Energy and Sustainability X 325

CARBON FOOTPRINT LIFE CYCLE ASSESSMENT
OF MODULAR WOODEN CONSTRUCTION

PIN-CHI CHEN', CHI-JEN CHEN? & SZU-TUNG KUO?
'Department of Architecture, National University of Kaohsiung, Taiwan
Department of Urban Planning, National Cheng Kong University, Taiwan

ABSTRACT

Due to the crisis of global warming, the urban development strategy of low-carbon cities has been
consistently proposed. The strategy of energy conservation and carbon reduction has become a
significant international effort to quantify environmental issues. The construction industries in many
countries are predominantly reliant on conventional construction methods and processes characterized
by high energy consumption and carbon emissions. This heavy reliance on steel and concrete has
resulted in the depletion of land resources and incalculable environmental costs. Among these methods,
reinforced concrete (RC) structures constitute the highest proportion. To mitigate the environment
impacts caused by RC structures, the adoption of modular timber building systems as a design solution
for lightweight buildings proves to be an effective and prudent strategy. The modules building unit
created using timber construction offer benefits such as low embodied energy, carbon storage, shorter
erection periods, low waste generation, and improved labour productivity. Consequently, modular
timber building systems have the potential to be developed as affordable and high-quality building
systems. This study uses the life cycle assessment tool to monitor the environmental impacts of modular
timber construction systems during the raw material production and construction stages. The main
research objectives are as follows: (1) Conduct a carbon inventory analysis of modular timber
construction; (2) Estimate the carbon footprint of the production process for modular timber
construction; and (3) Estimate the carbon footprint during the construction stage of modular timber
construction. The results will be concluded in different stages as follows: (1) material production stage;
(2) construction stage; and (3) net carbon emissions of modular wooden building, and will be compared
to the existing related cases as well. The findings of this study will contribute to the sustainable
development of construction industry in the future.

Keywords: modular building, timber structure, life cycle assessment, carbon footprint.

1 INTRODUCTION

A large percentage of domestic construction industry tends to adopt traditional methods and
processes that are highly energy-intensive and have high carbon emissions. This has resulted
in slow labour force improvement and a long-term reliance on steel and concrete, which
underestimate the environmental costs. These practices lead to the depletion of land resources
and the generation of difficult-to-estimate external costs. Moreover, high-quality
construction is often tied to land development, resulting in high housing prices in emerging
urban areas and difficulties in renovating buildings in older city areas, exacerbating
disparities in construction quality. This is not only the case in Taiwan but also a challenge
faced by ASEAN countries undergoing rapid economic development.

Since the 921 Earthquake in 1999, Taiwan has actively pursued green building practices
suitable for sustainable development. Currently, lightweight steel structures and timber
structures are the two main building materials promoted. Therefore, this study will use
lightweight steel structures and timber structures as examples to explore the environmental
impacts of building materials throughout their life cycle using life cycle assessment (LCA)
techniques. The findings aim to provide references for future development of ‘green building
materials’ in Taiwan.
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2 RESEARCH OBJECTIVES

The objective of this study is to develop a modular timber structural system framework
through case analysis and comparison, based on the research findings of the Master’s
programme entitled ‘Research on Modular System Construction for Open Timber Residential
Buildings’ by Guo Chengjing in 2019. Building upon the literature review results, the study
aims to establish the architectural functionality and create a standardized spatial layout. By
incorporating the design and structural analysis results of the modular timber structural
system, the study calculates the carbon footprint of the entire life cycle of the system,
including the carbon footprint of the manufacturing process and the construction process.
The ultimate goal is to achieve a zero-energy residential system. The primary research
objectives of this study on the life cycle carbon footprint assessment are as follows: (1)
carbon inventory analysis of the modular timber structure; (2) calculation of the carbon
footprint of the manufacturing process of the modular timber structure; and (3) calculation
of the carbon footprint of the construction process of the modular timber structure.

In Taiwan, the promoted green building label system mainly focus on energy efficiency
during the operational phase of the building life cycle, but there is still reliance primarily on
high-energy and high-carbon-emitting materials such as steel and concrete, without
considering the overall life cycle processes or embodied energy. Most existing research
mainly focuses on carbon reduction design after the completion of buildings, with relatively
little assessment conducted during the pre-completion stage. Therefore, this study aims to
assess the carbon footprint of the production and construction stages of building materials.

3 RESEARCH METHODOLOGY
This study employs a literature review approach to explore relevant literature on life cycle,
carbon footprint, and modular construction. Building upon the research findings of Guo
Chengjing’s Master’s research mentioned above, the study utilizes SimaPro9.0, an LCA
software, to calculate the life cycle carbon footprint of the modular timber structural system.
The literature review method is utilized to examine existing literature related to life cycle,
carbon footprint, and modular construction.

4 LITERATURE REVIEW
This study comprehensively reviews and summarizes relevant research on LCA conducted
both domestically and internationally. The types, structures, and results of each study are
integrated and presented in Tables 1 and 2. These tables provide reference data for the
conclusions of this study.

After consolidating the data results of the same research stages from Table 1 and Table 2,
it can be observed that the carbon dioxide emissions ranges from approximately 100 to
210 kg/m?. This value can be compared with the carbon dioxide emissions obtained in this
study to further examine the reasons for the differences between the two.

5 COMPOSITION OF MODULAR WOOD CONSTRUCTION SYSTEM
5.1 Primary structural system

The primary structural system is a frame-type structure system, and domestically produced
cedar wood is used to construct the column and beam components. The column components
have a cross-sectional dimension of 6x6 inches, which are assembled by bonding three pieces
of wood with dimensions of 2x6 inches, 3x6 inches, and 2x6 inches. Metal connectors are
then attached to friction-fit the metal connectors with the wooden columns (Fig. 1). The beam
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components have two cross-sectional dimensions. One is the 6x10 inch floor beam, which is
formed by bonding three pieces of wood with dimensions of 2x10 inches, 3x10 inches, and
2x10 inches. The other is the 6x6 inch ceiling beam, which is formed by bonding three pieces
of wood with dimensions of 2x6 inches, 3x6 inches, and 2x6 inches. Metal connectors are
attached to all beam components and friction-fitted with the wooden columns. Additionally,
wooden tendons are bonded to both sides of all beams to act as support beams. Finally, the
column and beam components are connected using T-shaped (Fig. 2) and L-shaped (Fig. 3)
metal fittings, which are secured with bolts to form a complete frame structure.

Ceiling boam
cross-sectional dimension 8x6*

Column structural
cross-sectional dmension 6x6°

V7 (/) Floor beam
i Y cross-sectional dimension 6x10°

Figure 1: Wooden structural frame.

Metal connectors

X Wetal spiice connectors

Figure 2: L-type connection.
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Figure 3: T-type connection.
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The foundation consists of precast concrete footings and foundation columns. The
connection method involves aligning pre-drilled holes in the concrete blocks with embedded
steel bars on the other end. Once positioned, concrete is poured into the openings to solidify
the connection (Fig. 4).

" Profavricated o liod rebar skot
and poured concrete

Prefabricated contnuous fourdaticn

Figure 4: Precast concrete foundation.

5.2 Substructure system: ceilings, floors, partition walls, exterior walls

The substructure system also utilizes domestically sourced spruce timber as the material for
its components. The ceilings, floors, and partition walls employ a framed construction
method. The partition walls consist of 2x6 inch framed standard partition walls and 2x8 inch
framed column-to-column partition walls. The exterior walls are constructed using CLT
panels with a thickness of 140 mm to resist lateral forces. At the junctions, the ‘partition walls
to exterior walls’ interface adopts a ‘metal-to-metal’ connection, while the ‘ceilings to floors’
interface adopts a ‘wood-to-wood’ connection. Embedded connections are employed to
reduce the use of connecting metal elements. The floor elements are constructed using the
2x10 inch stud framed method. These floor elements are securely fixed onto the beams of
the main structural system using a tongue-and-groove joint. All floor panels are designed to
be removable, allowing easy access for maintenance of pipelines and utilities. A
waterproofing layer is installed on top of the floor panels (Fig. 5).

248" colum-lo-cokmn spucing
26 spacing

CLT wal

Figure 5: Modular structure’s skin and partitions.

The ceiling elements are constructed using the 2x6 inch stud framed method. Similar to
the floor elements, the ceiling elements are fixed onto the beams of the main structural system
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using a tongue-and-groove joint. All ceiling panels are also designed to be removable,
facilitating convenient access for maintenance of pipelines and utilities.

The roof adopts a single-slope roof design. The cross-section dimensions of the wooden
truss module are 2x4 inches, with a thickness of 14 mm. There are two types of wooden truss
lengths: 10.5 m for the trusses located at the centre service core (total of three trusses) and
9.2 m for the trusses on the left and right sides of the centre service core (total of ten trusses,
five on each side). Therefore, there are a total of thirteen wooden trusses, with each truss
spanning approximately 2.3 m and positioned at the intersection axis of the space modules.
The wooden trusses are covered with a 12 mm waterproof layer and topped with a 2 mm
gypsum board as the outermost layer. The roof overhangs by 160 cm (Fig. 6).

2.3m

t +

20:5m

Figure 6: Single-slope roof.

5.3 Modular residential space configuration

Vertical service core and corridors: The designed modular system can be extended into
diverse configurations for living units. Thus, the interfaces of every modular unit are
important. The vertical service core module (Fig. 7) consists of three parts: elevator, staircase,
and stairwell. In the composition of a single floor, the ‘elevator and stairwell” are integrated,
while the ‘staircase’ is a separate entity. Additionally, all module spaces comply with the
dimensions required for accessibility: indoor width of 1.2 m and outdoor width of 1.6 m.

Accessible elevator specifications  Staircase module unit Staircase module unit width 1.8m
Elevator shaft 1.8m x 1.9m Length x Width 4m x 3.6m Staircase clear width 1.6m
Elevator car 1.4m x 1.35m

Module unit
Length x Width 2.2m x 1.8m

Figure 7: Vertical service units.
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6 STUDY OBJECTIVES AND SCOPE
6.1 Scope definition

This study primarily focuses on assessing the carbon footprint of the production and
construction stages of modular wood construction homes throughout their entire life cycle.
The production stage includes processes from raw material extraction to the manufacturing
of finished products in the processing plant. The construction stage includes energy
consumption during construction. The study only considers carbon emissions at these stages
and does not account for transportation.

6.2 Residential space types

The residential living arrangements include single-person households, couples living
together, and small families consisting of couples and children. The modular spatial units are
categorized based on their functional spaces, including bedrooms, bathrooms, living rooms,
kitchens, and dining areas. For this study, the residential composition consists of four single-
person households, one couple household, and one small family household.

6.3 Carbon emission inventory analysis

Prior to assessing the carbon emissions during the production phase of building materials, a
fundamental carbon inventory analysis is conducted in accordance with the ISO 14040 series
standards. In this study, the LCA software SimaPro is utilized to classify all building
materials used in modular timber construction into four categories: wood materials, metal
materials, cement materials, and other materials. A carbon emission inventory analysis is
then performed for each category during the production phase, using data from the Ecoinvent
3 database and the IPCC 2013 GWP 100a method for calculation.

7 MATERIAL DESCRIPTION
7.1 Wood materials

The modular timber construction of the housing utilizes various wood materials, including
glued laminated timber (GLT), CLT, and plywood. These materials are applied to different
components/modules based on their specific characteristics and dimensions. The total
volume of all components is calculated and then entered into the LCA software to determine
the unit carbon emissions for the wood materials category.

7.2 Metal materials

In the modular wood construction of residential buildings, the main structural system is a
framed system. Apart from the reinforcing bars used in the foundation, most of the metal
materials used are metal connectors for connecting the wooden structures. The following
summarizes the total weight of the reinforcing rebars, metal connectors, door and window
hardware, and elevator boxes. The weight of all components is calculated and then the
materials are input into the LCA system database to calculate the unit carbon emissions of
metal materials.

WIT Transactions on Ecology and the Environment, Vol 261, © 2023 WIT Press
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7.3 Cement

The foundation utilizes precast concrete blocks at the factory, which are placed and connected
on-site after excavating and levelling the earthwork. The concrete foundation consists of
continuous footings and foundation columns. The volume and quantity of concrete
foundation components are organized, and the total volume of all components is calculated.
Subsequently, the material data is inputted into the LCA system database to calculate the unit
carbon dioxide emissions of cement-based building materials.

7.4 Other materials

In addition to the three aforementioned building material categories, other materials used
include glass, glass fibre, sound insulation cotton, SPC waterproof flooring, PMMA
waterproof panels, calcium silicate boards, and gypsum boards. The total weight of all
components is calculated and summed up. Subsequently, the material data is inputted into
the LCA system database to calculate the unit carbon dioxide emissions of metal materials.

8 CARBON FOOTPRINT ASSESSMENT IN THE PRODUCTION STAGE
8.1 Total material quantities

To assess the carbon footprint in the production stage, the total quantities of all materials
used in the modular wood structure, along with the unit material carbon emissions obtained
from the LCA system analysis can be mutually incorporated into corresponding items for
carbon footprint evaluation calculations.

8.2 Carbon footprint assessment in the production stage

Taking GLT as example, through system analysis and calculation, it is determined that 1 m?
of GLT generates 110 kgCO, eq in terms of carbon dioxide equivalent emissions. In the case
of modular timber-framed houses, GLT utilizes approximately 139.78 m®. Multiplying
139.78 m® by 110 kgCO, eq yields a carbon footprint of approximately 15,375.8 kgCO, eq
in the production stage for GLT. The carbon footprints of other building materials can be
calculated using the same method (see Table 3).

8.3 Carbon footprint assessment of the construction stage

In calculating the carbon emissions during the construction stage of modular timber-framed
houses, this study focuses solely on the assessment of construction activities. The following
items are not included in the assessment:

e Energy consumption for material transportation: Since the assessment scope of this study
is limited to the carbon emissions from construction activities, changes in resource
allocation or construction processes generally do not affect the amount of materials used.
Therefore, the transportation of materials is not considered to increase during
construction, and the carbon emissions resulting from material transportation are
excluded.

e Construction site workers: In this study, the carbon emissions from construction
activities are calculated, specifically assessing the energy consumption of machinery.

WIT Transactions on Ecology and the Environment, Vol 261, © 2023 WIT Press
www.witpress.com, ISSN 1743-3541 (on-line)




334 Energy and Sustainability X

60°L0S T81 Jutidiooj u0qed [R10 ],
SH¥98°1 ¥S1°0 Jetourw ‘193se[d 19A0) | BY | 89011 pieoq wnsdAn
€181 $8200°0 [[1W 10J “PAYSNId “auoIsaUWIT[ BY | 9'19¢€9 PI20q dJEI[IS WNIo[e)
€8°19€°01 6L'8 199ys “e[Aroeyiowl [Aypowkod | 3 | 78'SLIT | sjoued jooidirem VININD
9 THI'LT vT'8 ajeuoqiedk[od | Y |  p6TE dutiooyy Jooidiarem HdS
09'9LT ST dlqy sselD| 8y | 9,601 uoe[NSU 21qLy SSB[D
0TILET [ pa1e0d ‘sse[s el | S | 9,61 SSE[S J-MO]
€EVE6'61 79¢€ uonepunoj pue a1e[d 9[0s “9110U0) | W | 7L90°SS 91210U0))
0L°0S6°8Y 1LYy WIN[WOIYD-[IU-UOI[ | TY | €6'C6£01 [99)S SS[UIEIS
6€0 181 pIAo[[e-mo ‘[PAS | 3 | 8LITO Aoe ourz
9.0 6€9 Aofre 1seo ‘wintuwny | 8 [ 88110 Aojre winturwny
6€6C T€'8 toddop | 3y | zese 12ddo)
L1816TT 181 PIKo[[e-mo] “[OAS | BY | L6'199T1 | [091s paziuealeS dip-1oH
0T 1L9T 34 [09)s Sutotojuay | B | 89'9¢€11 [99)s Bu1dI0JUIY
LUILY'T 3 asn Joopur 10y ‘poomAld | (W | TLT'9 poomA[d
17°0T1°8C 8€T asn Joopul 10y [ TD| (W [ €SI'8I1 L0
08'SLEST 011 (%01=") PALIP ‘POOMIJOS ‘POOM UMES[ W | 8/ '6€EL 11D
(b200 5%) juridj00y uoqres U [eLdyew oseqele(] | aun | Aimuend) [eLIdIRIAl

juridy003 uoqre)

*08e)s uononpoid Jy) ur s[eLdjew Jo jutidiooy uoqie) :¢ J[qe],

WIT Transactions on Ecology and the Environment, Vol 261, © 2023 WIT Press

www.witpress.com, ISSN 1743-3541 (on-line)

&



Energy and Sustainability X 335

Modular timber-framed houses are prefabricated in factories and installed using hoisting
operations during construction. Compared to traditional construction methods, these
operations save significant human resources. Therefore, the carbon emissions from on-
site construction workers are excluded.

Total construction energy consumption: this study assumes a construction period of 3 days
for modular timber-framed houses, with 8 hours of work per day. A 150 kVA generator
operates at full load for 7 hours and standby for 1 hour. The total energy consumption from
fuel-powered and electricity-powered equipment during construction is obtained. The total
energy consumption is then multiplied by the unit carbon dioxide emissions of diesel fuel
and electricity to determine the carbon footprint of the construction stage.

To assess the carbon footprint of the construction stage, the total fuel consumption and
total electricity consumption are multiplied by the corresponding carbon dioxide emission
factors for fuel combustion and electricity usage. This enables the calculation of carbon
emissions for each respective item.

8.4 Analysis results for total carbon emissions

Carbon storage per unit area of wood = (1/2) %
(Carbon emission per unit area of wood) (1)

Carbon emission per unit area of wood = (Total wood volume) x (wood density)/(Total
floor area) = (264.205 m? x 450 kg/m?)/703.75 m? = 168.94 kg CO»/m?. Hence, from eqn (1),
wood carbon storage per unit area = 84.47 kg CO»/m>.

Carbon emission per unit area = Total carbon emission/Total floor area 2)

where total carbon emission = carbon emission in production stage + carbon emission in
construction stage = 182,507.09 kg CO, + 10,988.95 kg CO, = 193,496.04 kg CO,. Hence,
carbon emission per unit area = 193,496.04 kg CO»/703.75 m? = 274.95 kg CO»/m?.

Net carbon emission per unit area = carbon emission per unit area
— wood carbon storage per unit area 3)

Hence, net carbon emission per unit area = 190.48 kg/m>.

9 CONCLUSIONS
This study focused on the life cycle of modular wood construction systems and assessed the
carbon emissions generated during the material production and construction stages. Based on
the statistical data obtained from these two stages, the following conclusions are presented:

(1) Material production stage: the calculated carbon emissions in the material production
stage for modular wood construction homes are as follows: Structural system (GLT
columns and beams, panel walls, GLT roof trusses, CLT exterior walls, and floors)
account for 55,698.47 kg CO; eq (57%); Galvanized iron components used to connect
all modular units contribute 22,918.17 kg CO, eq (23%); Prefabricated continuous
foundations (rebar + concrete) emit 19,934.33 kg CO; eq (20%).

(2) Construction stage: The carbon emissions from energy consumption during the
construction stage were calculated based on a 3 day construction period. The carbon
emissions from fuel combustion amount to 3,150.79 kg CO; eq (7%), while the carbon
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emissions from electricity usage amount to 7,838.16 kg CO; eq (93%). These results
indicate that electricity consumption has the highest carbon emissions during the
construction stage.

(3) Net carbon emissions of modular wood construction: The carbon storage per unit area
of wood in modular wood construction homes is 84.47 kg/m?, and the carbon emissions
per unit area are 274.95 kg/m?. Consequently, the net carbon emissions per unit area for
modular wood construction are calculated to be 190.48 kg/m?.

Based on the research findings and process, the following recommendations are proposed
to guide future studies and promote the practical implementation of modular wood
construction systems as socially applicable products:

(1) Scope and conditions of definition: to enhance the accuracy of carbon emission
calculations, future studies should evaluate the complete life cycle of modular wood
construction, including transportation energy consumption and carbon emissions from
on-site construction personnel, in addition to the material production and construction
stages assessed in this study.

(2) Importance of material selection and construction methods: while there is a global focus
on promoting the development of green buildings, with an emphasis on energy efficiency
and sustainability during the operational stage of the life cycle, the overall life cycle
process is often overlooked. Green building designs typically consider only specific
stages, resulting in limited benefits. By selecting low-carbon wood during the material
production stage and utilizing the simplified construction process enabled by modular
design, a more comprehensive perspective on sustainable construction can be achieved.

(3) Optimization of modular wood construction design: the carbon emission data obtained
in this study were relatively higher compared to the values presented in the literature
review conducted in Section 2.3. Upon review, it was found that the excessive use of
metal components at junctions in the designed modular wood construction system
contributed to the overall increase in carbon emissions. To reduce carbon emissions, it
is recommended to optimize the system design by minimizing the use of connecting
metal components.
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