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Abstract

Conducting carbon footprint studies on bamboo scrimber products based on Life Cycle Assessment
(LCA) can quantitatively declare its environmental performance and further the cleaner-production
improvement. This study established a life cycle model and inventory data set for bamboo scrimber
flooring from “cradle to gate,” accurately quantifying carbon emissions during raw material
transportation and product production stages. Two types of bamboo scrimber flooring processes
(deep carbon and shallow carbon). In addition, this study compared the carbon footprints of products
processed using bamboo scrimber flooring and bamboo plywood template production methods.
Results showed that the carbon emissions during the processing of 1m? of deep carbon and shallow
carbon bamboo scrimber flooring were 1845.99 kg CO2 e and 1570.85 kg CO2 e respectively. When
coupling the carbon storage of raw material supply and product usage stages, the life-cycle carbon
footprints for 1m? of deep carbon and shallow carbon bamboo scrimber flooring were 962.23 kg CO2
e and 677.86 kg CO2 e, respectively. The carbon emissions and life cycle carbon footprint for the
processing of bamboo plywood templates were 1435.55 kg CO2 e and 640.23 kg CO2 e, respectively.
Analysis of different these processes and effects that found adhesives had the greatest impact on the
carbon footprint.

Keywords: bamboo scrimber; life cycle assessment; carbon footprint; integrated evaluation;
comparison analysis

1. Introduction

Currently, China’s reliance on afforestation for increasing carbon sinks is gradually being
compressed, while the use of wood products post-harvest from forests is expected to provide
considerable carbon sequestration and emission reduction value. As important wood-based
products, wood-based panel products have generally been recognized for their low-carbon
characteristics. Conducting carbon footprint studies on wood-based panel products based on Life
Cycle Assessment (LCA) can quantitatively demonstrate their environmental friendliness, providing
quantitative methods and data support for clean production and continuous improvement of wood-
based panel products throughout their life cycle.

To evaluate the carbon footprint of wood-based panel products, it is essential to clarify the major
life cycle stages, including carbon storage in the forest ecosystem, carbon emissions during the
production stage and carbon sequestration during the product usage stage, as well as the processes
of these stages in mitigating climate change [1].These processes are illustrated in Figure 1. Chen et al.
analyzed the integrated accounting methods for forest carbon sinks and wood product carbon storage
from a forest stand scale perspective [2], describing carbon storage or emissions under three
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scenarios: “forest carbon storage without harvesting,” “secondary forest carbon storage + life cycle
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analysis results of wood products,” and “secondary forest carbon storage + life cycle analysis results
of wood products + substitution reduction effects of wood products.” Qin et al. [3] considered time
factors and biocarbon fluxes in their dynamic life cycle analysis of forest product carbon footprints,
suggesting that the use of wood products and substitution of fossil energy can achieve long-term
climate emission reductions, compensating for carbon losses due to forest harvesting over a 100-year
time scale, thus achieving carbon neutrality. Zhou et al. [4] [5] studied carbon transfer rates and
carbon storage models of bamboo board and filament products produced under different technical
conditions (integration, reconstitution, expansion), estimating the carbon storage of harvested
bamboo boards at a regional scale using the Weibull distribution probability model of bamboo culm
diameters. Most existing studies focus on a single stage of forest growth or product production,
insufficiently considering the carbon sequestration of the product itself, and lacking studies on the
interconnections between stages. A comprehensive dynamic evaluation of the carbon footprint based
on the complete life cycle of trees from growth to end-of-life is needed [6] [7].

Harvesting stage

) lﬁ{) products

combustion g
<D

withdrawal
of methane 7

 Forest stage | Use phase _Lemdfill stage

The full life cycle of wood forest products

Figure 1. Flowchart of Forest Product Life Cycle Assessment.

Reconstituted materials, using biomass resources such as plantation wood, bamboo, and desert
shrubs, are prepared using fiber orientation separation technology to create reconstituted units. These
units undergo gluing, drying, assembly, and lamination to produce high-performance composite
materials with controllable performance, designable structure and adjustable specifications [8]
bamboo scrimber flooring, a typical product of reconstituted materials that is widely used as flooring
material in both indoor and outdoor construction, parks and seaside locations [9]. This study aims to:
1) accurately quantify the life cycle carbon footprint of bamboo scrimber flooring, comparing the
carbon emissions of products produced using different processing technologies to provide scientific
support for clean production in enterprises. 2) This paper couple the carbon sequestration of raw
material forest growth management that production stage carbon emissions and the product’s own
carbon sequestration to construct an integrated model of the net emission reduction effect of bamboo
scrimber flooring products over their life cycle. Systematically establish a LCA-based carbon
footprint evaluation technical system for bamboo scrimber flooring products.

2. Materials and Methods
2.1. Materials

The bamboo scrimber flooring and plywood template manufacturers selected for this study are
located in Longquan, Zhejiang. The density of bamboo scrimber flooring products is 1.21g/cm? with
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the production processes for deep carbon and shallow carbon bamboo scrimber flooring being
fundamentally similar and differing only in the temperatures set during the carbonization treatment
stage. The bamboo used for plywood templates is chosen from moso bamboo aged over four years
with a diameter at breast height (DBH) exceeding 9 cm.

2.2. Carbon Emissions in the Production Stage
2.2.1. Functional Units and System Boundary

The functional units for this study are defined as 1m? of deep carbon bamboo scrimber flooring,
1m?3 of shallow carbon bamboo scrimber flooring and 1m? of bamboo plywood template products.

System Boundary: Based on the evaluation goals and objectives, to better focus on the
production processes and factory operations improvement of wood-based panels, the system
boundary for the carbon footprint evaluation of wood-based panels in this study is “cradle to gate,”
mainly including raw material acquisition (including carbon emissions from the planting and growth
stages of moso bamboo), transportation, product production and warehousing distribution.

2.2.2. Life Cycle Inventory (LCI) Algorithm

The essence of LCI calculation for wood-based panel products is to replace intermediate
products with their life cycle process resource consumption and environmental emissions, then
accumulate all resource consumption and environmental emissions. As a result, the transfer of
resource consumption and environmental emissions across each life cycle stage is revealed. Different
intermediate products become comparable after summing, converting to comparable resource and
environmental indicators after the summary calculation [10].

The quantification of greenhouse gas emissions and removals for each unit process in the wood-
based panel product system is summarized to obtain the carbon footprint of the wood-based panel
product, expressed in terms of carbon dioxide equivalent (kg CO2 e). The calculation formula is as
follows:

Egpe = > (AD, x EF, x GWP) 1)

Where EGHG is the product’s carbon footprint (kg CO2 e), ADi is the activity data for the ith
greenhouse gas source, EFi is the emission factor for the ith activity, and GWPi is the global warming
potential value for the ith activity, with values referenced from the IPCC First Assessment Report
“The Physical Science Basis.”

2.2.3. Life Cycle Impact Assessment (LCIA) Algorithm

The LClI results for wood-based panels are characterized (multiplied by characterization factors),
normalized (divided by normalization reference values), and weighted (multiplied by weighting
factors) to obtain comprehensive indicators, which constitute the LCA results. The LCA calculation
involves summing the LCI inventory substance indicators for the life cycle process, then summing
the characterization indicators, normalization indicators, and weighted comprehensive indicators.
This method encompasses the entire process and includes multiple resource and environmental
impact types [11].

The following calculation methods were used for the carbon footprint of each unit process [1]:

1 Raw Material Acquisition Stage

The formula for calculating carbon emissions in the raw material acquisition stage of wood-
based panel products is as follows:

GM=(ZIL, Mi x ai + 2" Ej x Bi)/jj @)

Where GM is the carbon footprint of the raw material acquisition stage, Mi is the physical
quantity of the i-th raw material and unit is kg.. Ej is the physical quantity of the j-th energy source
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and unit is kg.. ai is the emission factor for the ith material, i is the emission factor for the j-th
energy source, and njj is the yield rate of the i-th material and j-th energy source.

2 Transportation Stage

This stage of the carbon footprint mainly comes from the carbon emissions generated by the
transportation of raw materials which is calculated as follows.

GT=(ZL, Ml x DI X yl + ¥P_ Nk x GWPk) 3)

Where GT is the carbon footprint of the allocation stage; MI is the physical quantity of the l-th
transported products; Dl is the transportation distance; yl is the emission factor of the means used in
transportation; Nk is the amount of the k-th greenhouse gases emitted; GWPk is the global warming
potential of the k-th GHGs.

3 Product Production Stage

The formula for calculating the carbon emissions consumed in the production stage of wood-
based panels is as follows:

GP=(Z2, Ej x Bi + Xp_; Nk x GWPk)/njk (4)

Where GP is the carbon footprint of the production stage; Ej is the physical quantity of the j-th
energy group; Pi is the emission factor of the j-th energy source; Nk is the amount of the k-th
greenhouse gases emitted; GWPk is the global warming potential of the k-th GHGs; njk is the energy
efficiency of the production process.

2.3. LCA Index System for Artificial Board Products

With the continuous deepening of LCA research and the increasing availability of environmental
baseline data for products, the evaluation content of product environmental impact types has become
more accurate and comprehensive. Considering the environmental impacts during the production
process of artificial board products, this study mainly considers the types of environmental impacts
listed in Table 1, and the lifecycle inventory factors are categorized into each impact type.

Table 1. Environmental Impact Indices of Artificial Boards.

. Unit of Impact Type Main Inventory
Environmental Impact Type Index Substances
Global Warming kg CO2eq. COg, CH4, N2O...
Primary Energy Consumption M] Hard coal,gl:cimte, natural
Abiotic Resource Depletion kg Sb eq. Iron, manganese, copper...
Water Resource Consumption kg Freshwater, surface water,
groundwater...
Acidification kg SOz eq. SOz, NOx, NHs...
Eutrophication kg PO+ eq. NHs, NHs-N, COD...
Inhalable Inorganics kg PM2.5 eq. CO, PM10, PM2.5...
Ozone Layer Depletion kg CFC-11 eq. CCls, C2H3Cls, CHsBr...
Photochemical Ozone Creation kg NMVOC eq. CoHs, CoHa...

Note: “eq” is the abbreviation for “equivalent.” For example, the climate change index is based on CO:z as the
reference substance. Other greenhouse gases have their CO:z equivalent factors according to their greenhouse
effect intensity. Therefore, the various greenhouse gas emissions in the product lifecycle can each be multiplied
by the equivalent factor to sum up the total climate change index (also known as the Product Carbon Footprint,
PCF), with the unit kg CO: eq.

Additionally, based on the definition of research objectives and the characteristics of artificial
board products, this study focuses on the impact type of global warming, using the Global Warming
Potential (GWP) to quantify the product carbon footprint. This study adopts the methods and
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greenhouse gas characterization factors proposed in the IPCC Fifth Assessment Report to calculate
the product lifecycle carbon footprint value. This method is based on the relative radiative forcing
values obtained over a 100-year timeframe for other greenhouse gases compared to carbon dioxide,
which are used as characterization factors to convert the emissions of other greenhouse gases into
CO2 equivalents (CO2 e).

2.4. Life-Cycle Modeling Platform and Database

This study attempted to introduce eFootprint and the localized baseline database CLCD into the
carbon footprint evaluation work of artificial boards. This system supported a standardized
workflow compliant with ISO-LCA standards and can complete the entire LCA work online,
including data entry and modeling, calculation, and data quality assessment. The Chinese Life Cycle
Database (CLCD) contained thousands of production process data for hundreds of bulk energy
sources, raw materials, and chemicals, with data derived from Chinese industry statistics, relevant
standards, and public reports from enterprises [12].

2.4.1. Material Transfer Analysis in the Production Stage of Artificial Board Products

The comprehensive material transfer rate of bamboo scrimber flooring is the product of the
material transfer rates at each production stage. The comprehensive material transfer model is:

Acomprehensive =AcuttingXAslicingX AplaningXAjointingX Asanding=(Mcutting, after / Mcutting, before)X(Mslicing, after / Mislicing,
before) X(Mplaning, after / Mplaning, before) X (Mjointing, after / Mjointing, before) X (IMsanding, after / Misanding, before J=(IMcutting, afterXMplaning,
afterXMisanding, after)/ (Mcutting, beforeXMslicing, beforeXMjointing, before),

where: Acomprenensive is the comprehensive material transfer rate of bamboo scrimber flooring. mcutting,
after is the material weight after cutting. #ipianing, after is the material weight after planing. Msanding, after is the
material weight after sanding. micuting, bpore is the material weight before cutting. misiicing, bepore is the
material weight before slicing. jointing, vefore is the material weight before jointing.

Considering the product density, moisture content, comprehensive material transfer rate, and
bamboo moisture content, the weight of bamboo required to produce a specified volume of bamboo
scrimber flooring is calculated using the model:

Mbamboo=Vreconstituted* Qreconstituted X ( 1 —wreconstimted) / [Acomprehensive( 1 —wbamboo) ] ’

where: Miamboo is the weight of bamboo required for producing bamboo scrimber flooring.
Vieconstituted is the volume of bamboo scrimber flooring, with 1 m3 used as the functional unit in this
study. preconstituted is the density of bamboo scrimber flooring. wreconstituted is the moisture content of
bamboo scrimber flooring. Acomprehensive is the comprehensive material transfer rate of bamboo scrimber
flooring. wvambeo is the moisture content of bamboo. The calculated weight of bamboo required to
produce 1 m? of bamboo scrimber flooring is 2335.52 kg for deep carbon and 2438.1 kg for shallow
carbon.

The comprehensive material transfer rate of bamboo plywood templates is the product of the
material transfer rates at each production stage. The comprehensive material transfer model as
follow.

Abamboo template=A cuttingX A removing outer nodesX Aremoving inner nodesX Ayellow planingXAgreen planingX A trimming

=(Mcutting, after/ THcutting, before) X (removing outer nodes, after/ fHremoving outer nodes, before) X (#Hremoving inner nodes, after/ fHremoving
inner nodes, before) X (Hlyellow planing, after/Hlyellow planing, before) X(THgreen planing, after/fHgreen planing, before) X(trimming, after/Mtrimming,
before)

= (Mgreen planing, afterX Mtrimming, after )/ (M cutting, beforeX Mtrimming, before)

where: Avamboo tempiate is the comprehensive material transfer rate of bamboo plywood templates.
Mgreen planing, after i the material weight after green planing. Muimming, after is the material weight after
trimming. Mcutting, before is the material weight before cutting. #urimming, vefore is the material weight before
trimming.

Considering the product density, moisture content, comprehensive material transfer rate, and
bamboo moisture content, the weight of bamboo required to produce a specified volume of bamboo
plywood template is calculated using the model.
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Mbamboo=V bamboo templateXQbamboo templateX (1 ~CUbamboo template)/( Abamboo templateX (1 -CUbamboo)),

where: muamboo is the weight of bamboo required for producing bamboo plywood templates. Vianboo
template is the volume of bamboo plywood template, with 1 m3 used as the functional unit in this study.
Phamboo template is the density of bamboo plywood template. weanboo tempiate is the moisture content of bamboo
plywood template. Avamboo tempiate is the comprehensive material transfer rate of bamboo plywood
templates. wuamboo is the moisture content of bamboo. The calculated weight of bamboo required to
produce 1 m® of bamboo plywood template is 3142.46 kg.

2.4.2. Carbon Storage Measurement in Raw Material Supply

Forest (bamboo forest) harvesting is divided into three parts: trunk, branches, and leaves [13].
The trunk part (bamboo culm) is transported to the factory for product production, and its carbon
storage is considered part of the product carbon storage. To avoid redundant calculations, this carbon
sink from forest management is not considered [14] Carbon fixed by branches and leaves through
photosynthesis is considered to be fully released into the ecosystem after harvesting, maintaining
carbon balance [15]. The remaining root system after harvesting is generally retained and can
continue to act as a carbon sink [16]. This study focuses on the carbon storage in underground
biomass after harvesting.

Fixed plots are set up in a bamboo forest at the raw material production site in Longquan,
Zhejiang. The plot area is 400 m? (20 m x 20 m), with three plots surveyed. Each bamboo in the plot
is measured, and biomass is determined [17-19].

Plot Survey: Each 20 mx20 m bamboo forest plot has similar elevation, terrain characteristics,
nutrient conditions, disturbance history, succession status, and community structure. During the
vegetation survey, all woody plants with a diameter at breast height (DBH) > 1 cm are marked with
red paint at the DBH position (1.3 m above the ground) and numbered. Subsequent work includes
species identification, recording tree species names, measuring DBH and tree height, recording
sprouting and other indicators, and noting the relative coordinates of each tree in the plot.

Biomass Measurement: One standard bamboo (bamboo) per plot is selected. Bamboo has a
complex underground rhizome system, with each standard bamboo divided into five parts: bamboo
culm, branches, leaves, rhizome, and rhizome roots. Bamboo rhizomes and roots are collected using
a small sampling method [20]. The above-ground parts are divided into branches, leaves, and culm
(stalk). Fresh weights are measured, and samples of different organs are taken back to the laboratory
for drying. The fresh weight, dry weight, and actual moisture content of each sample are determined.

Carbon Storage Calculation: The carbon content of bamboo comes from the “Assessment of
Biomass and Carbon Storage in Chinese Forest Vegetation” [17] and the “Zhejiang Province Second
Land Use, Land Use, and Forestry Carbon Sink Measurement and Monitoring Report” [2016] with a
reference value of 0.5042 kg CO2e/kg.

2.4.3. Carbon Storage Calculation for Artificial Board Products

Equipments: Cutter, grinder, oven, electronic scale, vernier caliper, micrometer, and Germany
Jena multi N/C® 3100 Total Organic Carbon/Total Nitrogen Analyzer.

Sample Preparation: Samples are pretreated [21]. 1. Artificial board samples are cut into 50 x 50
mm pieces, four pieces per sample, for density and moisture content measurement. 2. A cutting
machine processes the samples into pieces approximately 3 cm in length and no more than 3 mm in
thickness, which are then ground. Due to the small amount of samples used in the experiment, to
ensure comprehensive and uniform sampling, a “three-stage grinding method” is used. The first
stage involves grinding about 600 g of sample, mixing it thoroughly, then taking out 200 g for the
second stage, mixing it again, and taking 100 g for the third stage. After the final grind, the samples
are dried at 85°C until a constant weight is achieved, then bottled for subsequent carbon content and
thermogravimetric measurements.

Carbon Content Measurement: The organic carbon content of artificial board samples is
measured using the dry combustion method. 15-20 mg of dried sample powder is weighed and fully
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decomposed and combusted at 1000°C under pure oxygen flow. The carbon elements in the sample
are converted into CO: and quantified using the oxidation-non-dispersive infrared absorption
method.

Carbon Storage Calculation: First, measure the density of the samples by measuring the
dimensions of the 50 x 50 mm pieces, taking two measurements from different positions for accuracy,
and calculating the average density. Samples are then dried at 85°C until completely dry, cooled to
room temperature, and weighed again to calculate the average moisture content [22]. The formula
for carbon storage calculation is:

C=Cp<(1-MC)xm/V (5)

where: Cs is the carbon storage of the sample, in kg/m?. Cris the carbon content of the sample, in
%. MC is the moisture content of the sample, in %. m is the mass of the sample, in g. V is the volume
(or surface area) of the sample, in m? (or m?).

2.5. Integrated Assessment
The mathematical expression for the integrated assessment can be simplified as:
TC=FC+PTC+PDC (6)

where: TC represents the carbon footprint of the artificial board product lifecycle. FC represents
the carbon storage in the raw material supply stage. PTC represents the carbon footprint of the raw
material extraction and production stages of the artificial board product. PDC represents the carbon
sequestration capability of the artificial board product.

The bio-carbon storage during the use phase of the artificial board product is calculated
according to the method described in “PAS2050:2011". If the total carbon storage benefit of a product
exists for 2-25 years after product formation (after which the carbon storage benefit ceases), the
weight factor for CO2 storage benefit during the 100-year assessment period (FO0) is calculated as:

0.76 X n
°~ 7100
where n is the number of years the product maintains full carbon storage benefit after formation.
The CO:z storage amount (S, kg CO2) for a product used for n years is calculated as:

S=F,xC 4
= x( X —
"~"12

where: C is the bio-carbon content of the product (kg C). % is the conversion factor from carbon
to CO..

3. Results and Discussion
3.1. Material Transfer Analysis

The production of bamboo scrimber flooring uses the “bamboo-based fiber composite material
manufacturing technology,” which is characterized by allowing factories to directly process bamboo
as raw material without the need for splitting, removing green, or yellowing processes. This
technology is suitable for processing both large-diameter Moso bamboo and small-diameter
miscellaneous bamboo, with a bamboo utilization rate of over 90% [23]. The lifecycle and material
transfer rates of various processes for bamboo scrimber flooring are shown in Figure 2. By tracking
and measuring the material transfer rates of each production stage of deep carbon bamboo scrimber
flooring, multiplying the material transfer rates of each process yields an overall material transfer
rate from raw bamboo to finished product of 78.06%.
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Figure 2. Bamboo Scrimber Flooring Lifecycle.

The production process from raw bamboo to bamboo plywood template is designed as follows:
Raw bamboo undergoes steps such as cutting, removing outer nodes, splitting, softening, flattening,
and removing green and yellow, to form bamboo strips. These strips are then dried, glued,
assembled, hot-pressed, and trimmed to form artificial boards based on the principles of plywood
construction. The complete lifecycle of the bamboo plywood template studied in this paper is shown
in Figure 3. By tracking and measuring the material transfer rates at each production stage,
multiplying the material transfer rates of each process yields an overall material transfer rate from
raw bamboo to finished product of 52.92%.
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Figure 3. Bamboo plywood formwork lifecycle.

3.2. Carbon Emissions in the Production Process of Bamboo Scrimber Flooring
3.2.1. Comparison of Different Heat Treatment Processes for Bamboo Scrimber

The carbon emissions during the production phase of 1 m? of deep carbon bamboo scrimber
flooring are 1845.99 kg CO2 e. The highest sensitivity in the inventory of deep carbon bamboo
scrimber flooring production is adhesives, with a contribution rate of 88.18%. The sensitivity of
electricity in the reconstituted board production process is 13.90%, the sensitivity of carbon emissions
from raw bamboo production and management is 13.69%, and the sensitivities for transportation of
raw bamboo are 2.95% and 2.50%. Other raw materials have smaller sensitivities. It is evident that
adhesives, electricity, and raw bamboo are the major sources of carbon emissions throughout the
lifecycle of deep carbon bamboo scrimber flooring. Adhesives, as the main raw material input, have
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a carbon footprint of 1627.80 kg CO: e (accounting for 88.18% of the carbon emissions in the product
production phase).

The carbon emissions during the production phase of 1 m? of shallow carbon bamboo scrimber
flooring are 1570.85 kg CO2e. The highest sensitivity in the inventory of shallow carbon bamboo
scrimber flooring production is adhesives, with a contribution rate of 84.16%. The sensitivity of
electricity in the reconstituted board production process is 16.52%, the sensitivity of raw bamboo is
15.32%, and the sensitivity of raw bamboo transportation is 2.54%. Other raw materials have smaller
sensitivities. It is evident that adhesives, electricity, and raw bamboo are the major sources of carbon
emissions throughout the lifecycle of shallow carbon bamboo scrimber flooring.

3.2.2. The Impact of Adhesives

Adhesives, as the main raw material input, have a carbon footprint of 1321.98 kg CO:ze
(accounting for 84.16% of the carbon emissions in the product production phase). Previous studies
on the carbon footprint of bamboo scrimber flooring indicated that the carbon emissions from the
processing of 1 m? of bamboo scrimber flooring are 143.5591 kg COze, which is significantly lower
than the data obtained in this study. The analysis reveals two main reasons: firstly, the carbon
emissions from the cultivation, management, and operation activities of raw bamboo, as well as
external energy consumption such as power, water, and fertilizers, were not considered in previous
studies [21], secondly, previous studies only considered the carbon emissions during the use phase
of adhesives, without considering the upstream production process of adhesives. Resin impregnation
is the core step in the high-quality preparation of reconstituted materials. The currently widely used
discontinuous batch impregnation can only ensure the uniformity of adhesive impregnation by
reducing the moisture content of reconstituted units and extending impregnation time, leading to
increased adhesive usage and energy consumption in the preparation process. Optimizing the
impregnation process by considering factors such as the moisture content of bamboo bundles, cross-
sectional size, solid content of adhesives, and impregnation time, or adopting continuous roller
impregnation technology, can improve production efficiency and reduce energy consumption [27].

3.2.3. Comparison of Reconstituted and Laminated Production Methods

A lifecycle model of the product was established on eFootprint to calculate the LCA results for
1 m3 of bamboo plywood template. The carbon emissions during the production process of 1 m? of
bamboo plywood template are 1435.55 kg COze. The highest sensitivity in the inventory of bamboo
plywood template production is adhesives, with a contribution rate of 78.32%. The sensitivity of
electricity consumption is 17.98%, and other raw materials have smaller sensitivities. It is evident that
adhesives and electricity consumption are major sources of carbon emissions throughout the lifecycle
of bamboo plywood templates. LCA studies on plywood are relatively scarce, with existing research
primarily focused on the United States, and few reports from other countries. Wilson et al. [21]
surveyed eight representative plywood companies in the southeastern United States and found that
the environmental load during the production process was significantly higher than during the
operational phase. The carbon footprint of producing 1 m? of plywood was 698 kg COze in the
southeastern United States and 674 kg COze in the Pacific Northwest region.

Through inventory sensitivity analysis, it was found that adhesives have a high inventory
sensitivity, with carbon footprint contributions of 88.18%, 84.16%, and 78.32% for deep carbon
bamboo scrimber flooring, shallow carbon bamboo scrimber flooring, and bamboo plywood
templates, respectively. Combined with inventory analysis, it was found that the adhesive weights
consumed in producing 1 m? of deep carbon bamboo scrimber flooring, shallow carbon bamboo
scrimber flooring, and bamboo plywood template were 470 kg, 420 kg, and 140 kg, respectively. The
differences in carbon footprints between products are mainly due to the higher adhesive usage in the
production of high-emission artificial board products. This indicates that using lower-carbon
upstream materials or alternative clean energy can reduce carbon emissions during the production
process.
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3.3. Integrated Evaluation of Carbon Emission Reduction Post-Bamboo Harvest
3.3.1. Extending the System Boundary to the Raw Material End

The formula for calculating the carbon storage in the raw material supply stage in this study as
follow.

Csupply=(IMraw materialXT|post-harvestXA.)/Traw material,

where Csupply is the carbon storage in the raw material supply stage; \ 1w materiat is the weight of
raw materials required to produce 1 m? of artificial board product. According to the material transfer
model of the product, the weights of raw bamboo required to produce 1 m? of deep carbon bamboo
scrimber flooring, shallow carbon bamboo scrimber flooring, and bamboo plywood template are
2335.52 kg, 2438.1 kg, and 3142.46 kg, respectively; npost-harest is the proportion of the underground
biomass to the raw bamboo biomass post-harvest, which is 25.89%; A is the carbon content rate of the
tree species, which is 0.5042 kg COze/kg; 1w materiat is the proportion of raw material biomass to the
raw bamboo biomass, with a value of 55.03%.

From the formula, it is calculated that the carbon storage in the raw material supply stage for
producing 1 m? of deep carbon bamboo scrimber flooring, shallow carbon bamboo scrimber flooring,
and bamboo plywood template are 554.01 kg COze, 578.34 kg COze, and 745.43 kg COze, respectively.
It can be seen that compared with bamboo plywood templates, the raw material supply stage of
bamboo scrimber flooring has a lower carbon storage, mainly because producing 1 m? of artificial
board product requires more raw bamboo for plywood templates, leading to more CO: fixed in the
corresponding underground biomass.

3.3.2. Extending the System Boundary to the Product Use End

The carbon storage per cubic meter of deep carbon bamboo scrimber flooring is the highest,
reaching 591.65 kg/m?3. The carbon storage for deep carbon bamboo scrimber flooring, shallow carbon
bamboo scrimber flooring, bamboo plywood templates, and wood-based panel products are 591.65
kg/m?3, 564.57 kg/m?, 358.08 kg/m? and 253.55 kg/m? respectively. It can be seen that the carbon storage
per cubic meter of bamboo scrimber flooring is higher than that of plywood. The main reasons are
that the density of bamboo scrimber flooring is higher than that of plywood, with deep carbon
bamboo scrimber flooring having a density of 1.21 g/cm?, greater than that of bamboo plywood
templates (density of 1.08 g/cm?). Additionally, the adhesive usage in the production of bamboo
scrimber flooring is greater than that of bamboo plywood templates, with 470 kg and 140 kg
respectively. The carbon content rate of water-soluble phenolic resin is about 68.85% [22], which also
contributes to the higher carbon storage in bamboo scrimber flooring. For plywood, the carbon
storage in bamboo plywood is higher than that in wood plywood. Bamboo plywood is generally
composed of grooved, equal-thickness bamboo strips, glued on both sides with water-soluble
phenolic resin using a four-roller coating machine, with an adhesive amount of 300-350 g/m2.Wood
plywood used indoors typically employs urea-formaldehyde resin, which has a carbon content rate
of only 26.67%, much lower than that of phenolic resin, which may lead to the higher carbon content
rate in bamboo plywood compared to wood plywood.

3.4. Integrated Evaluation

From the results of the carbon storage measurements of the products, the carbon storage of deep
carbon bamboo scrimber flooring, shallow carbon bamboo scrimber flooring, and bamboo plywood
templates are 591.65 kg/m?, 564.57 kg/m? and 358.08 kg/m? respectively. In this study, the designed
service life of deep carbon bamboo scrimber flooring, shallow carbon bamboo scrimber flooring, and
bamboo plywood templates are 20 years, 20 years, and 5 years, respectively. The carbon storage effect
during the product use stage for deep carbon bamboo scrimber flooring, shallow carbon bamboo
scrimber flooring, and bamboo plywood templates offsets 329.75 kg COze, 314.65 kg COze, and 49.89
kg CO:ze emissions, respectively.
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Coupling the carbon storage at the raw material supply stage, the “cradle-to-gate” carbon
footprint, and the carbon storage and delayed emissions of the products (Table 2), the lifecycle carbon
footprint of the three types of artificial board products was calculated using formula (15).

Table 2. Carbon footprint of various links in wood-based panel products.

Raw Material Cellrb-on Production )
Emissions Integration
Carbon Carbon
Product Type from Assessment(k
Storage(kg Production(kg Storage g COze)
k
COze) COse) (kg COze)

Deep carbon bamboo -554.01 1845.99 -329.75 962.23
scrimber flooring

Shallow carbon bamboo -578.34 1570.85 -314.65 677.86
scrimber flooring

Bamboo plywood templates -745.43 1435.55 -49.89 640.23

The calculation results show that the lifecycle carbon footprints from raw material management
to product use stages for 1 m? of deep carbon bamboo scrimber flooring, shallow carbon bamboo
scrimber flooring, and bamboo plywood templates are 962.23 kg COze, 677.86 kg COze, and 640.23 kg
CO:ze respectively. Combining the analysis of carbon footprints at different product stages, it was
found that products with high carbon emissions during the production stage also have larger carbon
storage during the use stage. For example, compared to bamboo plywood templates, bamboo
scrimber flooring has relatively higher emissions during the production stage, but with a designed
service life of 20 years, the delayed emission effect of the product is significant. This indicates that
when comparing product carbon footprints, comprehensive analysis should consider the use scenario
and added value of the product.

3.5. Analysis of Substitution Emission Reduction Effect

In this study, bamboo plywood templates were used as the main model, and steel templates
were used as the substitute model. The production of steel templates with equivalent functionality to
1 m? of bamboo plywood templates was compared. For quantifying the inputs/outputs in the system,
the functional unit was defined as producing 1 m? of bamboo plywood templates and steel templates
with equivalent functionality to 1 m® of bamboo plywood templates. The carbon footprint of steel
templates with equivalent functionality to 1 m? of bamboo plywood templates is 13,154.86 kg COze.

Comparative studies found that bamboo plywood templates have a much lower environmental
impact than steel templates with equivalent functionality, especially in terms of carbon footprint,
primary energy consumption, and water resource consumption. The environmental impact of steel
templates is about ten times higher than that of bamboo plywood templates. Studies have shown that
the substitution emission reduction effect is on average more than 1 times the carbon content of the
product itself, and when used in construction, it can even be as high as 2 to 10 times [23-24]. This is
consistent with the results of this study, where the substitution emission reduction effect can be
coupled with the increased carbon storage of forest products [9][25]. However, it should also be noted
that most studies are often limited to energy substitution or partial product types substitution. There
is relatively little research that includes various energy and product substitutions within the full
lifecycle while simultaneously considering post-harvest carbon storage in forest management.

3.6. Limitations of the Study

Studies have shown that at the end of the lifecycle, waste artificial boards can be treated by 60%
incineration and 40% landfill [26]. This was used as the baseline scenario (S0). The scenario simulation
results of different waste treatment methods show that, compared to the SO scenario, the scheme of
treating all products by incineration (S1) contributes relatively less to carbon storage, while the
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scenario of treating all products by landfill (53) can offset most of the greenhouse gas emissions over
the lifecycle [27]. Due to the complexity of processes involving recycling, landfill, and incineration,
future studies will focus on the carbon footprint of the product disposal stage. As the main source of
wood products, plantation biomass carbon storage changes frequently, whereas the stable and long-
lasting soil carbon pool is of great importance for the carbon sequestration potential of plantations
[28]. Forest soil is also recognized as the most potential carbon sink [29]. Afforestation, harvesting,
and other forest management practices have a direct impact on the soil carbon cycle [30]. However,
due to insufficient understanding of the dominant control factors and control processes of soil organic
carbon, and inaccurate assessment of atmospheric carbon balance, related studies still have many
uncertainties [31]. In this study, the proportion of underground biomass carbon storage offsetting
production stage carbon emissions for deep carbon bamboo scrimber flooring, shallow carbon
bamboo scrimber flooring, and bamboo plywood templates (calculated as the ratio of supply stage
carbon storage to production stage carbon footprint) reached 30.01%, 36.82%, and 51.93%,
respectively. Future research will further consider the factors of post-harvest soil carbon storage to
further highlight the carbon sequestration advantages of woody materials.

4. Conclusions

A carbon footprint evaluation framework based on LCA was constructed, including four
aspects: goal and scope definition, inventory analysis, lifecycle modeling, and result interpretation.
The functional units of this study were determined to be 1 m? of deep carbon bamboo scrimber
flooring, 1 m? of shallow carbon bamboo scrimber flooring, and 1 m? of bamboo plywood templates.
The system boundary was “cradle-to-gate,” including stages such as raw material acquisition and
transportation, product production, and warehouse distribution. Considering the characteristics of
artificial board products, the system boundary was extended to include both upstream and
downstream stages, comprehensively considering the carbon storage of raw material supply and the
products themselves. The main conclusions are as follows.

(1) The carbon footprint during the production stage of bamboo scrimber flooring products was
quantified with high precision. The LCA impact assessment and result interpretation for the two
types of artificial board products revealed that the carbon emissions during the production process
of 1 m? of deep carbon bamboo scrimber flooring and shallow carbon bamboo scrimber flooring were
1,845.99 kg CO2 e and 1,570.85 kg CO2 e, 1435.55 kg CO2 e respectively. Further sensitivity analysis
revealed that adhesives had the greatest sensitivity in the product production stage inventory.

(2) The carbon emissions during the production stage of artificial board products were coupled
with the carbon storage at the raw material supply stage and the carbon storage during the product
use stage to integrate the lifecycle carbon footprint evaluation. The lifecycle carbon footprints of 1 m3
of deep carbon bamboo scrimber flooring and shallow carbon bamboo scrimber flooring were 962.23
kg CO2 e, 677.86 kg CO2 e and 640.23 kg CO2 e respectively.
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