necessary to accurately understand the GHG emissions reduction effect of shifting the
timber origin from overseas to domestic sources.

In this study, GHG emissions were calculated by life cycle assessment for wooden
chairs manufactured by two wooden furniture manufacturers in the Hida-Takayama region
of Gifu Prefecture, which is famous for its wooden furniture production. In addition, carbon
storage derived from the wood used was calculated. Next, GHG emissions were calculated
and compared when the wood used in the product was switched from local production (in
the Tohoku region) to regional production (in Gifu Prefecture), thereby verifying the effect
of promoting local production for local consumption in reducing GHG emissions.

2. Subjects and Methods
2.1. Valuation Target

GHG emissions were calculated for two wooden furniture manufacturers (Companies
A and B) in the Hida Takayama region of Gifu Prefecture, one of Japan’s leading wooden
furniture production centers, using chairs made of North American hardwoods produced by
each company as Products A and B, respectively. A summary of the target products is shown
in Table 1.

Table 1. Summary of evaluation targets.

Products A B
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Materials used
(North American origin)

Red Oak
Walnut White Oak

Product Features
• One-seater chairs
• Complex backrests

(lined with wooden rods)

• One-seater chairs
• With armrest

Volume of wood used in
wood product (m3) 0.0118 0.0156

2.2. Calculation of GHG Emissions through Life Cycle Assessment

To calculate the GHG emissions of the subject products, this study used the Life Cycle
Assessment (hereafter referred to as LCA) methodology.

2.2.1. Functional Units and System Boundaries

The functional unit to be evaluated was a single chair. The life cycle flow diagram and
system boundaries are shown in Figure 1. The system boundaries were defined as the “raw
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material procurement stage” and “product manufacturing stage”. GHG emissions from the
stages after distribution and sales were considered to be independent of the origin of the
hardwoods and were therefore considered to be outside the system boundary.
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Figure 1. Life cycle flow diagram and system boundaries of the subject product.

2.2.2. Data Collection Methods

Regarding the data collection method for each stage within the system boundary,
foreground data on resources and energy consumed during the period under study were
collected from each of the two companies for the furniture manufacturing process during
the product manufacturing stage. The data were collected from January 2021 to December
2021 for Company A and from October 2021 to September 2022 for Company B.

For the process of silviculture and material production at the raw material procurement
stage, data were taken from the literature on the production process of North American
softwood logs [11], since data from the literature on the production of hardwood logs in
North America were not available. Although there are differences in the silviculture method
and period for hardwoods and softwoods, we decided to use the values for softwoods in this
study because the silviculture and material production process accounts for only about 2%
of silviculture and thus has little effect on the results [12]. For each transportation process,
a reasonable transportation route was established based on foreground data obtained
from interviews with each company. The transportation conditions for products A and B
are shown in Figures 2–4. For the transportation process by truck, the shortest distance
between two points was used as the transportation distance, as retrieved by Google Maps.
Truck standards and loading rates were based on the literature [13], with the “100% 20-ton
truck loading rate” used for log transportation and the “10-ton truck loading rate_average”
used for log and board transportation. The fuel used for trucks was diesel oil. For log
transportation, the return trip was included in the scope of evaluation, with a loading rate
of 0%. Background data on transportation processes by rail and container ship were taken
from the literature [14,15].

2.2.3. Distribution Method

Since each plant of Companies A and B manufactures many co-products in addition
to the subject product, it was necessary to allocate the value of these co-products and the
subject product. The allocation methods considered were lumber volume (m3), number of
pieces (pcs), and economic value (JPY). The allocation by lumber volume (m3) is difficult for
furniture with complex shapes, and the allocation by number of pieces (pcs) is inappropriate
for a furniture factory that manufactures a variety of products, such as chairs and tables
of various sizes, so the economic value (JPY) was used for the allocation in this study.
Economic value (in JPY) refers to the total amount of money earned for each product sold
during the period covered.
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2.2.4. Life Cycle Inventory Analysis

An inventory analysis was performed based on the data collected. GHG emissions
were calculated by multiplying the amount of resources and energy input into the process
at each stage by the GHG emissions intensity and using the pile-up method. The emission
factor for electricity was taken from “Emission Factors by Electricity Utility (for Calculating
GHG Emissions of Specific Emitters)—FY 2021 Results” [16], published by the Ministry of
the Environment of Japan. For factors other than electricity, values were taken from the
emission unit database “IDEA ver.3” [17]. In this study, GHGs other than carbon dioxide
were also included by converting them to carbon dioxide using the Global Warming
Potential (GWP).

2.3. Calculation of Carbon Storage

The carbon storage volume was calculated using the following Formula (1) in accor-
dance with the Forestry Agency’s “Guidelines for the Indication of Carbon Storage in Wood
Product Used for Building Construction” [18]. The carbon storage capacity was calculated
by converting the amount of carbon dioxide. The carbon storage was calculated based on
the amount of wood used in the product. Wood scraps from manufacturing products are
recycled into other products or used for heat as biomass boilers.

Cs = W × D × C f × 44
12

(1)

where

Cs: carbon storage derived from the amount of wood used (CO2 equivalent) (kg-CO2);
W: amount of wood used in the wood product (m3);
D: wood product density (kg/m3) (ratio of total dry mass to air-dried mass);
Cf : carbon content of wood product (the carbon content in the mass of the wood in its total
dry state).

2.4. Conversion of Tree Species Used from Foreign to Domestic Hardwoods

GHG emissions were calculated, and GHG emissions were compared when the wood
used as raw material was converted to local (Tohoku region) and regional (Gifu prefecture)
production. Figure 5 shows the location of the Tohoku region and Gifu Prefecture. The
definitions of the scope of procurement of local and regional hardwoods are shown in
Figures 6 and 7, respectively. Based on interviews, it was assumed that local hardwoods
were procured from the Tohoku region and regional hardwoods were procured from within
Gifu Prefecture. Since the same species as those used in the evaluation target were not
available in Japan, it was assumed that domestic hardwoods of the same density would
be used as substitutes. For each condition of the transportation process, based on the
product-specific calculation rules [19] in the environmental labeling program, the range
of raw material procurement was set to be within 100 km of the sawmill, and the shortest
distance from the sawmill to each company’s furniture factory was used as the distance
searched using Google.
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3. Results and Discussion
3.1. Evaluation of Chairs Made of Foreign Hardwoods
3.1.1. GHG Emissions

The results of the inventory analysis for Products A and B are shown in Tables 2 and 3.
The GHG emissions of each product are also shown in Figures 8 and 9. The GHG emissions
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of the chairs from each company were 23.12 kg-CO2e for Product A and 22.23 kg-CO2e for
Product B. Even though the product material volume (m3) was about 1.3 times greater for
Product B than for Product A, Product B resulted in lower GHG emissions. The reason for
this was that Product A had a lower yield from raw material to finished product than Product
B. Table 4 shows the amount of raw boards and logs required to manufacture Product A and
Product B. In order to manufacture Product A, three times as much lumber is required, and
3.3 times as many logs are needed to manufacture the base board. In other words, the product
yield from logs is about 10%. In contrast, the number of logs required to manufacture Product
B is about two-thirds of that of Product A. Therefore, GHG emissions from the material
production process, the log production process, and the transportation of logs are reduced
in proportion to the required amount. The reason for the higher product yield of Product B
is that it requires less processing than Product A. In addition, the company actively recycles
scrap wood generated in the furniture factory as small parts.
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Table 2. Inventory analysis of Product A.

Stage Process GHG Emissions
(kg-CO2e)

Percentage of Total
(%)

Raw Material
production

Red Oak

Silviculture and logs production 6.570 × 10−1 2.84

Logs transport
(outbound: Truck) 4.314 × 10−1 1.87

Logs transport
(return: Truck) 2.809 × 10−1 1.22

Sawing process 1.168× 100 5.05

Sawn lumbers transport
(outbound: Truck) 7.295 × 10−1 3.16

Sawn lumbers transport
(outbound: Railroad) 1.379 × 100 5.96

Sawn lumbers transport
(outbound: Container ship) 2.755 × 100 11.92

Sawn lumbers transport
(outbound: Truck) 3.205 × 10−1 1.39

Walnut

Silviculture and logs production 4.831 × 10−1 2.09

Logs transport
(outbound: Truck) 3.172 × 10−1 1.37

Logs transport
(return: Truck) 2.065 × 10−1 0.89

Sawing process 8.578 × 10−1 3.71

Sawn lumbers transport
(outbound: Truck) 5.290 × 10−1 2.29

Sawn lumbers transport
(outbound: Railroad) 8.850 × 10−1 3.83

Sawn lumbers transport
(outbound: Container ship) 1.768 × 100 7.65

Sawn lumbers transport
(outbound: Truck) 1.948 × 10−2 0.08

Adhesive
Production 5.797 × 10−2 0.25

Transport 1.130 × 10−3 0.00

Metal

Production
(Type A tapping plate 4 × 60) 7.727 × 10−2 0.33

Production
(Type A tapping plate 4 × 30) 2.305 × 10−2 0.10

Transport 2.385 × 10−3 0.01

Painting

Production
(Urethane paint) 2.130 × 100 9.21

Transport 7.143 × 10−2 0.31

Packaging

Production
(cardboard) 2.003 × 100 8.67

Production
(OPP tape) 5.036 × 10−2 0.22

Production
(HDPE Vinyl bag) 2.949 × 10−2 0.13

Transport 1.515 × 10−1 0.66

Subtotal 1.739 × 101 75.21
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Table 2. Cont.

Stage Process GHG Emissions
(kg-CO2e)

Percentage of Total
(%)

Furniture
production

Electricity 5.616 × 100 24.30

Waterworks 8.013 × 10−3 0.03

Kerosene 1.071 × 10−2 0.05

Light oil 9.617 × 10−2 0.42

Subtotal 5.731 × 100 24.79

Toal 2.312 × 101 100.00

Table 3. Inventory analysis of Product B.

Stage Process GHG Emissions
(kg-CO2e)

Percentage of Total
(%)

Raw Material
production

White Oak

Silviculture and logs production 7.879 × 10−1 3.54

Logs transport
(outbound: Truck) 5.174 × 10−1 2.33

Logs transport
(return: Truck) 3.369 × 10−1 1.52

Sawing process 9.535 × 10−1 4.29

Sawn lumbers transport
(outbound: Truck) 9.737 × 101 4.38

Sawn lumbers transport
(outbound: Railroad) 1.725 × 100 7.76

Sawn lumbers transport
(outbound: Container ship) 3.446 × 100 15.50

Sawn lumbers transport
(outbound: Truck) 4.024 × 10−1 1.81

Adhesive
Production 3.204 × 10−2 0.14

Transport 4.603 × 10−4 0.00

Metal

Production
(Type A tapping plate 4 × 60) 6.778 × 10−2 0.30

Production
(Type A tapping plate 4 × 30) 1.139 × 10−1 0.51

Transport 4.319 × 10−3 0.02

Painting

Production
(Two-component urethane resin) 2.840 × 100 12.77

Transport 1.016 × 10−1 0.46

Packaging

Production
(cardboard) 2.003 × 100 9.01

Production
(OPP tape) 5.036 × 10−2 0.23

Production
(HDPE Vinyl bag) 2.949 × 10−2 0.13

Transport 1.515 × 10−1 0.68

Subtotal 1.476 × 101 65.39

Furniture
production

Electricity 6.785 × 100 30.52

Waterworks 1.220 × 10−2 0.05

Kerosene 7.968 × 10−1 3.58

Light oil 1.019 × 10−1 0.46

Subtotal 7.696 × 100 34.61

Toal 2.223 × 101 100.00
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Table 4. Required quantity of raw boards and logs when the quantity of products is set to 1.

Logs Sawn Lumbers Product

Product A 9.9 3.0 1.0
Product B 6.4 1.9 1.0

Looking at the breakdown of GHG emissions by stage, the raw material procurement
stage accounted for more than 60% of the total emissions for both products. In addition, the
transportation process of raw boards, which is included in the raw material procurement
stage, accounted for the highest percentage of total emissions. In the log transportation
process, logs are transported approximately 13,200 km from lumber mills in North America
to the furniture factories of each company by truck, rail, and container ship (Figures 2–4).
The distance covered by trucks was about 600 km, about one-sixth of the distance covered
by rail, which is the next longest distance. Yet, when converted to GHG emissions, there
was not much difference between truck and rail emissions. This is because the GHG
emissions intensity of trucks is larger than that of other modes of transportation. Even for
the same land transportation, there was a five-fold difference in GHG emissions intensity
between truck transportation (10-ton truck) and rail transportation. Among the input raw
materials, GHG emissions from the process derived from wood materials were the highest,
accounting for about 75% of total emissions in Product A and about 65% in Product B.
This shows a similar trend to the results shown in a previous study [3]. Among the raw
materials other than wood materials, GHG emissions derived from paint and packaging
materials each accounted for about 10% of the total emissions, indicating that reviewing
paint and simplifying packaging are highly effective points for reducing GHG emissions.
On the other hand, GHG emissions from metal products, which were pointed out in a
previous study [3], were not an issue because metal parts were rarely used in the products
in this study, except for joining hardware. In the product manufacturing stage, the majority
of emissions for both products was derived from electricity. The GHG emissions intensity
of the power company in question in FY2021 was 0.388 [kg-CO2e/kWh], and the ratio
of fossil fuel-based power generation methods such as coal-fired and LNG-fired power
generation accounted for more than 60% of the total. As a plan to reduce GHG emissions in
the future, the introduction of renewable energy sources, such as installing solar panels on
the roofs of factories and becoming self-sufficient in electricity, will have a significant effect.
In addition, a 2016 amendment to the law in Japan fully liberalized entry into the electricity
retail industry, allowing for the free choice of electricity from a full range of services and
plans. Selecting from among these providers those that sell electricity with a low GHG
emissions intensity due to a power supply mix centered on renewable energy sources will
also have a significant effect in reducing GHG emissions.

3.1.2. Carbon Storage

The carbon storage volume was 11.20 kg-CO2 for Product A and 16.90 kg-CO2 for
Product B. The carbon storage volume of Product A was 11.20 kg-CO2, while that of Product
B was 16.90 kg-CO2. In addition to the difference in material use, the difference in carbon
storage between Product A and Product B was caused by the higher density (t/m3) of
white oak, the species used in Product B, than the red oak and walnut used in Product A.

3.2. GHG Emissions Reductions from Conversion to Domestic Hardwoods

Figure 10 shows the GHG emissions of both products when the foreign hardwoods
used in Product A and Product B are converted to local and regional products. For both
products, the conversion to local and regional production resulted in GHG emissions
reductions. Conversion to regional production was found to reduce GHG emissions by
about 27% for Product A and about 25% for Product B. Product A, which originally had
higher GHG emissions, showed higher reductions. As pointed out in Section 3.1.1, the
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GHG emissions from the transportation process of both Product A and Product B accounted
for a large proportion of the total GHG emissions.
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On the other hand, GHG emissions originating from the process of production of forest-
grown materials and log transportation processes increased for both local and regional
sourcing compared to the pre-conversion levels. This was attributed to differences in the
intensity units used. For the foreign hardwood production process, the values for softwood
log production in North America [5] were quoted, while for the same process for local and
regional production, the values for “other logs (logs), planted forest, with reforestation”
from IDEAv3 [10] were quoted. The latter value was about 1.9 times larger than the former;
thus, the local and regional forest-grown material production process resulted in higher
GHG emission levels.

When comparing local and regional products, there was almost no difference in GHG
emissions despite the difference in total transportation distance of approximately 600 km.
This was due to the use of rail transportation, which has low GHG emission intensity, to
transport the domestic hardwood logs from the sawmill to the furniture factory. While
it was shown that procuring wood from local communities is the most effective measure
for promoting the use of domestic hardwoods for the purpose of contributing to carbon
neutrality, a modal shift from trucks to less GHG-emitting modes of transportation, such as
rail or ship, is an effective means of significantly expanding the scope of wood procurement
while reducing GHG emissions.

4. Conclusions

In this study, the GHG emissions and carbon storage of hardwood chairs (Product A
and Product B), which were manufactured by two furniture manufacturers in the Hida-
Takayama region of Gifu Prefecture, Japan, respectively, by processing imported hardwood
sawn lumber from North America, were calculated using LCA methods for the process
from raw material procurement to product manufacturing. In addition, GHG emission
reductions were calculated if foreign hardwoods were converted to local and regional
products. As a result, the following conclusions were reached. The GHG emissions of the
foreign hardwood chairs were 23.12 kg-CO2e for Product A and 22.23 kg-CO2e for Product
B. The value for Product A, with its smaller lumber volume, was larger. This factor was
related to the low yield of Product A.

1. The GHG emissions of hardwood chairs processed and manufactured in Japan from
sawn lumbers imported from North America were 23.12 kg-CO2e for Product A and
22.23 kg-CO2e for Product B.
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2. Regarding the breakdown of GHG emissions from foreign hardwood chairs, the high-
est percentage of emissions for both products came from the raw board transportation
process, which is part of the raw material procurement stage. Even though the dis-
tance transported by truck was only about 3% of the total transportation distance,
the breakdown of GHG emissions from the transportation process by transportation
mode showed that truck transportation accounted for 15% of the GHG emissions for
Product A and 13% of the GHG emissions for Product B.

3. Among the raw materials other than wood materials, GHG emissions from paint
and packaging materials each accounted for about 10% of total emissions, indicating
that reviewing paint and simplifying packaging are highly effective in reducing
GHG emissions.

4. The carbon storage capacity was 11.20 kg-CO2 for Product A and 16.90 kg-CO2 for
Product B.

5. Conversion of foreign hardwoods to local and regional products resulted in GHG emis-
sion reductions of approximately 25% and 27% for Product A and 20% and 21% for
Product B, respectively. By procuring raw materials from domestic sources, the trans-
portation distance in the raw board transportation process was significantly reduced.

6. The results of GHG emissions from local and regional sources indicate that sourcing
wood from the region is the most effective GHG emission reduction measure, while
a modal shift can expand the scope of wood sourcing while limiting the increase in
GHG emissions.

This study shows that the conversion of materials to local and regional products
contributes to the reduction of GHG emissions from the life cycle. Currently, in Japan,
initiatives to utilize domestic hardwoods have begun in places such as Hida City in Gifu
Prefecture. By shifting the supply chain to local production for local consumption, we can
minimize GHG emissions. With regard to the use of woody biomass, ensuring traceability
and guaranteeing the sustainability of forests have become important in recent years, as
due diligence to prevent deforestation has been strongly demanded. Since the Hida region
is working on sustainable wood production for local broadleaf forests, it is necessary to
support these efforts.

While this study used data from North American softwood logs to determine emissions
from silviculture and material production processes, data from hardwoods should be
obtained. Emissions from silviculture and material production processes represent only
about 5% of total emissions and are not expected to significantly affect the results. However,
for more accurate results, differences in the method and period of forest production between
hardwoods and softwoods should be considered. Also, no information was available on
the transportation process beyond the fact that the trucks were fueled by diesel fuel in this
study. In the future, however, consideration should be given to the possibility of changing
conditions affecting the emissions results.
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