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Abstract

Mass Timber Products (MTP) are large volumed engineered wood products that can be
used as structural components of buildings. They can provide the same structural
performance as traditional building materials while causing less environmental impact.
However, MTPs are not widely available in New Brunswick (NB), Canada. The only way
to acquire MTPs in NB is to transport them from other provinces, which will increase the
carbon footprint to some degree. The objectives of this research were to investigate if using
MTPs still had environmental benefit after considering the transportation of MTPs and
discover if two life cycle assessment (LCA) tools designed for the North American market
could be used interchangeably. The results showed that using MTPs in construction in NB
could still cause significantly less impact in Global Warming Potential (GWP) and Ozone
Depletion Potential (ODP) than traditional buildings in the cradle-to-gate stage. Yet the
disadvantage includes higher impacts in Eutrophication Potential, (EP), Smog Potential
(SP), and Acidification Potential (AP). The results also showed that the two LCA tools
could not be used interchangeably as these tools provide different value in their results and
allocate the source of impact differently. Applying MTPs in future construction projects in
NB is recommended as doing so will aid in decreasing GWP and ODP caused by building.
These two advantages of MTPs still exist despite increase in environmental impact caused
by long-distance transportation. If further development in transportation technology can be

applied in the future, the effect of these two advantages will be enhanced.
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1 Introduction

1.1 Background
1.1.1 Climate Change

Climate change caused by greenhouse gas (GHG) emissions from human activities is
happening, while the major impacts that can be felt are changes in environmental
variability and weather extremes. These kinds of changes include increased temperature
(which increase heat stress in livestock, wildlife, and crops), intense precipitation events
(which causes flood and soil erosion), increase in tropical cyclone peak wind intensities
(which causes more damage in coastal infrastructure and ecosystem) and so on (van Aalst,
2006). Information released from the Government of New Brunswick (NB) indicates that
the effects on climate in Canada will be greater than in the rest of the world, where
temperatures are expected to rise two times faster than the global average (Government of
NB, 2016). Several cases of natural disasters that are happening or have happened in
Canada are the best proof of this statement. These examples include wildfire (Kulkarni,
2021) and flooding events (Kotyk, 2021) in the province of British Columbia in 2021 and
flooding in the province of Manitoba in 2022 (Wildes, 2022). Even New Brunswick itself
had a flooding event in 2019 (Ferreras, 2019). These events show that Canada is more
vulnerable to climate change, therefore stakeholders in Canada must work harder than

before on mitigation and adaption of climate change.

1.1.2 Green Building Rating Systems and Life cycle assessment (LCA)

The potential for impacts due to climate change have drawn the attention of many industry

sectors. In the building industry, there are authorities and organizations who have created

1



green building rating systems to minimize or optimize the consumption of natural resources
and control pollution. Buildings certified by these systems are energy efficient, capable of
providing a better living environment and contribute to the overall reputation of the

property (Tien Doan et al., 2017).

Multiple green building standards, including Leadership in Energy and Environmental
Design (LEED) from the U.S. Green Building Council (USGBC) and Building Research
Establishment Environmental Assessment Methodology (BREEAM) from the U.K.
Building Research Establishment are promoting the usage of the LCA method to assess
environmental goals. In the case of LEED, the building designers would use the LCA to
show that the building has at least 10% reduced environmental impact in at least two impact
categories compared to a baseline level to receive 3 credits (Al-Ghamdi & Bilec, 2017).
Software programs and tools for LCA can be classified into three levels. The first level is
used for generic product comparison. This level of LCA software includes GaBi, SimaPro
and OpenLCA. The second level is a streamlined tool to assess the whole building design.
This level includes Eco-Quantum, Athena, eTool, and Tally. Level 3 is framework for

whole building assessment such as BREEAM and LEED (Rashid & Yusoff, 2015).

LCA is a technique that is used to address environmental aspects and potential
environmental impacts throughout the life cycle of a product from raw material acquisition
through production, use, end-of-life treatment, recycling, and final disposal (i.e., Cradle to

grave) (International Organization for Standardization, 2006a). It includes four phases



including: defining goal and scopes, conducting life cycle inventory analysis, conducting
life cycle impact analysis, and interpretation of results (International Organization for

Standardization, 2006b).

1.1.3 Wood and Mass Timber Products

Wood is a product of trees, which has been providing fuel, tools, food, and shelter to
humans since the early years of human existence. The use of wood evolves with the needs
of humans. Wooden construction has evolved from simple huts to multiple purpose halls
(Foliente, 2000). Using wood in modern construction has multiple benefits: Using wood
from small diameter trees and insect- or disease-killed trees can generate revenue; which
will offset treatment cost for forest lands that needs ecological restoration; Revenue from
trading forest products also serving as an incentive for forest landowners to keep the land
forested and creating jobs in rural areas; while environmental benefit of using wood
products in construction includes reduced fossil fuel consumption; GHG emission, and
solid waste in manufacturing/use of building products; and wood is a renewable material,
this specific benefit tends to be ignored without conducting LCA (Ritter et al., 2011).
Furthermore, wood products also have carbon sink capability, where the trees will absorb
carbon dioxide and store it as molecular carbohydrates through photosynthesis (Organschi

etal., 2016).

The application of wood in lightweight construction is being encouraged by European

Union Legislation. (Arkar et al., 2018). With carbon tax currently being applied in 14 high-



income countries, Canada, Chile, Denmark, Finland, France, Iceland, Ireland, Japan,
Norway, Portugal, Slovenia, Sweden, Switzerland, and the United Kingdom, the reduced
GHG emissions advantage became more important as this advantage could reduce cost of

building in these countries (Yunis & Aliakbari, 2020).

Harvesting of old-growth trees is causing trees that can be harvested for lumbers to become
smaller in diameter and lower in quality. To meet the demand for wood and fiber products,
engineered wood products (EWPs) were invented and produced to replace solid sawn
lumber. Engineered wood is defined as any structural product made from roundwood that
has been reduced into smaller pieces of wood, or a structural product that is made from
residue materials from wood processing operations (Guss, 1995). EWPs are more efficient
for using timber resources and more cost-effective when compared to solid sawn lumber.
This kind of product includes softwood plywood, Oriented Strand Board (OSB),
Laminated Veneer Lumber (LVL), wood I-joist, Glue laminated timber (glulam) and many

others (McKeever, 1997).

In the family of EWPs, mass timber products (MTP) have attracted researchers and builders
with an increasing interest in using them in construction in the past few decades. MTPs are
those EWPs with large section sizes that offer the construction industry viable alternatives
to using structural steel and reinforced concrete (Harte, 2017). These products include
large-scaled, thick-panel products, such as cross-laminated timber (CLT) and structural

composite lumber, as well as adhesively or mechanically laminated linear elements like



glue-laminated timber (GLT), nail-laminated timber, and dowel-laminated timber (Gong,
2019). Application of these products in construction shows multiple advantages; the most

well-known is their environmental performance as shown in studies listed below.

Multiple studies using LCA showed that the application of MTPs in construction could
reduce the global warming potential (GWP) of buildings (Teshnizi et al., 2018; Pierobon,
et al., 2019; Skullestad et al., 2016; Liang et al., 2020; Chen et al., 2020). Wood also has
carbon sink capability as trees absorb carbon dioxide through photosynthesis during their
growing process and store it in products during their service life (Organschi et al., 2016).
Moreover, a mass timber building can serve as a carbon sink over the lifespan of the
building. This may further help with the mitigation of climate change as storing carbon in
buildings will trap the carbon in these buildings until the end of service periods of the
buildings (Gu et al, 2022), which are assumed to be 50~60 years (Passarelli, 2019; Sartori

& Hestnes, 2007).

However, there are very few mass timber structures in the Atlantic provinces in Canada
when compared to other provinces, such as Quebec and Ontario (Natural Resources
Canada, 2021). This fact along with the environmental advantages of applying MTPs in
construction are why decision-makers in NB stated that they “encourage increasing usage
of wood products in construction and major renovations (based on a favorable lifecycle
evaluation) for public-funded buildings” as part of the NB Climate Change Action Plan

published in 2016 by the Government of NB (2016).



The report from Canadian officials shows that no MTP manufacturers are in NB or other
Atlantic provinces in Canada (Natural Resources Canada, 2021). This would require
builders to import MTPs from other provinces for building mass timber structures in NB.
Extended transportation distance caused by importation will not only increase the cost but

also increase the environmental impact of applying MTPs.

1.2 Objectives and Scope of Research

The overall objective of this study was to assess the environmental impacts of using mass

timber in construction. To achieve this, the following work was conducted:
e Selecting a study building(s),

e Quantifying the amount of each material required for the study building(s) or

building design, and creating a bill of materials,

e Using the bill of materials and software program to conduct LCA analysis,
calculating the environmental impact caused by the manufacturing of building

materials required for buildings/ building designs,

e Evaluating the impact of transportation on overall LCA results, especially the effect

of Global Warming Potential (GWP), and

e Conducting a comparative cradle-to-gate LCA of all buildings/ building designs

studied in this thesis project.



1.3 Organization of Thesis

The content of this thesis is organized as follows, containing five (5) Chapters.

Chapter 1: The background and questions that will be answered in this study.

Chapter 2: Literature review on LCA, MTPs, and the application of LCA in evaluating the

environmental performance of mass timber buildings.

Chapter 3: Investigate how the effect of transportation of MTPs into NB will impact the

overall LCA result on a Mass Timber Building design in NB.

Chapter 4: Investigating the difference in LCA results from two different LCA tools for

North American market.

Chapter 5: General conclusions and recommendations.
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2 Literature Review

2.1 Background

By using observational data in the last century, the scientists noticed that a global warming
phenomenon against the background of natural variability is currently happening; This
phenomenon is related to impact caused by human activity, which increased the ratio of
greenhouse gases (such as carbon dioxide and methane) in the atmosphere, the significance
of these changes is more intense at high latitudes (Mokhov, 2022). Given the fact that
Canada is located in the high latitude region, the effect of climate change would be more
intense in Canada. Impacts from climate change can be found in multiple sectors, including
agriculture (causing decreased cereal productivity), biodiversity, human health (death
caused by extreme weather, increase in vector-borne-disease, and psychological issue),
forestry (different rainfall pattern and pest outbreak), tourism, and economic sector
(Abbass et al., 2022). In the summer of 2022, several weather extremes and natural
disasters were observed around the globe, including heat wave events in Asia (Yang, 2022),
Europe (Martinez, 2022), and North America (Singh & Canon, 2022) with flood in Sudan

(Amin, 2022), and drought in Africa (Schlein, 2022) for example.

Climate change mitigation policies were created with the motivation to avoid the effect of
climate change; this is where Life Cycle Assessment (LCA), a tool that is helpful with
environmental decision making, is being adopted in environmental regulations, product

certifications and sustainability standards (Plevin et al., 2014).
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2.2 Life Cycle Assessment

The term “life cycle” has a rich history, in biological terms, organisms have a life cycle
defined by birth to death, such a concept can also be applied to business. When the concept
is applied to products it has different meanings (Heijungs et al., 2010). This makes it hard
to pinpoint the exact origin of the term “Life cycle assessment (LCA)”. In the context of
LCA, the life cycle was defined as “consecutive and interlinked stages of a product system,
from the raw material acquisition or generation from natural resources to final disposal”
by International Organization for Standardization (International Organization for
Standardization, 2006a). Studies that are partially recognized as LCA can be dated back
to the late 1960s to early 1970s (Guinée et al., 2011). LCA was used for comparison of the
environmental impact of two functionally equivalent products (such as paper vs cotton
baby diapers, glass vs paper milk containers). The importance of bringing attention to the
life cycle of a product or multiple similar products was noticed in the 1980s and1990s.
Standardization of LCA started in the 1990s with the publication of multiple LCA guides
and handbooks. Involvement of ISO in the field of LCA began in 1994, when they adopted
the formal task of standardization of methods and procedures of LCA (Guinée et al., 2011).
The interest in assessment using LCA has increased in a short period of time, evidenced by
the publication record. There were less than 800 LCA-related publications in 2008 but
more than 1700 in 2013. This increase in interest is related to concern about Greenhouse
Gas (GHG) emissions (McManus & Taylor, 2015). Information acquired from an LCA
study can be helpful with identifying improvement opportunities, informing decision-
makers, choosing performance indicators and marketing (International Organization for

Standardization, 2006a).  According to ISO 14044 (International Organization for
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Standardization, 2006b), a complete LCA study needs to include four phases, which

includes:

e Defining the goal and scope, including the system boundary (defining the range of
study, knowing which process will be included), level of detail for the study, subject

of the study and how the result of this study will be used.

e Conducting life cycle inventory analysis (or LCI), including where data on the input
and output of the system being studied will be collected. Such data may include
energy input, raw material input, ancillary input, and other physical inputs on the
input side. For the output side, data may include product, co-product, wastes, release

into the environment and other effects on the environment.

e Conducting life cycle impact analysis (LCIA), including that additional information
will be, during this process, provided to understand how results from LCI will be
translated into impact to the environment. During this process, impact categories
will be selected, and amount of impact will be calculated by using data from LCI

and the characterization model.

e Interpreting the results, including where the results from LCI and LCIA process will
be organized, summarized, and discussed. In some cases, conclusions and
recommendations will be provided to reach the goal defined in the first phase of the

LCA study.

When conducting LCA on buildings, researchers can use well-defined modules defined in

the standard EN 15978:2011 (Table 2.1) (European Committee for Standardization, 2011).
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The boundary that includes stages A1~A4 is known as cradle-to-gate, while the boundary

that includes all stages from A1~C4 is known as cradle-to-grave.

When conducting LCI, researchers will choose which database to use for conducting LCI
studies, such as the Ecoinvent database developed by the Ecoinvent association from
Switzerland with data for European market or the U.S. Life Cycle Inventory (USLCI)
database developed by National Renewable Energy Laboratory from United States for
North American market, because it is hard to acquire LCI data for specific individual

materials.

When conducting LCIA, researchers will use specific tools to transform the result from
LCI (amount of emission caused and resource used) to measurable environmental impacts.
One of these tools is The Tool for the Reduction and Assessment of Chemical and Other
Environmental Impacts (TRACI) developed by the U.S. Environmental Protection Agency
(EPA) (Bare, 2011). Impact categories that can be reported by this software includes:
Ozone depletion potential (ODP), Global Climate (or Global warming potential-GWP),
Acidification potential (AP), Eutrophication potential (EP), Smog Formation Potential

(SP), Human Health Impacts (HHI), and Ecotoxicity.
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Figure 2-1: Life cycle assessment (LCA) framework shown in 1SO 14040 (International

Organization for Standardization, 2006a)
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Table 2-1: Life Cycle Stages adapted from EN 15978:2011 (European Committee for

Standardization, 2011).

Building
Lifecycle
e Information
Building
Assessment
Information

Supplement Information Beyond
the Building Life Cycle

Al Raw malterial
Product Stage >UPPlY
A2 Transport
A3 Manufacturing
A4 Transport
Construction Construction-
Process Stage A5 installation
process
Bl Use
B2 Maintenance
B3 Repair
B4 Replacement
Use Stage B5 Refurbishment
B6 Operational
energy use
B7 Operational
water use
Deconstruction
C1l o
demolition
End-of-life C2 Transport
Stage c3 Wastg
processing
C4 Disposal
Benefits and
D loads beyond
the system
boundary
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2.2.1 Common Software Programs for LCA Studies on Buildings

There are software programs designed to conduct LCA. This section will introduce three

commonly used software packages and summarize the pros and cons of each.

SimaPro is a product system modeling and assessment software first released in 1990. It
was developed and sold by the Netherland based company PRé consultants (PRé
Sustainability B.V., 2021). The software contains a user interface for modeling the product
system, a life cycle unit database, an impact assessment database and a calculator that
combines values from databases and user input to provide the results (Herrmann &
Moltesen, 2015). This program incorporates both US LCI database and Ecoinvent database
(Sahoo et al., 2019). Since it is a LCA software for generic products, it has been widely
used in the industry and in the academic community, but the fact that it is not free makes
it less accessible than open-sourced software such as Open LCA and Athena Impact

Estimator.

Open LCA is a free, opensource software tool developed by GreenDelta in Berlin
(Greendelta, 2022).1t is another LCA tool for generic products. The software itself is free
to use and opensource, which means it can be customized to fit user requirements, however,
this software also requires users to purchase the LCI database for conducting LCA. Which

makes it a software that requires payment to be used in effective way.
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Athena Impact Estimator is a software tool developed by Athena Sustainable Materials
Institute (Athena Sustainable Materials Institute, 2019) . It delivers environmental life
cycle-based performance information about buildings by using information from user input
data (such as bill of materials and operation energy for buildings) and Athena LCI database,
which is region specific (Athena Sustainable Materials Institute, 2019). However, previous
experience with this software in the earlier stage of the research project shows that Athena
Impact Estimator’s regional database does not include certain areas in North America. The
content of Athena LCI database is inaccessible which makes it impossible to adjust the

results for regions that are not included in the database.

Tally is a plug-in for Autodesk Revit software that is used for conducting LCA. It was
developed by Kieran Timberlake Innovations in partnership with Autodesk and PE
International (Building Transparency, 2022). This plugin allow user to conduct LCA
directly with model in Autodesk Revit without special modeling practices. But the
necessity of using Autodesk Revit and model is one of the limitations of this tool. Another
limitation of this tool is the inability to adjust the content in LCI database and LCIA method

(Bueno & Fabricio, 2018).

The pros and cons of each software for conducting LCA studies are listed in Table 2-2.
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Table 2-2: Pros and Cons of three LCA software programs.

Pros

Cons

SimaPro

Can be used for multiple kinds
of products

Having access to multiple LCI
databases

Users can manually adjust data
for region specific LCA study

Not free

Need to add details (transportation
and end of life information)
manually if they are not included
in the database.

Hard to find some of the building
materials without knowing the
name of their chemical substance

Athena impact

Including data pre-adjusted for
multiple regions in Canada

Cannot adjust data for regions not
included in the software

estimator Specifically designed for
buildings
Free
Easv to use Requires access to Revit software
y and BIM model of the building
Tally
D.O€S not require users tq nput Cannot make adjustment for
bill of material for building . .
regional specific LCA study
manually
OpenLCA Free and opensource Still need users to purchase access

to LCI database
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2.3 Application of LCA in building sectors

In 2019, the building and construction industry was responsible for 35% of final energy
usage and 38% of CO> emissions (Hamilton & Rapf, 2021). Reduce energy usage will be
contributed to reducing greenhouse gas emission. There are two kinds of technologies that
reduce energy use in buildings during their operation phase. One is passive technology,
which includes increased insulation, better performing windows, reduction of infiltration
loss and energy recovery from output of buildings (ventilated air and wastewater). The
other is active technology, which includes heat pumps that apply natural heat source (air,
water or ground), solar thermal collectors, solar photovoltaic panels and biomass burners.
Although such technologies exist, the energy required for manufacturing building materials
(embodied energy) for buildings using such technologies will still be responsible for
around 12% of total energy used in the life cycle of buildings. In certain cases, embodied
energy of building materials will be responsible for 28% to 32% of total energy used in the
life cycle of buildings (Sartori & Hestnes, 2007). Knowing how much embodied energy a
building has by conducting LCA will help with identifying opportunities of further

improvement (reduce embodied energy of future buildings).

The building sector has some history in the usage of LCA. Studies on the life cycle of
buildings have been developed in the 70s and 80s where it focused on quantifying energy
consumption, material usage and waste output of buildings throughout their life cycles
(Cabeza et al., 2014). The standard made specifically for LCA study on buildings is
European standard 15978, where the stages of the life cycle of buildings are separated into
multiple modules as shown in Table 2-2 (European Committee for Standardization, 2011).
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When conducting an LCA study on buildings, researchers may choose which modules to
include in their scope as for some modules there is no information available, or it is not

important.

2.3.1 LCA on Building Materials
2.3.1.1 Concrete and Steel

A building cannot be constructed without building materials but choosing among multiple
kinds of building materials is not a simple task. When it comes to choosing material based
on environmental impacts, LCA study on building material can be helpful with decision

making.

Knoeri et al. (2013) conducted comparative LCA to conventional concrete and recycled
concrete to learn if using recycled concrete truly has environmental benefit. The scope of
this study was from the cradle to gate, which included the processes from raw material
extraction to ready for use concrete on site. Assumptions were made, where round gravel
was considered as natural aggregate, recycled concrete was considered to require 0.2%
more additives and more water. Assumption for the rubble composition were also made,
where mixed rubbles were considered to contain 70% waste concrete and 30% waste brick,
and concrete rubbles were considered to contain 95% wasted concrete and less than 5%

waste bricks.
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The data provided by Knoeri et al. (2013) shows that recycled concretes do not always
have lower GWP than conventional concrete. When recycling materials from mixed rubble
and using the maximum amount of additional cement for outdoor concrete, the GWP of
recycled cement is 7% higher than conventional concrete, while recycling materials from
concrete rubbles has lower GWP in the same scenarios. Although the reduction of GWP
might not be significant in some cases, the author noted that using recycled materials has
other benefits including conservation of natural gravel resources and limiting waste stream

to landfills.

24



7%

3.00E+02 Base %
-11%
2.50E+02
2.00E+02
1.50E+02
1.00E+02
5.00E+01
0.00E+00

Conventional CEM1 CEM2 CEM3

Global Warming Potential (kg CO, Eq)

Concretes

Figure 2-2: GWP comparison of conventional concrete and concrete recycled from mixed
rubble. CEML1, 2 and 3 represent amount of additional cement (none, medium and

maximum) respectively (Knoeri et al., 2013)
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Figure 2-3: GWP comparison of conventional concrete and concrete recycled from
concrete rubble, CEM1, 2 and 3 represent amount of additional cement (none, medium

and maximum) respectively (Knoeri et al., 2013)
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Burchart-Korol (2013) conducted a case study with LCA on the steel production of Poland
with an aim at studying the environmental impact of this process. The process included in
his study were the integrated steel plant production process (the iron ore sinter plant, blast
furnace, lime production plant, basic oxygen furnace, continuous casting plant, and hot
rolling plan) and electric arc furnace steelmaking process. The object of the case study was
to define the major source of environmental impacts and provide methods to avoid
pollution from the processes with heaviest pollution. Burchart-Korol (2013) found that the
most significant environmental impact in the steel production process was damage to
human health related to coke fuel consumption in the process. The largest energy demand
of steel making process came from blast furnace system production process. GHG emission
was also a major environmental concern from the author. The author recommended that
raw material substitution in the iron-making process should be applied to reduce the

environmental impacts of the iron and steel-industry.

2.3.1.2 LCA on Wood and Wood Products

Wood is a product of trees, which has been providing fuel, tools, food, and shelter to
humans since the earliest known years of human existence. The use of wood has evolved
with the needs of humans. Wooden construction has evolved from simple huts to multiple
purpose halls (Foliente, 2000). Using wood in modern construction has multiple benefits.
When it comes to structural benefit, the application of wood in a concrete-wood hybrid
design can reduce seismic mass of the building, which would reduce seismic base shear of
the building in an earthquake (Pan et al., 2021). When it comes to environmental benefits,

using wood from small diameter lumber and insect or disease killed trees can generate

27



revenue, which will offset treatment cost for forest lands that need ecological restoration.
Revenue from trading forest product also serving as incentive for forest landowners to keep
the land forested. While other environmental benefits for using wood products in
construction includes reduced fossil fuel consumption, greenhouse gas emissions and solid
waste in manufacturing and use of building product. The benefit of wood as a renewable
material tends to be ignored without life cycle analysis (Ritter et al., 2011). Furthermore,
wood products also have carbon sink capability, where the trees will absorb carbon dioxide
and store them as molecular carbohydrates through photosynthesis (Organschi et al., 2016).
The carbon stored in woods will be kept in the wood product during its service, which can
be up to 80 years if it is wood used in construction of a single-family home. It can also be
store after the service period if the wood can be recycled into new wood products (Bergman

et. al., 2014).

Application of wood in light weight construction is being encouraged by European Union
legislation. A group of researchers even came up with thin, lightweight wall design that
meets the energy efficient requirement using wood to increase the thermal performance of

the lightweight construction that’s popularized by this legislation (Arkar et al., 2018).

Harvesting of old growth timber is causing available timbers to become smaller in diameter
and lower in quality. In order to meet the demand of wood and fiber products, the
engineered wood products (EWPs) were made to replace solid sawn lumber. EWPs are

more efficient for using timber resources and more cost effective when compared to solid
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sawn lumbers. This kind of product including softwood plywood, Oriented Strand Board
(OSB), Laminated Veneer Lumber (LVL), wood I-joist, Glue laminated timber (glulam)
and many others (McKeever, 1997) They can be categorized by orientation of the
lamination (parallel or cross laminated) or by the wood element (fiber, strand, veneer, and

lumber) used in the manufacturing of these products (Gong, 2022).

In the family of EWPs, mass timber products (MTPs) have attracted researchers and
builders with an increasing interest of using them in construction in the past few decades.
Mass timber is a term used to describe a family of engineered wood products of large
section size that offers the construction industry a viable alternative to using structural steel
and reinforced concrete. There has been a significant level of interest in these products and
building systems due to their technical capabilities, cost-competitiveness and
environmental properties (Harte, 2017). MTP includes thick-panel products, such as cross-
laminated timber (CLT) and structural composite lumber (SCL), as well as adhesively or
mechanically laminated linear elements like GLT, nail-laminated timber (NLT), and
dowel-laminated timber (DLT). Use of terms in the literature can be colloquial, with
timber-concrete composite (TCC) and other hybrid elements sometimes grouped into the

meaning of MTP (Gong, 2019).

Using mass timber products such as CLT has several benefits. Construction related benefit
include faster on-site construction speed, and that charring of CLT panels can preserve its

load bearing capacity during fire. While environmental benefits of using CLT include less
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embodied energy for building material and less insulation required due to the thermal
performance of CLT (Lehmann, 2012). Using LCA will quantify the environmental benefit

of using mass timber products, and therefore promote the usage of mass timber product.

When it comes to examples about LCA on actual MTPs, Bowers et al. (2017) conducted
the LCA on glued-laminated timber produced in Pacific Northwest and Southeast region
of United States to provide updated LCA data of this product. The scope of this LCA is
cradle to gate, which contains the procedures from seedling of the tree to packaging

products ready for shipment.

According to results from LCI parts of this LCA study and previous LCA study (conducted
in 2000s), the usage of electricity, natural gas and gasoline for manufacturing 1 cubic meter
of glue laminated timber in the US Pacific Northwest region were decreased by 15.6%,
98.7% and 99.5% due to changes made in manufacture technique and using biomass for
boilers. But the usage of diesel and liquefied petroleum gas are significantly increased in
the US Pacific Northwest region because of increase in transportation. While no data for
usage of diesel, liquefied petroleum gas and gasoline are available for the US Southeast
region, they noticed that there were decreases in usage of electricity by 14.5%, natural gas
by 82.9% and transportation (measured in tkm) by 42.9%. From the result of the 2017 LCA
study, the authors concluded that glulam beams store more CO; than they release during
the process included in the LCA study. This happens because of the carbon sink capability

of lumber, where the trees will absorb carbon dioxide and store it as molecular
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carbohydrate through photosynthesis (Organschi et al., 2016). When comparing the impact
caused by the manufacture of glulam in different years in the US Pacific Northwest region,
the study shows a decrease of global warming potential (29.87% lower), and eutrophication
impact (45.17% lower), but there is increase in smog potential (19.97% higher). In the US
Southeast region, decrease in all three impact categories were observed (30.74%, 39.44%,

and 7.39% lower respectively).

LCA can also be used on non-structural building materials. To assess the sustainability of
hemp-based thermal insulator, Zampori et al. (2013) conducted LCA for this type of
insulator. The scope of their LCA is cradle to gate, which includes the process from
acquisition of raw material to production of the product. Some assumptions were made to
simplify the LCI process, including model of agricultural machine and transportation
distance. The fields were considered to be close to the processing plant. The distance
between the processing plant and the insulator production site were considered to be 50km.
The author also compared the environmental performance of one cubic meter of hemp
insulation panel and rockwool based insulation panel. According to the results from this
study, with CO> intake during growing of hemp considered, hemp-based insulation would
cause negative emission (removing CO2 from atmosphere) while rockwool based
insulation emits CO- to the atmosphere during its production process. Producing hemp-
based insulation also requires 28.8% less overall energy and 67% less non-renewable
energy. When comparing two wall designs using these two insulations, the authors

concluded that using hemp-based insulation in wall will cause the wall to have lower
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environmental impact while maintaining the same thermal performance when compared to

wall using rockwool-based insulation.

In summary, using LCA as a tool to estimate and compare the environmental performance
of structural and non-structural building materials are common practices in the construction
industry. Information acquired from LCA can be used to learn how much impact is caused
by producing materials that are currently being used or how much impact can be reduced
by replacing current material in design. To quantify the benefit of using MTP, it is

necessary to conduct LCA on MTP itself or structures that apply MTP.

2.3.2 LCA on Building Structures

When it comes to structural materials, using weight as function unit to compare their
environmental performance is not a good choice as the materials have different physical
properties. One kilogram of wood does not have the same function as one kilogram of
concrete (Chen & Eastin, 2019). It is safe to assume that the same can be said when the
functional unit is set to volume. A common practice to compare the environmental
performance of traditional building materials and mass timber products is to conduct the
LCA analysis on two buildings with similar function built with traditional building

materials and mass timber products respectively.

Teshnizi et al. (2018) conducted an LCA study of two high-rise student residential

buildings at the University of British Columbia, VVancouver, Canada, from cradle to grave.
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One is a hybrid mass-timber building and the other traditional reinforced concrete building.
The authors also estimated costs of building and operating these two buildings throughout
their life cycles. The elements of each building analyzed included in their study are the
structure, envelope, interior partition, and finishes. The study period considered is 100
years, the same as the full design life of a building. For the data collection and analysis, the
authors collected bill of materials (i.e., LCI data) for each building based on a building
information modeling model in Revit and calculated the materials required for elements
missed in the model by using drawings for the building and quantity takeoff software. Their
results showed that the total cost of ownership for the mass timber building was 7% higher
than that of the traditional one, suggesting that the mass timber building did not necessarily
perform better in terms of reducing the total negative environmental impacts. Yet the
authors mentioned that this happened due to complex interaction of different building
elements and operations that influenced the overall impacts. The mass timber building had
less negative impact in 5 out of 6 categories when only the impact caused by building
materials were considered, with the least advantage at 9% lower smog potential than
traditional building. Other significant advantages of the mass timber building were 25%
less global warming potential and 18% less fossil fuel depletion potential impacts than the
traditional building. The authors also mentioned that several challenges were encountered
during this study, including the life cycle data not being region- or project-specific,
mechanical, and electrical system not being included. The long time frame of the study
period made it harder to predict technological evolution and durability factors related to

these buildings so they were not considered in the study. Some other factors made it
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difficult to accurately compare these two buildings. For example, the traditional building

in this study contains some academic and other non-residential functions in its lower levels.

When there are no actual buildings to compare with, using software to model a building
built with different building materials with similar function and performance is another
common practice. Skullestad et al. (2016) conducted a comparative LCA analysis on 8
building models with different heights (3, 7, 12, and 21 stories) and different building
materials (steel and concrete structure vs. timber structure). The material required for 3~12
story buildings built with reinforced concrete were acquired from their previous study with
foundation added in material data, while the material required for the 21-story building was
based on the building information model of the hotel part of Scandic Lerkendal building
located in Trondheim, Norway. For models of mass timber buildings, the authors used a
software called Sofistik to model the load and made sure the mass timber models had the
same load capacity as the concrete building model. Since two groups of buildings were
compared based on the load bearing capacity, only materials needed in the load bearing
components and in the foundations were included in their study. Three different approaches
were applied for their study: Approach 1 followed the common Environmental Product
Declaration (EPD) practice stipulated by related standards, these standards include 1SO
14025, EN 15084, EN 16485 and EN 16449; Approach 2 used different allocation methods
and considered biogenic global warming potential; and Approach 3 employed the
consequential approach that considered impacts caused by reuse, recycling of building
materials after end of service. Skullestad et al. (2016) made their assumptions for the
production of the materials used. The timber was assumed to be harvested sustainably and
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the relevant LCI data were based on the database acquired from Norwegian forest and
timber producers. It was also assumed that 90% of timber materials would be incinerated
with heat recovery to replace natural gas. As for steel and concrete, three different

production scenarios were applied (See Table 2-3).
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Table 2-3: Different production scenarios for steel and concrete building (Skullestad et

al., 2016)

Reference scenario  Worst-case scenario Best-case scenario
Concrete 5 % fly ash no fly ash 30 % fly ash
Rebar steel 80 % scrap content 16 % scrap content 100 % scrap content
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Skullestad et al. (2016) concluded that timber structures had a lower climate change impact
(measured in CO2 equivalent) in all three scenarios, in which the smallest difference (34%
lower impact from timber structure) of two materials could be seen in the 12-story case
with Approach 2 applied and best-case scenario of concrete and steel production used. The
timber structure could have 70% lower climate change impact on average in all scenarios
when Approach 1 is applied. In Approach 3, timber structures had a negative climate
change impact due to emissions avoided by replacing natural gas with biomass from timber
structures after the deconstruction of the building. When increasing the building height
from 12 stories to 21 stories, an increase in climate change impact per square meter of floor
area could happen due to higher wind load in higher altitude. However, the timber structure
could result in less increase in climate change impact caused by increase in height of

building as shown in Table 2-4.
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Table 2-4:Comparison of Climate change impact per Gross floor area of reinforced
concrete (RC) and timber (T) building. The saving shows how much green house gas
emission would be reduced by building with timber instead of reinforced concrete,

(Skullestad et al., 2016)

Climate change impact per Gross floor area (kg CO2 -eq/m2)

Stories Reference scenario Worst-case scenario Best-case scenario
RC T Saving RC T Saving RC T Saving

3 1205 26.3 -78% 179.1 279 -84% 828 253 -69%
1123 37.8 -66% 1658 457 -72% 773 338 -56%

APPL 4o 1116 400  -64% 1653 468  -72% 767 364  -52%
21 2701 673  -75% 4418 832 -81% 1777 590  -67%

3 1147 416  -64% 1681 431  -74% 932 410  -56%

1058 546  -48% 1541 621 -60% 865 519  -40%

APP2 15 1054 593  -44% 1541 658 57% 859 569  -34%
21 2617 947  -64% 4241 109.7 -74% 2004 891  -56%

3 1279 1403 210% 1511 -1397 -193% 1048 -1409 -234%

- 117 -1447 -224% 1385 -142.8 -203% 954 -1465 -254%

12 1173 -169.1 -244% 139.0 -167.4 -220% 96.0 -170.7 -278%
21 3552 -230.8 -165% 403.8 -226.8 -156% 308.2 -234.8 -176%
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Skullestad et al. (2016) also noted that using a different electricity mix could produce
different results. The environmental performance of the timber structure was lowered when
using a European electric mix and worse than reinforced concrete structure when using an
American electric mix in one case (12-story building, Approach 2, best case scenario for

concrete and steel production).

In summary, the studies above shown that using mass timber product in building will have
lower climate change impact than using traditional building materials in buildings because
of the low carbon footprint characteristic and carbon sink capability of wood materials.
However, using mass timber product may not be the best solution in some specific
situations. One of those situations is mass timber product having significant longer
transportation distance than traditional building materials. The impact of transportation on

LCA of mass timber material will be discussed in the next section.

2.3.3 LCA on Transportation Impacts of MTPs

Transportation no doubt would cause impacts on the results of an LCA study on the use of
mass timber products in construction. Longer travel distance for building materials means
more energy is required for transportation, which will increase the energy input in the

cradle to gate part of the life cycle of a building.

Chen et al. (2019) conducted an LCA study on the CLT produced in the Western

Washington region of the United States. In their study they focused on examining the
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difference in impacts caused by transportation, location and wood species mix of CLT
panels. The system boundary of this project including all process from seedling of trees to,
via transportation, the construction site. Several assumptions were made for their analysis
with an aim at simplifying the process, such as wood used in production had uniform
density and moisture content. Amount of lumber needed to produce 1m3 of CLT panel was
assumed to be 1.21 m3 and the location of construction site was assumed to be located at
a specific location in Seattle, WA, USA. Five impact categories (i.e., GWP, AP, SP, EP
and ODP) were selected to make the environmental declaration of wood products in North
America. In order to compare the impact caused by transportation, the authors selected 5
sawmills and 2 potential CLT mills and mapped the travel distances from sawmills to CLT
mills to construction site with ArcGIS software. The data was categorized into the total
impact caused by manufacturing one cubic meter of CLT panels. From data shown in table
2-5, they concluded that CLT manufacturing facilities could achieve up to 14% reduction
in the overall global warming potential of the CLT panels by sourcing the lumber locally
and using lighter wood species. They also indicated that the total global warming potential
of CLT panels produced at a CLT mill located in Forks was 185.69kg of CO; eq/m? of
CLT panels when the lumber species was Douglas-fir, which was the worst-case scenario.
While using Sitka spruce could bring this number down to 160.28 kg CO2 eq/m®. Sourcing
CLT from a mill located in Darrington while still using Stika spruce lumber for CLT could
bring this number down further to 156.7 kg CO2 eg/m?. Sourcing lighter lumber from
slightly further suppliers could also be a rational choice as it might have the same
environmental impact as sourcing high density lumber locally. The data acquired in this

study was also used for conducting the LCA study on the buildings constructed with these
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CLT panels in Seattle, WA. If this kind of study could be repeated in a different area, the

environmental performance of CLT panels in that area could be evaluated more accurately.
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Table 2-5: Comparison of global warming potential of different sourcing scenario based
on transportation distance and lumber species, with transportation of CLT to construction

excluded, (Chen et al., 2019)

Transportation

Total Global Warming DS\L;SSI?;];: r/ Sitka  Douglas between sawmill
Potential (CO2 egq/m?) Hemlock Spruce -fir and CLT mill
(km)
For Forks CLT Mill
Hampton 184.81 178.11 185.69 440
Interfor (Port Angeles) 161.65 160.28  161.83 91
Sierra Pacific (Aberdeen) 167.15 NA 167.49 174
Sierra Pacific (Burlington) 184.21 NA 185.06 431
Weyerhaeuser (Raymond) 169.28 NA 169.68 206
For Darrington CLT Mill
Hampton 157.02 156.70  157.06 21
Interfor (Port Angeles) 177.54 17250 178.20 330
Sierra Pacific (Aberdeen) 174.48 NA 175.05 284
Sierra Pacific (Burlington) 160.70 NA 160.85 76
Weyerhaeuser (Raymond) 175.65 NA 176.26 302
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Basagila et al. (2016) conducted a comparative LCA study on three kinds of floor panels
made with reinforced concrete, timber-concrete composite (TCC), and CLT in Australia to
compare their embodied energy and embodied carbon. The design of alternative floors was
based on a 10-m-long and 4.5-m-wide floor envelope section made with TCC in an existing
building. They made the following general assumptions during the design for the

alternative floors, which include:

The floor system was assumed to be simply supported.

e The strength and serviceability limit states were considered during modeling.

e Alternative floors could have a load capacity as the original design in the case study.

e Dynamics, acoustics, and fire design were not considered for alternative floor

systems.

Assumptions were also made for materials used in design. Concrete used in reinforced
concrete floor was assumed to be typical 40Mpa strength grade concrete with a 20 - 30%
fly ash cement replacement mix, which is commonly used for multi-story buildings in

Australia. The CLT panels were assumed to be supplied from KLH in Austria.

Basagila et al. (2016) summarized that CLT floor design had the highest embodied energy,
which was nearly 2.5 times more energy intensive than both reinforced concrete and TCC
option, but the lowest negative global warming potential. However, 88% of the energy used
in CLT production was delivered from renewable resources. Although the TCC system

also had negative global warming impact of -1600kg CO. eq, CLT made a significant
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contribution to lowering global warming potential to -12000 kg of CO> equivalent since

more wood was used in the building material.

Furthermore, Basagila et al. (2016) also had their discussion on onsite construction,
transport, and end of service scenarios of materials. For construction and transportation
scenarios, they found that the reinforced concrete design could be the most energy intensive
when it came to equipment use on site. However, the CLT could be the same or more
energy intensive when transport impact was considered since CLT panels in this case study
were imported from Europe. The energy consumption of TCC option could fall between
other two options. For the end of service scenarios, they concluded that the impacts caused
during the end of service phase were minimal when compared to total impacts. They also
mentioned that the CLT and TCC option could have lowers global warming potential if the
wood wastes from these options were burnt for energy, although it could be hard to predict

the reuse or disposal scenario of these material.

Hemmati et al (2022) conducted LCA on the transportation stage of CLT panels from three
different origin points (Graz, Styria in Austria; Seattle, WA in the USA; and Conway, AR
in the USA) to the construction site located at Fayetteville, AR in the USA. The
transportation methods included in this study are transportation by ship, rail, and truck.
Two software programs with different databases (SimaPro with Ecoinvent database, Tally
with Gabi database) were used to study the difference in Global Warming Potential (GWP)

outputs. The results from this study indicated that the combination of transportation
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distance and methods had a major impact on the GWP of MTPs. Transportation by water
resulted in the least amount of greenhouse gas emission, followed by transportation by rail,
and transportation by road would be the least environmentally efficient option out of three
options. The study also found that using different software and database combination could
produce different results. Results from their study indicated that using different software
and database combinations could produce different results (with difference in output value
ranging from 23% to 61%). Hemmati and others mentioned that what caused this
difference was two databases that use different characterization factors. Another possible
reason was the Tally LCA software lacks data that are suitable for considering international

transportation.

In summary, transportation (especially by truck) is a significant variable in the
environmental performance of mass timber product, especially in the final example in this
section where using timber and concrete has better environmental performance than using
mass timber only. This shows that it is important to consider region specific transportation
data when conducting comparative LCA on mass timber materials and traditional building

materials.

2.3.4 Difference in Output of LCA Software Programs

Besides the final study in section 2.2.3, there are researchers in other academic areas who

have studied how different LCA software could produce different results.
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Kalverkamp et al. (2020) investigated how the difference in choice of LCI databases could
impact the result of LCA in the context of comparing environmental performance of
combustion-engine vehicles and electric vehicles. The LCI databases compared in their
study were GaBi database and Ecoinvent database. They noticed that some of the LCI data
module (Aluminum oxide (RER)) in the Ecoinvent database did not have corresponding
module in the Gabi database. When using mid-point result generated with both databases,
significant differences in impact of the petrol module could be observed, including 19.7%
difference in climate change impact, 217.1% in human toxicity impact, 59.0% in
acidification impact and 377.3% in water depletion impact. Kalverkamp et al (2020)
concluded that the impact from using different databases are significant and application of

different databases in a study needs to be noted in the result.

2.4 Summary

LCA is a standardized method that has a relatively long history. It has been used in multiple
studies related to building materials and building structures. The studies using LCA showed
that using MTPs in building structures tended to cause less environmental impact than
traditional building materials. However, the transportation impact for MTPs in specific
areas could offset the benefits of using MTPs in construction, requiring further studies.
While differences in environmental impact assessed with different software programs

could be significant, this needs further investigations.
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3 A Case Study on the Impact of Transportation of Mass Timber
Products on the Cradle-to-Gate LCA Results for an Institutional

Building

3.1 Introduction

Mass timber product (MTP) is a term used to describe a family of engineered wood
products with large section that offers the construction industry a viable alternative to
traditional products like structural steel and reinforced concrete (Harte, 2017). These
products include large-scale, thick-panel products, such as cross-laminated timber (CLT)
and structural composite lumber, as well as adhesively or mechanically laminated linear
elements like glue-laminated timber (GLT), nail-laminated timber, and dowel-laminated
timber (Gong, 2019). Using MTPs such as CLT for construction has multiple advantages
over traditional building materials, including faster on-site construction, better thermal
performance, lighter structure, and a lower carbon footprint when sourcing from
sustainably managed forests for wood materials (Lehmann, 2012). Wood also has carbon
sink capability as trees absorb carbon dioxide through photosynthesis during their growing
process and store it in products during their service life (Organschi, et al, 2016). Moreover,
a mass timber building can serve as a carbon sink over the lifespan of the building. This
may help with the mitigation of climate change as storing carbon in buildings will trap the
carbon in these buildings until the end of service periods of the buildings (Gu et al., 2022),
which are assumed to be 50~60 years (Passarelli, 2019; Sartori & Hestnes, 2007). This
length of service period is currently based on traditional concrete buildings but would be

anticipated to be much longer for mass timber buildings.

54



To quantify the environmental impact already caused by or to be caused by the construction
of a building, it is necessary to use a standardized and well-recognized method. Which is
to conduct a Life Cycle Assessment (LCA) on the whole building with either a cradle-to-
gate or cradle-to-grave system boundary. LCA is a technique that is used to address
environmental aspects and potential environmental impacts throughout the life cycle of a
product from raw material acquisition through production, transportation, use, end-of-life
treatment including recycle and final disposal (i.e., from cradle to grave; International
Organization for Standardization, 2006). The system boundary for an LCA must be defined
in relation to the goals of the study as it will identify which stages/aspects of a product or
building life cycle to be included in the study. The tools used for LCA studies can be
separated into three types. The first type is used for generic product LCA. This level of
LCA software includes GaBi, SimaPro, and OpenLCA. The second type is a streamlined
tool to assess the whole building LCA. This includes Eco-Quantum, Athena Impact
Estimator, Tally, OneClick LCA. and eTool. The third type is a framework for whole
building assessment, such as BREEAM (Building Research Establishment Ltd, 2021) and

LEED (Rashid & Yusoff, 2015; USGBC, 2019).

LCA studies have revealed that buildings built with MTPs usually have lower global
warming impacts than traditional buildings but may have slightly worse performance in
one or two other environmental impact categories in different cases (Chen et al., 2020;
Pierobon et al., 2019; Skullestad et al., 2016; Teshnizi et al., 2018). These other impact
categories include acidification potential (AP), eutrophication potential (EP), ozone
depletion potential (ODP), and Smog formation potential (SFP). Currently, there are very
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few mass timber structures in the Atlantic provinces (New Brunswick, Newfoundland and
Labrador, Nova Scotia, and Prince Edward Island) of Canada when compared to other
provinces, such as Quebec and Ontario, Canada (Natural Resources Canada, 2021). Also,
there are no mass-timber manufacturers currently located in Atlantic Canada, which would
impose additional transportation costs and environmental burden when using MTPs for

building materials in these provinces.

There are few studies examining the role of transportation in the overall GWP of MTPs or
mass timber buildings. Hemmati et al. (2022) conducted LCA on the transportation stage
of CLT panels from three different points of origin (i.e., Graz, Styria in Austria; Seattle,
Washington (WA) and Conway, Arkansas (AR) in the USA) to a construction site located
at Fayetteville, AR in the USA. Two software programs with different databases (SimaPro
with Ecoinvent database and Tally with Gabi database) were used in order to study the
difference in the outputs of these programs. The results from this study indicated that the
combination of transportation distance and methods had a major impact on the GWP of
MTPs and using different software and database combinations could produce different
results. Chen et al. (2019)studied the impact of species mix and transportation on LCA
results of CLT panels manufactured in the western Washington state area, USA, and found
that a 14% decrease in overall GWP for CLT panels could be achieved by sourcing lumber
locally (reducing the CLT panels transportation distance to the construction site from 322
km to 104 km and lumber transportation to the CLT mill distance from 440 km to 21 km)
and using low-density species (i.e., Douglas-fir to Sitka spruce) at the same time. To learn
if building with MTPs would still have environmental benefits in New Brunswick and

56



quantify such benefits, similar research focused on transportation impacts was carried out

in this study for the capital city of NB, Fredericton.

This study was aimed at examining and determining the degree of the impact of extended
transportation of MTPs that are proposed to be used in the institutional buildings located
in the province of NB, Canada. The NB Climate Change Action Plan progress report
released by the Government of New Brunswick (Government of NB, 2020) encouraged
increasing usage of wood products in construction and major renovations (based on a
favorable lifecycle evaluation) for publicly funded buildings. The findings from this study
could help with implementing the plan with science-based information provided to
stakeholders such as government officials, contractors, and clients who will build new

buildings or renovate old buildings.

3.2 Materials and Methods

To compare the environmental impact of buildings built with MTPs and traditional
building materials in the products manufacturing and transportation stages, a building LCA
was conducted following 1ISO 21930:2017 (International Organization for Standardization,
2017) and EN 15978 (European Committee for Standardization, 2011) standards using a

tool for generic LCA (SimaPro software).

57



3.2.1 Scope of LCA
3.2.1.1 Research Building

The research building used in this study was the IUC New Forestry Building (Figure 3-1)
on the University of New Brunswick (UNB) campus in Fredericton, NB, Canada. This
building is a steel frame structure falling in the category of institutional building,
constructed in 1975 and opened for use in 1976. The structural components of this building
include a reinforced concrete foundation, steel framing, and reinforced concrete floor.
Interior walls were built with Concrete Masonry Units (CMUSs), while exterior walls were
constructed with the same material plus a layer of insulation and bricks. The functional
space of this building contains 20 individual offices for faculty members and four shared
offices that are being occupied by graduate students. Two classrooms, several small
laboratories, and computer laboratories are included in the building as well. The unique
features of this building include two greenhouses on the rooftop and one cold storage unit
in the basement, which were excluded from the study as these were not common features

for mid-rise institutional buildings.
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Figure 3-1: IUC Forestry Building, a three-story steel-frame institutional building.
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The Mass Timber design in this study was a schematic (concept) design with mass timber
replacing concrete and steel in the IUC Forestry Building, where the steel frame structure
was replaced with GLT columns, beams, and a CLT floor system. The interior walls were
replaced with steel stud walls to reduce the deadweight load from the interior walls. The
column and beam spacing used for this building was referenced to the mass timber atrium
to be constructed for the Faculty of Engineering on the UNB campus. Due to the limitation
of the material data provided by the old blueprints of the IUC building, only its structural
parts (e.g., foundation, floors, roof, columns, and beams) and walls (i.e., exterior walls and
interior partitions) were included in this study as the structural components are major
components of the building, while the wall designs were impacted by the usage of different
structural materials. Windows and doors were excluded from the study. The functional unit

of this LCA study is defined as 1 m? of floor space.

3.2.1.2 System Boundary

The system boundary for this building LCA study includes the Products Stage of A1-A3
and the transportation of building materials to the construction site, Stage A4, as defined
by building LCA standard EN 15978 shown in Table 3-1 (European Committee for
Standardization, 2011). The carbon sink capability of CLT panels, GLT columns, and GLT
beams used in the mass timber building design is quantified in the study but listed
separately as these benefits should not be included in the A1-A4 stage of the life cycle. The
carbon in mass timber products will be stored for the lifetime (50-60 years) of the building

before being released back into nature or staying in the materials that will be recycled to
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the next product life, hence delaying the greenhouse gas (GHG) emissions from these

building materials.

3.2.2 Life Cycle Inventory (LCI)

To conduct LCA, one of the important steps is to collect material and energy data necessary
to meet the defined goals of the study. These collected primary data are used to construct
the Life Cycle Inventory (LCI) of a product or service, according to the ISO standard
(International Organization for Standardization, 2006). The building LCA started with
collecting the bill of materials (BOM) from a building design, then assigning each product

with the LCI dataset from a building material database.

On-Screen take-off software (On Center Software, 2022) was used to collect building
materials and quantity information from the architectural and structural designs of the IUC
Forestry Building. The same software was used to collect material use information for the

alternative mass timber design of the IUC Forestry Building as shown in Figure 3-2.
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Table 3-1: Life Cycle Stages adapted from EN 15978:2011 (European Committee for

Standardization, 2011).

Building
Lifecycle
e Information
Building
Assessment
Information

Supplement Information Beyond
the Building Life Cycle

Al Raw malterial
Product Stage >UPPlY
A2 Transport
A3 Manufacturing
A4 Transport
Construction Construction-
Process Stage A5 installation
process
Bl Use
B2 Maintenance
B3 Repair
B4 Replacement
Use Stage B5 Refurbishment
B6 Operational
energy use
B7 Operational
water use
Deconstruction
C1l o
demolition
End-of-life C2 Transport
Stage c3 Wastg
processing
C4 Disposal
Benefits and
D loads beyond
the system
boundary

62



2 .

s )

v mess Jh4 etuve

T
3
. o
: g
> B
. e
:.U
I
e
p—— -
N wisrae d / : .
) OLE e LAl - -
B 22 T PRt ’(‘A\ /- ( %
o)

tad B — -
ot veaves, 4 Wt I
NINA » VL ks

Figure 3-2: Design of GLT frame structure for [IUC Forestry Building with the spacing

distance of column and beams being lowered compared to the original steel frame design.
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SimaPro (PRé Sustainability B.V., 2021) was used to conduct the whole building LCA
with the 2021 DATASMART LCI Package (Long Trail Sustainability, 2021) to provide
information on individual materials’ manufacturing and transportation impacts. The
DATASMART Package database uses modified data based on the Ecoinvent 2.2 database
(Weidema & Hischier, 2010) to provide regional data specific to the United States market.
This LCI database was chosen to be used as there is no LCI database specifically made for
the Canadian market. Environmental Product Declarations (EPDs) of CLT and GLT made
by Nordic Structures (FPInnovations, 2013a, 2013b) were used to collect environmental
impact information of the MTPs in this study, as the LCI dataset for CLT panels was not
included in the current DATASMART Package. Data from the USLCI database (National
Renewable Energy Laboratory, 2012) was used to simulate the transportation of the

materials.

3.2.3 Life Cycle Impact Assessment

The Tool for the Reduction and Assessment of Chemical and Other Environmental Impacts
(TRACI) developed by the U.S. Environmental Protection Agency (EPA) (Bare, 2011) was
used to assess several environmental impacts from the building materials in the whole
building design. TRACI reports the environmental impacts in the categories of ozone
depletion potential (ODP), global warming potential (GWP), smog formation potential
(SFP), acidification potential (AP), eutrophication potential (EP), human health cancer,
human health noncancer, eco-toxicity, fossil fuel depletion, land use, and water use. This
study only focused on ODP, GWP, SFP, AP, and EP of the building and building design
as these indicators are commonly used in EPDs.
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3.2.4 Assumptions

Due to the limitations in data collection, a few assumptions were made for this study:

Transportation distance for non-MTP building materials was assumed to be 177 km,
which is the travel distance from Fredericton, NB, to another major city, Moncton
in NB as most of the suppliers can be found in Moncton, NB, or within the 177 km
range. The transportation method for this distance is diesel-powered, combination
truck in a short-haul manner defined by the USLCI database (National Renewable

Energy Laboratory, 2012).

To study the effect of transportation of MTPs, multiple origin points of MTP were
selected. These origin points were Moncton (NB), Halifax (Nova Scotia), Montreal
(Quebec), Chibougamau (Quebec), and St. Thomas (Ontario) in Canada. Mass
timber factories can be found in the latter three locations, while the first two
locations are suitable for accommodating a mass timber factory in the future in these
Regions of Atlantic Canada. Assumed transportation distances from these points of
origin were 177 km, 430 km, 813 km, 1099 km, and 1543 km. The transportation
method for MTPs is diesel-powered, combination truck in a long-haul manner,
except that the short haul when the point of origin is Moncton, defined by the USLCI

database (National Renewable Energy Laboratory, 2012).

The design of the MTP version of the IUC Forestry Building applied the same
column spacing from the head hall atrium design that is approved for structural

integrity.
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e Foundation and roof design were assumed to be the same for both MTP and steel

frame buildings.

e Fasteners required for the connection of steel frames and mass timber structure were

not included in this study.

3.2.5 LCA Model

The bills of materials were estimated and are given in Table 3-2, Table 3-3, and Table 3-4,

which were used for this comparative LCA analysis of the whole building.
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Table 3-2: Bill of material for roof and foundation of both versions of IUC Forestry

Building.
Assemblies Material name Amount Unit Material name in LCI
database
. Packaging film, LDPE, at
Roof 6 mil Polyethylene 6.77 kg plant/US- US-EI U
6" Normal Weight Concrete block, at
Concrete Block 13346.86 kg plant/US** US-EIl U
8" Normal Weight Concrete block, at
Concrete Block 75930.77 kg plant/US** US-EI U
Concrete Benchmark Concrete, sole plate and
GAN 30 MPa 70.34 m3 foundation, at plant/US*
US-EI U
EPS insulation board, at
Expanded Polystyrene 1033.91 kg plant/kg/RNA
. . Galvanized steel sheet, at
Galvanized Decking 5392.43 kg plant/RNA
. Galvanized steel sheet, at
Metal Roof Cladding 1531.28 kg plant/RNA
Metal Wall Cladding 9395726 kg  Brck.at p'aB”US' US-El
. . Reinforcing steel, at
Ontario (Standard) Brick 2910 kg plant/US- US-EI U
. Sawn lumber, softwood,
Rebagég(i)gr,]snght 7.11 m? planed, kiln dried, at
planer, NE-NC/m3RNA
Plywood, at plywood plant,
Softwood Plywood 375.00 kg US SE/kg/US
. 4" Normal Weight Concrete block, at
Foundation Concrete Block 20919.69 kg plant/US** US-EI U
Steel, electric, chromium
Bolts, Fasteners, Clips 0.13 Tonnes steel 18/8, at plant/US- US-
ElU
Concrete, sole plate and
ConéitNe E(? r:\;r;r;wark 447.14 m? foundation, at plant/US*
US-EI U
EPS insulation board, at
Expanded Polystyrene 135.4 kg plant/kg/RNA
. . Reinforcing steel, at
Ontario (Standard) Brick ~ 5960.96 kg plant/US- US-El U
Rebar, R(_)d, Light 13.74 Tonnes Brick, at plant/US- US-EI
Sections U
. Steel, electric, chromium
Welded Wire Mesh / 1.37 Tonnes steel 18/8, at plant/US- US-
Ladder Wire El U
Wire Rod 0.38 Tonnes Reinforcing steel, at

plant/US- US-EI U
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Table 3-3: Bill of materials for column, beams, floor and wall of steel frame IUC

Forestry Building.

Material name in LCI

Assemblies Material name Amount Unit
database
Columnand 4" Normal Weight Concrete 9660.34 kg Concretf*block, at
Beams Block plant/US** US-EIl U
6" Normal Weight Concrete Concrete block, at
Block 6057.24 kg plant/US** US-EI U
8" Normal Weight Concrete Concrete block, at
Block 2471483 kg plant/US** US-EI U
EPS insulation board, at
Expanded Polystyrene 378.87 kg plant/kg/RNA
Steel, low-alloyed, at
Hollow Structural Steel 4.62 Tonnes plant/US- US-EI U
Ontario (Standard) Brick ~ 82484.46 kg Brick, at FI)EI? TJUUS' Us-
. . Reinforcing steel, at
Rebar, Rod, Light Sections 3.52 Tonnes plant/US- US-EI U
. . Sawn lumber, softwood,
Sma:_'ﬂ?;”i‘ﬁgj?g‘évooo' 4.88 m? planed, kiln dried, at
’ planer, NE-NC/m%RNA
Cold rolled sheet, steel,
Steel Plate 0.02 Tonnes at plant NREL/RNA U
. . Steel, low-alloyed, at
Wide Flange Sections 133.26 Tonnes plant/US- US-El U
Concrete, sole plate and
Floor Concrete ?gr&(/:lr;r;wark CAN 140.98 m? foundation, at plant/US*
US-EIU
. . Galvanized steel sheet,
Galvanized Decking 17.38 Tonnes at plant/RNA
12" Normal Weight Concrete block, at
Wall Concrete Block 11885.25 kg plant/US** US-EIl U
4" Normal Weight Concrete Concrete block, at
Block 53842.65 kg plant/US** US-EI U
6" Normal Weight Concrete Concrete block, at
Block 455791.88 ko plant/US** US-EI U
8" Normal Weight Concrete Concrete block, at
Block 20417362 kg plant/US** US-EI U
EPS insulation board, at
Expanded Polystyrene 1136.85 kg plant/kg/RNA
Ontario (Standard) Brick ~ 263963.05 kg Brick, at [I)Ella BUUS- US-
. . Sawn lumber, softwood,
Small Dimension Softwood 6.78 m3 planed, kiln-dried, at

Lumber, kiln-dried

planer, NE-NC/m3/RNA
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Table 3-4: Bill of material for column, beams, floor, and wall of mass timber lUC

Forestry Building.

Material name in LCI

Assemblies Material name Amount  Unit
database
Columns Glulam Sections 196.15 m3 Nordic GLT beam/Column
and beams
Steel, low-alloyed, at
Hollow Structural Steel 12543.30 kg plant/US- US-El U
. . Steel, low-alloyed, at
Wide Flange Sections 19402.10 kg plant/US- US-EI U
Concrete Concrete, sole plate and
3 H * _
Floor Benchmark CAN 30 MPa 111.00 m foundation, aEtIpLIJant/US us
Cross Laminated Timber 363.80 m?3 Nordic CLT panel
Expanded Polystyrene EPS insulation board, at
insulation 771.85 kg plant/kg/RNA
. . Galvanized steel sheet, at
Galvanized Decking 5293.41 kg olant/RNA
12" Normal Weight Concrete block, at plant/US**
Wall Concrete Block 11329.92 kg US-EIU
4" Normal Weight Concrete block, at plant/US**
Concrete Block 41956.43 kg US-EIU
8" Normal Weight Concrete block, at plant/US**
Concrete Block 152108.04 kg US-EIU
EPS insulation board, at
Expanded Polystyrene 1136.85 kg plant/kg/RNA
Ontario (Standard) Brick  263963.05 kg Brick, at plant/US- US-EI U
Small Dimension Sawn lumber, hardwood,
Softwood Lumber, kiln- 6.78 m3 planed, kiln dried, at planer
dried mill, SE/m3/RNA
. Steel, electric, chromium steel
Stainless steel Stud 9800.71 kg 18/8, at plant/US- US-EI U
Gypsum wallboard product,
Gypsum board 9449.34 m? type X, 0.625 inch (15.875
mm)/ m?/RNA
Glass wool sound Glass wool mat, at plant/US*
insulation 5433.37 kg US-EI U
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3.3 Results

The building environmental impacts from stages Al1-A4 of both building designs are

presented in this section.

3.3.1 Manufacturing Materials on Environmental Impacts from Stages Al to A3

The LCA results from the SimaPro model in this comparison showed that in the Products
stage (A1-A3), the steel frame version of the IUC Forestry Building has a higher GWP
than the MTP version of the IUC Forestry Building (Figure 3-3). Using the steel framed
IUC Forestry Building as the baseline (282.43 kg CO2 eq/m? of floor space), without
considering transportation stage A4, the MTP version of the same building has 24.3%
lower GWP at 213.67 kg CO2 eq/m?. Other impact categories show mixed advantages and
disadvantages of the two buildings/designs. Near identical AP (1.0% higher for the mass
timber building) for both buildings; much higher EP for the MTP version of the IUC
Forestry Building, and lower ODP (16.8% lower), higher SFP (25.6% higher) for the MTP

designed building when compared to the steel version structure.

70



Global Warming Potential (kg CO2 eq) Acidification Potential (kg SO2 eq)

300.00 282.43 .
1.00 0.91 0.95
250.00
213.67 0.80
200.00
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0.00
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Figure 3-3: TRACI method reported life cycle environmental impacts from the materials

used in the two functional equivalent buildings from stages A1~A3.
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3.3.2 Transportation of Building Materials on Environmental Impacts

Although most of the building materials can be acquired locally (within the 177 km range)
except MTPs, the increase in transportation for MTPs could still cause a significant

increase in the environmental impact of the MTP version of IUC Forestry Building.

With the inclusion of the transportation stage (A4), the result of environmental impact
comparison of both buildings changed (Figure 3-4). The inclusion of transportation has
little or even no impact on OD, but only small impact on GWP. However, the increase in
AP, SP, and EP are more significant. The increase in EP is illustrated in Figure 3-5 with an

aim to facilitate understanding Figure 3-4.
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Figure 3-4: Comparing four environmental impact categories of IUC Forestry Building
with transportation A4 stage to its mass timber counterpart by different transportation

origins.
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Figure 3-5: Transportation of MTPs influencing the eutrophication potential of IUC

Forestry Building.
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3.4 Discussion

3.4.1 The LCA Environmental Impacts of the Two Building Structures without
Transportation Impact

Comparing the environmental impacts of two building structure types from the LCA
results, it showed (Figure 3-3) that the mass timber version of IUC Forestry Building has
lower impact in GWP and ODP but similar impact in AP. While the disadvantage can be
found in higher SP and far higher EP for mass timber version of IUC structure. These
results, exclude differences in EP, are aligned with the results of previous studies (Chen et

al., 2020; Pierobon et, al., 2019; Skullestad et al., 2016; Teshnizi et al., 2018).

Huge difference in EP between the two structures is caused by the steel design of IUC
Forestry Building using significant amount of steel products, which has very low EP in its
product LCA result. The “galvanized steel sheet” LCI dataset was chosen from the database
(Long Trail Sustainability, 2021) that is used in the building LCA, and it has negative EP
to the environment in the product LCA result. Such negative EP from galvanized steel sheet
could be due to the recycled steel materials assumed in the production process of the

galvanized steel sheet.

3.4.2 Carbon Sink Capability of Mass Timber Products

According to the data provided by EPD of MTPs (FPInnovations, 2013a, 2013Db),
application of 78911.47 kg of GLT beams and 149492.7 kg of CLT panels in the 1UC
Forestry Building to replace concrete and steel would store 4.15 x 10° kg of COz in the

building for 50-60 years. If combined with the LCA reported GWP, the total GWP result
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for the MTP version of the IUC Forestry Building will be further reduced to 170.91 kg CO>
eq/m? (75.7% lower than the steel framed IUC Forestry Building even with MTPs
transported from St. Thomas, i.e., 1543 km away). The service life span of institutional
buildings was assumed to be 50~60 years (National Center for Education Statistics, 1999;
Passarelli, 2019; Sartori & Hestnes, 2007). Without the end-of-life scenarios for MTPs in
NB, the destination of carbon stored in MTPs remain unknown. Although in the worst-case
scenario the stored carbon in MTPs could be released back into the atmosphere through the
biodegradation of wood, a study conducted by Campbell (2020) examining knowledge
gaps with MTPs showed different possibilities. Campbell (2020) studied the end-of-life
scenarios for MTPs and indicated that it is unlikely for MTPs to be disposed of in a landfill
due to environmental legislation and demand for wood fiber. This gives hope that part of
the carbon sinking benefit of MTPs can be preserved after the service life of the building

by recycling MTPs for wood fiber.

3.4.3 Impact of Transportation for MTPs on Overall LCA Result

Although the transportation distance for the MTPs used in the IUC Forestry Building is
relatively farther than that for the original IUC Forestry Building materials, the
transportation of MTPs did not have a significant impact on the overall GWP and ODP of
the mass timber version of the IUC Forestry Building. Adding transportation impact in the
LCA results reduced the advantage of the mass timber IUC Forestry Building in GWP from
24.3% lower than steel framed building to 19.5% in the worst-case transportation scenario.
The GWP benefit is considered a significant advantage for the 1UC building structure
design with MTPs. The results of this study are consistent with previous comparative whole
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building LCA studies where mass timber buildings were found to have about 20% lower
GWP compared to traditional buildings over the span of the cradle-to-gate stages (Chen et
al., 2020; Liang et al., 2020; Pierobon et al., 2019). However, the transportation of MTPs
has shown a greater influence on other environmental impact categories. With AP of mass
timber building was increased to 13.6% from 1.0% and SFP increased to 31.9% from
25.6% as compared to the steel frame building, assuming the MTPs were sourced from St.
Thomas. The strength of these two disadvantages could be lowered to 0.6% AP and 12.2%
SFP if sourcing MTPs from Moncton. This lowering in disadvantage can be explained by
the reduced weight of the building caused by using MTPs. The inclusion of transportation
also reduced the difference in EP between the IUC Forestry Building and the mass timber
design of the same building as transportation increased the EP of the IUC Forestry Building

greatly.

From this study, it was shown that even with extended transportation distances, applying
MTPs in construction still provides environmental benefits than the steel frame buildings
in NB. These advantages include lower GWP and ODP. The disadvantages that came with
mass timber building (higher EP, SFP, and slightly higher AP) could be reduced (measured
by the difference in these impacts from the steel frame building) if MTPs were sourced
locally and worsened when they were sourced from somewhere further. It is expected the
findings from this LCA study will help the policy or decision-makers to determine building
a future mass timber structure in NB and sourcing the MTPs domestically. It’s worth
mentioning that the establishment of a mass timber factory in NB could further reduce the

environmental impacts of the transportation of the MTPs, yet it is unknown if this option
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is economically viable. This subject is beyond the scope of this study but should be

investigated and determined by future research.

3.5 Conclusions

In this study, the environmental impacts from the whole building LCA study of the steel
structured 1UC Forestry Building located on the UNB Fredericton campus were compared
to the mass timber design version of the IUC Forestry Building. This study showed that
building a mass timber building in NB could result in lower GWP and ODP than
constructing a traditional steel frame building using locally sourced materials. The increase
in transportation distance for the MTPs didn’t result in a significant increase in the overall
GWP. Yet the disadvantage of using MTPs in buildings, for example, higher impacts in
EP, SP, and AP, could be worsened by the long-distance transportation of MTPs. Having
a mass timber factory in NB or other Atlantic provinces will reduce the degree of these
disadvantages, but it is still necessary to study the economic viability of building such a

factory.
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4 Effect of Using Two Different LCA Tools on the Environmental

Impacts of Two Institutional Buildings

4.1 Introduction

Climate change caused by human activity is already happening with observable change in
temperature and precipitation (van Aalst, 2006). With the construction industry being one
of the responsible sectors for causing heavy carbon emissions and degradation of natural
environment, green building standards were created by the authorities and organizations to

reduce the environmental impact caused by the construction industry (Tien et al., 2017).

One of the methods for lowering construction impact is choosing climate smart building
materials. Mass timber product (MTP) is a term used to describe a family of engineered
wood products with large section and size that offers the construction industry a viable
alternative to traditional products like structural steel and reinforced concrete (Harte,
2017). These products include large-scale, thick-panel products, such as cross-laminated
timber (CLT) and structural composite lumber, as well as adhesively or mechanically
laminated linear elements like glue-laminated timber (GLT), nail-laminated timber, and
dowel-laminated timber (Gong, 2019). Using MTPs, such as CLT, for construction has
multiple advantages over traditional building materials, for example: faster on-site
construction, better thermal performance, lighter structure, and a lower carbon footprint
when sourcing from sustainably managed forests for wood materials (Lehmann, 2012).
Wood also has carbon sink capability as trees absorb carbon dioxide through
photosynthesis during their growing process and store it in products during their service
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life (Organschi et al., 2016). Thus, a mass timber building can serve as a carbon sink over
the lifespan of the building. This may help mitigate the urgent climate change as the carbon
in buildings will trap the carbon in these buildings until the end of building service time
(Guetal, 2022), which are assumed to be 50~60 years (Passarelli, 2019; Sartori & Hestnes,

2007).

However, the carbon benefits of buildings built with MTP needs to be evaluated
quantitatively. To quantify the total environmental impact of a building, it is necessary to
conduct a Life Cycle Assessment (LCA) on a whole building scale. LCA is a technique
that is used to address environmental aspects and potential environmental impacts
throughout the life cycle of a product, building or service from raw material acquisition
through production, use, end-of-life process, and recycling (i.e., from cradle to grave)
(International Organization for Standardization, 2006a, 2006b, 2017). The system
boundary of a LCA study identifies which stages/aspects of a product or building life cycle
to be included in the study. Previous review (Rashid & Yusoff, 2015) concluded that the
tools used for LCA studies have three types. The first type is used for generic product LCA,
including GaBi, SimaPro, and OpenLCA. The second type is a streamlined tool to assess
the whole building LCA, containing Eco-Quantum, Athena Impact Estimator for buildings
(Athena IE4B), Tally, OneClick LCA and eTool. The third type is commonly used as the
framework for whole building assessment, such as BREEAM (Building Research

Establishment Ltd, 2021) and LEED (USGBC, 2019).
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Using LCA as a tool to compare the environmental performance of buildings is becoming
an important practice. Many comparative LCA studies have revealed that buildings built
with MTPs usually had lower global warming potentials (GWP) (Teshnizi et al., 2018;
Pierobon, et al., 2019; Skullestad et al., 2016; Liang et al., 2020; Chen et al., 2020). But
when it comes to decision making, stakeholders would like to know the specific values of
environmental benefits when applying the mass timber as building materials in their cases.
In ideal situations, comparing the LCA result of the planned mass timber building to other
existing buildings that have similar characteristics (such as building profiles, height, and
usage pattern) or comparing the LCA result of the planned mass timber building to a
concrete/steel version of the building would be helpful with the decision-making process.
However, buildings came in different shapes, sizes, and different functions. It’s helpful to
conduct a specific LCA report for each buildings to identify the sources of every

environmental impact in building assemblies.

When different LCA software and associated databases are used in the assessment, results
could be different. Hemmati et al. (2022) conducted LCA on the transportation stage of
CLT panels from three different origin points to the construction site located at
Fayetteville, Arkansas, USA. Two software programs with different databases (SimaPro
with Ecoinvent database, and Tally with Gabi database) were used to study the difference
in GWP outputs. The results from their study indicated that using different software and
database combination could produce different results (with difference in output value
ranging from 23% to 61%). Hemmati et al. (2022) mentioned that this difference was
caused primarily by the two databases used, with different characterization factors. Another
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possible reason was the Tally LCA tool lacks data that are suitable for the international
transportation. Kalverkamp et al. (2020) compared LCA results of combustion engine
vehicle and electric vehicle modeled with GaBi professional database and Ecoinvent
database. Their study also showed that the application of two different databases caused a
difference in absolute impact results. They found that, in the case of the impact of the petrol
module in both databases, significant differences include: 19.7% difference in climate
change impact, 217.1% difference in human toxicity impact, 59.0% difference in

acidification impact, and 377.3% difference in water depletion impact.

4.1.1 Goal of This Study

The goal of this study was to study the difference in LCA results generated by two different
whole building LCA tools focused on the North American market and to investigate the
environmental impact of a new mass timber institutional structure planned to be built on
the University of NB Fredericton campus and compare to a traditional steel-frame-
building. LCA for these two buildings were conducted to quantify the total environmental
impacts of the two buildings. This study examined the difference in LCA results caused by
applying different LCI database (localized for North American market) and using different
LCA software (Athena IE4B with their own LCI database and SimaPro with
DATASMART Package LCI database). These datasets contain material LCI data (building

materials in this case) that are critical to construct the building LCA models.
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4.2 Methods

To examine the environmental impacts of buildings built with MTPs, two building LCAS
were conducted on the newly designed academic building and the existing building on
UNB campus, following ISO standard 21930 “Sustainability in buildings and civil
environmental product declarations of construction products and services” (International
Organization for Standardization, 2017) and EN standard 15978 “Sustainability of
construction works—Assessment of environmental performance of buildings—Calculation

method” (European Committee for Standardization, 2011).

4.2.1 Scope of LCA

4.2.1.1 Research Buildings

The first building studied is the extension structure of Head Hall on the University of
Brunswick (UNB) campus in Fredericton, NB, Canada. Head Hall is an institutional
building mainly used by the Faculty of Engineering and Faculty of Computer Science at
UNB. It was built in 1968 but received expansions to connect with other existing buildings
built in 1966, 1989, and 2000. The atrium structure included in this study would be the
newest addition to the expansions of Head Hall (Figure 4-1). Structural components of this
extension include a reinforced concrete foundation, with structural steel column and beams
used as support element in the basement. Starting from the first floor, all the major
structural components (i.e., columns, beams, and floor panels) will be made with glue
laminated timber (GLT) and cross laminated timber (CLT) panels (Figure 4-2). Interior

walls of this structure will be built with steel frame, sound insulation batts, and two layers
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of 16mm gypsum boards. Exterior walls of the structure will contain exterior insulation

and finish systems (EIFS) and glass curtain walls.

Functional spaces of this building include a large atrium featuring glass skylight and large
floor opening on the second and the third floor to ensure maximum amount of natural
lighting, plus several open study spaces on the first and second floor. In the design, a
chemical engineering laboratory and a computer laboratory are in the basement. Three
study rooms are planned to be built on the second floor. Six individual offices, two larger
shared offices, and one meeting room will be built on the third floor of the structure. A
special feature of this building includes an earth tube that will pre-condition air before
circulating it in the building. To accommodate the earth tube, part of the foundation at the
mechanical room area was planned to be built deeper than structurally required. The earth
tube itself will not be included in the study, but materials required for deepened foundation

will be considered in the model.

Although this structure is extension of an existing building, the engineers working on this
project ensured that the structural parts of this extension are not connected to the existing
structure, which means the design of this extension can be used for a standalone building.
During the material information collection phase, the extra amount of glass curtain wall
that will be required for this structure to be a standalone building will be considered in the

bill of each material to ensure a fair comparison between the structures.
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Figure 4-1: External view of the Revit model of the atrium structure (Source: Office of

Planning and Operation, University of NB, Canada)
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Figure 4-2: Mass timber frame of the atrium structure (Source: Office of Planning and

Operation, the University of NB, Canada)
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Figure 4-3: IUC forestry building on UNB Fredericton campus
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The second building used in this study was IUC New Forestry building on the same campus
as the first building (Figure 4-3). This building is a steel-frame structure falling in the
category of institutional building, which was constructed in 1975 and opened for use in
1976. The structural component of this building includes a reinforced concrete foundation,
steel framing, and reinforced concrete floor. Interior walls were built with Concrete
Masonry Units (CMUSs), while exterior walls were constructed with the same material plus
a layer of insulation and brick. The functional space of this building contains 20 individual
offices for faculty members and four shared offices that are being occupied by graduate
students. Two classrooms, 15 small laboratories, and computer laboratories are part of the
building as well. The unique features of this building include two greenhouses on the

rooftop and one cold storage unit in the basement, which were excluded from the study.

Due to the limitation of the material data provided by the old blueprints of the IUC building,
only parts of the two buildings examined were included in this study, including exterior
walls, interior partition, floors, roof, and structural components. Windows and doors were
excluded from the study. The functional unit of this LCA study is defined as 1-m? floor

space so the data from this study can be compared with other studies in the future.

Due to the development of building code (change in seismic design) the alternative design
of Head Hall extension with MTPs replaced with traditional material was not created,

therefore this study is not a comparative study on environmental advantage of MTPs.

93



4.2.1.2 System Boundary

Table 1 lists the life cycle stages of a building in the LCA study, which are defined by EN
15978 (European Committee for Standardization, 2011). The system boundary for this
building LCA study includes the Products Stage of A1-A3 shown in Table 1. The carbon
sink capability of CLT panels, GLT columns, and GLT beams used in the mass timber
building design will be quantified in the study but reported separately as these benefits are
not included in the A1~A3 stage of the life cycle. The carbon in mass timber products will
be stored for the lifetime (60 years) of the building before being released back to nature or
staying in the materials that will be recycled to next product life, hence delaying the GHG

emissions from these mass timber building materials.

94



Table 4-1: Building life cycle stages adapted from EN 15978:2011 (European Committee

for Standardization, 2011).

Building
Lifecycle
e Information
Building
Assessment
Information

Supplement Information Beyond
the Building Life Cycle

Al Raw malterial
Product Stage >UPPlY
A2 Transport
A3 Manufacturing
A4 Transport
Construction Construction-
Process Stage A5 installation
process
Bl Use
B2 Maintenance
B3 Repair
B4 Replacement
Use Stage B5 Refurbishment
B6 Operational
energy use
B7 Operational
water use
Deconstruction
C1l o
demolition
End-of-life C2 Transport
Stage c3 Wastg
processing
C4 Disposal
Benefits and
D loads beyond
the system
boundary
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4.2.2 Life Cycle Inventory (LCI) of Building and Materials.

To conduct LCA, one of the important steps is to collect material and energy data necessary
to meet the defined goals of a study. These collected primary data are used to construct the
Life Cycle Inventory (LCI) data of a product or service, according to the 1SO standard
14040 and 14044 (International Organization for Standardization, 2006a, 2006b). The
building LCA started with generating bill of material (BOM) from a building design, then

collecting the LCI dataset for each material from the database for building materials.

To acquire the information of BOM, the software known as Revit (Autodesk, Inc., 2022)
was used to collect building materials and quantity information of the Head Hall extension
from the Revit model provided by engineers that are working on this building project. The
other software, namely On-Screen takeoff (On Center Software, 2022), was employed to
collect building materials and quantity information from the architectural and structural
designs of the IUC forestry building as no Revit model is available for this building.
Information such as the length and height of a wall and area of floor were acquired from
these software programs and calculated with the corresponding material data such as

spacing of stud in wall and density of materials.

Two LCA programs (tools) were used in later steps (Collect LCI data and conducting
impact assessment) to conduct a comparison study on the difference of output from these

tools. The information about these tools is presented below.

96



SimaPro (PRé Sustainability B.V., 2021) was used to conduct the LCA study with the
DATASMART 2021 LCI package (Long Trail Sustainability, 2021), the database
providing information on individual materials’ manufacturing and transportation GWP
impacts. DATASMART package include the US LCI database and US-Ecoinvent database
which were modified for the US regional specific electricity data from Ecoinvent 2.2
(Weidema & Hischier, 2010) There is data customized for Canadian market.
Environmental Product Declarations (EPD) of CLT and GLT made by Nordic structures
(FPInnovations, 2013a, 2013b) were used to collect environmental impact information of
the MTPs in this study, as the LCI data for CLT and GLT products were not included in
the current DATASMART Package. EPD for curtainwalls manufactured by EFCO
corporation (EFCO, 2017) was also used to collect environmental impact information of

curtainwalls for the Head Hall extension.

Athena Impact Estimator (Athena Sustainable Materials Institute, 2019) was used as
another software for conducting LCA analysis in this study. This software features an
original building material database developed by the Athena Institute, which are localized
for several major cities across the North America continent. This software can
automatically calculate environmental impact of transporting materials from manufacturer
to construction site based on the city selected by the users. This characteristic makes it
easier to use than SimaPro but impossible to modify the data input to fit regions that are
not included on the list in the software. However, the transportation (A4) life cycle stage

was not included in the scope of this study.

97



4.2.3 Life Cycle Impact Assessment

By conducting the life cycle impact assessment, one can transform the result from LCI
outputs into quantifiable impacts of different categories, such as global warming, human
health, resource depletion, and waste in water, etc. The Tool for the Reduction and
Assessment of Chemical and Other Environmental Impacts (TRACI) developed by the
U.S. Environmental Protection Agency (EPA) (Bare, 2011) was used by both of the
software programs to assess the environmental impacts from the building materials in the
whole building designs. Application of this method will integrate the emission outputs from
LCIs to compounded environmental impacts in different categories. For example the
impact categories included in this study are GWP (measured in kg CO: eq), acidification
potential (AP, measured in kg SO2eq), eutrophication potential (EP, measured in kg N eq),
ozone depletion potential (ODP, measured in kg CFC-11eq), and smog potential (SP,

Measured in O3 eq).

4.2.4 Assumptions

Due to the limitation in collection of data, a few assumptions were made in this study:

e Fasteners required for connection of steel frames to mass timber products were not

included in this study.

e Since Fredericton NB is not included in the choice of cities in the Athena Impact
Estimator database, thus the building location for both structures were chosen as

Halifax, Nova Scotia, Canada.
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4.2.5 The Building Inventory Data

The two different databases used in this study name and model the building materials in
different ways. The material LCIs were carefully chosen in the two databases to confirm
the function and manufacturing process of the materials. The quantify of the materials in
the building assemblies and list of the material LClIs chosen from the Athena Database and
US LCI database are shown in Tables 4-2 and 4-3 for these two buildings. When it comes
to interior steel stud wall, calculations of amount of material used in walls were conducted

using stud spacing, height, and length data.
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Table 4-2: Bill of material of Head Hall Extension structure

Material name in

Assemblies Amount Unit Material name in LCI database
Athena IE
Columnand  Hollow Structural Steel, low-alloyed, at plant/US-
Beams Steel 0.8686 Tonnes US-El U
Rebar, Rod, Light Reinforcing steel, at plant/US-
Sections 1.1665 Tonnes US-El U
Bolts, Fasteners, Chromium steel 18/8, at
Clips 1.9364  Tonnes plant/US- US-El U
Wide Flange Steel, low-alloyed, at plant/US-
Sections 21.412 Tonnes US-El U
GluLam Sections  90.3041 m3 Nordic GLT beam
Concrete Concrete, sole plate and
Floor Benchmark CAN ~ 234.432 m3 foundation, at plant/US* US-El U
30 Mpa
Cross Laminated .
Timber 172.6898 m3 Nordic CLT panel
Expanded EPS insulation board, at
Polystyrene 771.85 kg plant/kg/RNA
Galvanized 3.939 Tonnes Galvanized steel sheet, at
Decking ' plant/RNA
Rebar, Rod, Light Reinforcing steel, at plant/US-
Sections 4.3834  Tonnes US-El U
. Packaging film, LDPE, at
Roof 6 mil Polyethylene 58.5 kg plant/US- US-EI U
Cross Laminated g geon 3 Nordic CLT panel
Timber
Expanded EPS insulation board, at
Polystyrene 849.8133 kg plant/kg/RNA
Concrete Concrete, sole plate and
Foundation Bencg(r)rﬂI;aCAN 463.953 m3 foundation, at plant/US* US-El U
Rebar, Rod, Light Reinforcing steel, at plant/US-
Sections 21.0787  Tonnes US-E| U
Chromium steel 18/8, at
el The input value for R < plant/US- US-El U
* -
the Athena Impact ~ 1488.34 kg Glass wool maélabplant/US us
Estimator is
. Gypsum wallboard product, type
height, length, stud 3539 199 1 X, 0.625 inch (15.875
spacing and other mm)/m2/RNA
info for the walls -
Y Metal panel, insulated, at
therefore there’s 53945 m2 plant/m2/RNA
n? _mlacf : 0“ Polystyrene foam slab for
mfa erlz;sthor WIaE S 119 kg perimeter insulation {GLO}|
rom Athena market for | Conseq, S
1061.563 m2 Curtain wall
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Table 4-3: Bill of Material for IUC New Forestry building

Material name in

Material name in LCI

Assembly Athena IE Amount Unit database
Column 4” Normal Weight 9660.34 K Concrete block, at
and Beams Concrete Block ) g plant/US** US-EI U
6” Normal Weight Concrete block, at
Concrete Block 6057.24 kg plant/US** US-EI U
8” Normal Weight Concrete block, at
Concrete Block 24714.83 kg plant/US** US-EI U
Expanded EPS insulation board, at
Polystyrene 378.87 kg plant/kg/RNA
Hollow Structural 462 Tonnes Steel, low-alloyed, at
Steel ' plant/US- US-EI' U
Ontario (_Standard) 82484 46 kg Brick, at plant/US- US-EI
Brick U
Rebar, Rod, Light Reinforcing steel, at
Sections 3.52 Tonnes plant/US- US-EI U
Small Dimension Sawn lumber, softwood,
Softwood Lumber, 4.88 m3 planed, kiln dried, at
Kiln-dried planer, NE-NC/m3/RNA
Cold rolled sheet, steel, at
Steel Plate 0.02 Tonnes plant NREL/RNA U
Wide Flange Steel, low-alloyed, at
Sections 133.26 Tonnes plant/US- US-EI U
Concrete Concrete, sole plate and
Floor Benchmark CAN 140.98 m3 foundation, at plant/US*
30 Mpa US-EI U
Galvanized 17 38 Tonnes Galvanized steel sheet, at
Decking ' plant/RNA
12” Normal Weight Concrete block, at
Wall Concrete Block 11885.25 kg plant/US** US-EI U
4” Normal Weight Concrete block, at
Concrete Block 53842.65 kg plant/US** US-EI U
6” Normal Weight Concrete block, at
Concrete Block 455791.88 kg plant/US** US-EI U
8” Normal Weight Concrete block, at
Concrete Block 204173.62 kg plant/US** US-EI U
Expanded EPS insulation board, at
Polystyrene 1591.59 kg plant/kg/RNA
Ontario ('_Standard) 263963.05 kg Brick, at plant/US- US-EI
Brick U
Small Dimension Sawn lumber, softwood,
Softwood Lumber, 6.78 m3 planed, kiln dried, at

kiln-dried

planer, NE-NC/m3/RNA
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Packaging film, LDPE, at

Roof 6 mil Polyethylene 6.77 kg plant/US- US-El U
6” Normal Weight Concrete block, at
Concrete Block 13346.86 kg plant/US** US-EI U
8” Normal Weight Concrete block, at
Concrete Block 75930.77 kg plant/US** US-EI U
Concrete Concrete, sole plate and
Benchmark CAN 70.34 m3 foundation, at plant/US*
30 Mpa US-EI' U
Expanded EPS insulation board, at
Polystyrene 1033.91 kg plant/kg/RNA
Galvanized Galvanized steel sheet, at
Decking 5392.43 kg plant/RNA
Metal Roof Galvanized steel sheet, at
Cladding 1531.28 kg plant/RNA
Metal Wall Brick, at plant/US- US-EI
Cladding 93957.26 kg U
Ontario (Standard) Reinforcing steel, at
Brick 2910 kg plant/US- US-EI U
: Sawn lumber, softwood,
Rebag,ethci)gr,]Snght 7.11 m3 planed, kiln dried, at
planer, NE-NC/m3/RNA
Plywood, at plywood plant,
Softwood Plywood 375.00 kg US SE/kg/US
: 4” Normal Weight Concrete block, at
Foundation Concrete Block 20919.69 kg plant/US** US-EI U
Bolts. Fasteners Steel, electric, chromium
Ly ' 0.13 Tonnes steel 18/8, at plant/US- US-
Clips El U
Concrete Concrete, sole plate and
Benchmark CAN 447.14 m3 foundation, at plant/US*
30 Mpa US-EI U
Expanded EPS insulation board, at
Polystyrene 1354 kg plant/kg/RNA
Ontario (Standard) Reinforcing steel, at
Brick 596096 kg plant/US- US-EI U
Rebar, R(_)d, Light 13.74 Tonnes Brick, at plant/US- US-EI
Sections U
. Steel, electric, chromium
Welded Wire Mesh 1.37 Tonnes steel 18/8, at plant/US- US-
/ Ladder Wire El U
Wire Rod 038  Tomes  einforcing steel, at

plant/US- US-EI U
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4.3 Results and Discussion

The environmental impacts from module A1~A3 for the two buildings were estimated

using both SimaPro and Athena IE and are presented in this section.

4.3.1 Cradle-to-gate LCA Results of the Two Building Structures

Contribution analysis is done with the LCA outputs from the two software tools on the two

building structures and displayed in the figures shown below.

As shown in Figure 4-5, the major structural components in Head Hall Extension that used
Mass Timber products (Floor, Column and Beams) would contribute around 20%~30% to
the overall environmental impact in each category, while the same components that used
traditional materials in the existing building contributed around 40%-~50% in each

environmental impact category besides EP as shown in Figure 4-6.
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Table 4-4: Environmental impacts per 1m2 of floor space from module A1~A3 of Head

Hall extension and IUC New Forestry Building

SimaPro Athena IE
Impact categories IUC New Head Hall IUC New Head Hall
P g Forestry Extension Forestry Extension
Global Warming
Potential (kg CO2 eq) 280 291 254 300
Acidification potential
(kg SO2 eq) 9.02E-01 1.51 1.35 1.74
Eutrophication potential -, ogr oy g 5002 7.22E-02 1.05E-01
(kg N eq)
Ozone Depletion
Potential (kg CFC-11eq) 9.35E-06 1.13E-05 1.40E-06 1.74E-06
Smog Potential 132E+01  2.18E+01  1.62E+01 2 50E+01

(kg O3 eq)
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Figure 4-4: Difference in environmental impacts from the outputs of the two software

tools for both buildings (A1~A3).
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Figure 4-5: Contribution to total environmental impact from different assembly group of

the Head Hall Extension (A1~A3) with data output from SimaPro.
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Figure 4-6: Contribution to total environmental impact from different assembly group of

the IUC New Forestry building (A1~A3) with data output from SimaPro.
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Figure 4-7: Contribution to total environmental impact from different assembly group of

the Head Hall Extension (A~C) with data output from Athena IE.
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Figure 4-8: Contribution to total environmental impact from different assembly group of

the IUC New Forestry building (A1~A3) with data output from Athena IE.
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Another environmental advantage of Mass Timber Products is the carbon sink capability
of these materials. EPD of the GLT beams and CLT panels (FPInnovations, 2013a, 2013b)
shows that both of the products would sequence 741.36kg of CO2 per cubic meter of
material. With this characteristic considered, the GWP of Head Hall extension (A1~A3)
will be lowered to 132 kg CO eg/m? during the service period of the building (50~60
years), which is 52.7% lower than the value of IUC New forestry building (280 kg CO>
eq/m?). Without end-of-life scenarios for MTPs in NB, the destination of carbons stored in
MTPs remain unknown. Although in the worst case scenario the stored carbon in MTPs
would be released back into the atmosphere slowly through the biodegradation of wood if
MTP were all landfilled. Campbell (2020) conducted a study of examining MTPs for the
end-of-life scenarios and indicated that it’s unlikely for MTPs to be disposed in landfill
due to environmental legislation and demand for wood fiber. This gives hope that part of
the carbon sinking benefit of MTPs can be preserved after the service life of the building

by recycling MTPs for wood fiber.

4.3.2 Differences in Output from Two Software Programs Used to Model the Whole
Building LCA.

Since the two software programs used the same bill of material in the input process, with
the same boundary system defined and same impact characterization method used, the only
source of difference in the results would come from the different LCI databases used in the

process.
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4.3.2.1 Difference in Value of the Data

As shown in Table 4-4 and Figure 4-4, when comparing the outputs of the two software
programs, difference higher than 10% in the output of both software programs can be
observed in all of the impact categories except GWP in both buildings. A large difference
in Eutrophication Potential of IUC New Forestry building can be observed due to the
negative value output from SimaPro. This happens because the building material:
“Galvanized Steel sheet” has negative EP according to the result analyzed by TRACI
method with data from DATASMART LCI database. High difference in ODP from the

two software programs can also be observed.

What can also be noticed from figure 4-4 is the difference in output from both tools for
Head Hall atrium is lower than the difference in outputs for IUC forestry building. This
may be caused by the application of EPDs of Mass Timber Products and curtain walls in
the result from SimaPro. Developer of Athena IE software (Athena Sustainable Materials
Institute) and published of EPDs (FP Innovation) published LCA report on Cross
Laminated Timber in Canada (Athena Sustainable Materials Institute, 2013) which means

the data source for Mass Timber Products in two tools might be the same.

4.3.2.2 Difference in the Contribution of Each Assembly

Athena IE does show not only the A1-A3 life stage impacts from each assembly, but also
the whole building life cycle impacts from each assembly, which include the material waste

on construction site and replace/refurbish/remold during the use stage. It was not easy to
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separate those out from the IE output. Therefore Figures 4-7 and 4-8 were created based
on the impact from stage A to C by the of Athena IE. As shown in Figure 4-7, the impacts
caused by mass timber column and beams are below 10% of the total impact in all
categories for Head Hall. This contradicts the result from SimaPro where the column and
beams would contribute higher than 10% in all categories, especially 20% in EP.
Contribution from foundation is also increased from 10% ~ 20% to 20% ~ 50% when
switching from SimaPro to Athena IE. When it comes to LCA results for IUC forestry
building, the contribution from columns and beams decreased in all categories from near
40% to 20%~30% in all impact categories except ODP. Where ODP increased slightly to
40%. Contribution from Floor are also increased from 10%~20% to 20%~30%. These

differences may impact the judgement of decisionmakers.

Both software programs agreed that the wall section of Head Hall extension would
contribute to more than 40% of GWP and around 50% of AP. Further study shows that the
glass curtain wall used in Head Hall extension is the highest contribution of all. However,
application of glass curtain wall can reduce the energy required for indoor lighting and
heating in winter, which will reduce impacts from building operation. Previous study (Feng
et al., 2022) does show that extensive application of glass curtain wall will increase the
heat load of building in summer, but this negative effective might be mitigated with proper
ventilation and the application of earth tube in the new head hall structure. Without
knowing the exact outcome, further study on whether the application of glass curtain wall
can reduce environmental impact of the building in the overall life cycle needs to be

conducted.
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In conclusion, the difference in results from using two software programs demonstrated
that the same software, especially the same LCI database needs to be used for fair
comparison. Without a base value it is impossible to conclude which software has better
accuracy in estimating the environmental impact of two buildings. But when it comes to
only estimating GWP of buildings in stage A1~A3, the two software programs may be

used interchangeably.

4.4 Conclusions

In this study, whole building LCA of the mass timber structure (the Head Hall extension)
located on UNB campus and the steel structure known as IUC New forestry building was
conducted. Also, the comparison of the results from two software programs, SimaPro and

Athena IE was conducted. The results showed that :

e The two software programs cannot be used interchangeably because there are

significant differences in results from them.

e The two software programs are also allocating the source of environmental impact

in different ways.

The only source of difference that could be identified in this study was the difference in
LCI databases. This suggested that when comparing environmental performance of

different buildings, it is necessary to ensure that the same software and database were used.

113



References

Athena Sustainable Materials Institute. (2013). A Life Cycle Assessment of Cross-
Laminated Timber Produced in Canada. Retrieved from
http://www.athenasmi.org/wp-content/uploads/2013/10/CtoG-LCA-Canadian-

CLT.pdf.

Athena Sustainable Materials Institute. (2019). User Manual and Transparency

Document. (September). Retrieved from www.athenasmi.org

Autodesk Inc.(2022) Revit [Computer Software].

https://www.autodesk.ca/en/products/revit/overview

Bare, J. (2011). TRACI 2.0: The tool for the reduction and assessment of chemical and
other environmental impacts 2.0. Clean Technologies and Environmental Policy,

13(5), 687-696. https://doi.org/10.1007/s10098-010-0338-9

Campbell, A. (2020). What engineers (still) do not know about wood: an engineer’s
perspective on key knowledge gaps in the use of mass timber. International Wood

Products Journal, 11(2), 70-79. https://doi.org/10.1080/20426445.2020.1730047

Chen, Z., Gu, H., Bergman, R. D., & Liang, S. (2020). Comparative life-cycle assessment
of a high-rise mass timber building with an equivalent reinforced concrete alternative
using the athena impact estimator for buildings. Sustainability (Switzerland), 12(11).

https://doi.org/10.3390/su12114708

EFCO. (2017) Environmental Product Declaration EFCO Window Wall Systems.
Retrieved from https://www.efcocorp.com/images/website/EPD/EFCO_EPD-

Window_Walls%202.pdf

114



European Committee for Standardization. (2011). Sustainability of construction works—
Assessment of environmental performance of buildings—Calculation method (EN

15978). Brussels, Belgium: European Committee for Standardization.

Feng, C., Ma, F., Wang, R., Zhang, L., & Wu, G. (2022). The operation characteristics
analysis of a novel glass curtain wall system by using simulation and test. Journal of
Building Engineering, 51(December 2021), 104311.

https://doi.org/10.1016/j.jobe.2022.104311

FPInnovations. (2013a). 27. Environmental Product Declaration: Nordic Lam™.
Retrieved from
https://www.nordic.ca/data/files/datasheet/file/EPD_Nordic_Lam.pdf#:~:text=Environ
mental%20Product%20Declaration%20This%20Type%20111%20environmental%20d
eclaration,on%?20established%20life%20cycle%20impact%20assessment%20%28L.C

A%29%20methods

FPInnovations. (2013b). Environmental Product Declaration: Nordic X-LamTM,
Retrieved from https://www.nordic.ca/data/files/datasheet/file/EPD_Nordic_X-
Lam.pdf#:~:text=Nordic%20X-
LamTM%20This%20Type%20111%20environmental%20declaration%20is,0n%20esta

blished%20life%20cycle%20impact%20assessment%20%28L CA%29%20methods

Gong, M. (2019). Lumber-Based Mass Timber Products in Construction. In Timber

Buildings and Sustainability. IntechOpen, London, UK.

115



Gu, H., Nepal, P., Arvanitis, M., & Alderman, D. (2022). Carbon impacts of engineered
wood products in construction. In Engineered wood products for construction.

IntechOpen, London, UK.

Harte, A. M. (2017). Mass timber — the emergence of a modern construction material.
Journal of Structural Integrity and Maintenance, 2(3), 121-132.

https://doi.org/10.1080/24705314.2017.1354156

Hemmati, M., Tahar, M., & Gu, H. (2022). Life cycle assessment of cross-laminated
timber transportation from three origin points. Sustainability (Switzerland), 14(1).

https://doi.org/10.3390/su14010336

Kalverkamp, M., Helmers, E., & Pehlken, A. (2020). Impacts of life cycle inventory
databases on life cycle assessments: A review by means of a drivetrain case study.
Journal of Cleaner Production, 269, 121329.

https://doi.org/10.1016/j.jclepro.2020.121329

Lehmann, S. (2012). Sustainable construction for urban infill development using

engineered massive wood panel systems. https://doi.org/10.3390/su4102707

Liang, S., Gu, H., Bergman, R., & Kelley, S. S. (2020). Comparative life-cycle
assessment of a mass timber building and concrete alternative. Wood and Fiber

Science, 52(2), 217-229. https://doi.org/10.22382/wfs-2020-019

Organschi, A., Ruff, A., Oliver, C. D., Carbone, C., & Herrmann, E. (2016, August 22-
25). Timber city: Growing an urban carbon sink with glue, screws, and cellulose fiber.

WCTE 2016 — World Conference on Timber Engineering, Vienna, Austria

116



Passarelli, R. N. (2019, July 27-29). Environmental benefits of reusable modular mass
timber construction for residential use in Japan: an LCA approach. Modular and
Offsite Construction (MOC) Summit, Edmonton, AB, Canada.

https://doi.org/10.29173/mocs89

Pierobon, F., Huang, M., Simonen, K., & Ganguly, 1. (2019). Environmental benefits of
using hybrid CLT structure in midrise non-residential construction: An LCA based
comparative case study in the U.S. Pacific Northwest. Journal of Building

Engineering, 26(February). https://doi.org/10.1016/j.jobe.2019.100862

PRé Sustainability B.V. (2021) SimaPro [Computer software]. Retrieved from

https://simapro.com

Rashid, A. F.A., & Yusoff, S. (2015). A review of life cycle assessment method for
building industry. Renewable and Sustainable Energy Reviews, 45, 244-248.

https://doi.org/10.1016/j.rser.2015.01.043

Sartori, I., & Hestnes, A. G. (2007). Energy use in the life cycle of conventional and low-
energy buildings: A review article. Energy and Buildings, 39(3), 249-257.

https://doi.org/10.1016/j.enbuild.2006.07.001

Skullestad, J. L., Bohne, R. A., & Lohne, J. (2016). High-rise timber buildings as a climate
change mitigation measure — A comparative LCA of structural system alternatives.

Energy Procedia, 96(1876), 112-123. https://doi.org/10.1016/j.egypro.2016.09.112

Teshnizi, Z., Pilon, A., Storey, S., Lopez, D., & Froese, T. M. (2018). Lessons learned

from life cycle assessment and life cycle costing of two residential towers at the

117



University of British Columbia. Procedia CIRP, 69(May), 172-177.

https://doi.org/10.1016/j.procir.2017.11.121

International Organization for Standardization. (2006a). Environmental management —
Life cycle assessment — Principles and framework. (1SO Standard No: 14040: 2006)

Retrieved from https://www.iso.org/standard/37456.html.

International Organization for Standardization. (2006b). ISO 14044:2006 Environmental
management — Life cycle assessment — Requirements and guidelines. (ISO Standard

No: 14044: 2006) Retrieved from https://www.iso.org/standard/38498.html.

International Organization for Standardization. (2017). Sustainability in buildings and
civil engineering works — Core rules for environmental product declarations of
construction products and services. (1SO Standard No: 21930:2017) Retrieved from

https://www.iso.org/standard/61694.html.

On Center Software. (2022) On-Screen Takeoff [Computer software]. Retrieved from

https://www.oncenter.com/products/on-screen-takeoff/.

Tien Doan, D., Ghaffarianhoseini, A., Naismith, N., Zhang, T., Ghaffarianhoseini, A., &
Tookey, J. (2017). A critical comparison of green building rating systems. Building

and Environment, 123, 243-260. https://doi.org/10.1016/j.buildenv.2017.07.007

USGBC. (2019). LEED v4 CREDITS for Building Design and Construction. LEED
Publications, 147. Retrieved from https://www.usgbc.org/resources/leed-v4-building-

design-and-construction-current-version.

Van Aalst, M. K. (2006). The impacts of climate change on the risk of natural disasters.
Disasters, 30(1), 5-18. https://doi.org/10.1111/}.1467-9523.2006.00303.x

118



Weidema, B., & Hischier, R. (2010). ecoinvent data v2.2. the 2010 version of the most

comprehensive and most popular public LCI database. www.ecoinvent.org

119



5 General Conclusions and Recommendations

5.1 General conclusions

This thesis contains 5 chapters, with chapters 3 and 4 serving as the key chapters for

presenting results from the work conducted.

Chapter 3 presents the results from the investigation on the potential environmental impact
of using Mass Timber Products (MTPs) for buildings in NB. By conducting cradle-to-gate
Life Cycle Assessment (LCA) on IUC forestry building and a design of the same building

built with MTPs, the following conclusions were drawn:

e Applying MTPs for buildings in NB will have significant environmental advantage
in some impact categories including transportation impacts, namely 16.8% lower
Global Warming Potential (GWP) and 18.5% lower Ozone Depletion Potential
(ODP) in worst case scenario, but in the other 3 categories, [Acidification Potential
(AP), Eutrophication Potential (EP) and Smog Formation Potential (SP)] the
impacts would be increased by transportation and has worse performance than the
traditional building (13.6%, 31,9% and 248.2% higher in the three impact categories
respectively, with longest transportation distance scenario).

e Having a MTP factory in NB or other Atlantic Provinces of Canada would limit the
impact caused by transportation of MTPs for buildings, but it is unknown whether

it would be economically viable.

In summary, in the current scenario where the nearest mass timber manufacturer is in

Montreal, Quebec. The transportation of mass timber products to NB would have serious
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impact on the environmental performance of mass timber buildings in the cradle-to-gate

LCA analysis.

Chapter 4 provides the results from the study using two LCA tools (Athena Impact
Estimator and SimaPro) with Life Cycle Inventory (LCI) databases focused for the North
American market, by comparing the LCA results of both tools on two buildings designed
with MTPs and traditional concrete and steel structural materials. The following conclusion

was drawn:

e The two different tools could agree on the overall results of performance comparison
of the two buildings, but the exact values of environmental impacts and percentage
of contribution from specific building assembly could be different, with at least 13%
difference. This suggests that when comparing environmental performance of two
different buildings, the same software program with the same database needs to be

used.

5.2 Recommendations and Future Research

Applying MTPs in structural components for institutional buildings is still recommended
in NB given their excellent performance in reducing the GWP of a building from cradle-
to-gate stage. Although transportation may contribute to higher impacts in ODP, AP and
EP, the innovation in transportation technology (such as electric vehicles) and the
application of possible alternative transportation methods (such as rail) may help reduce

the impact.
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Using Environmental Product Declaration (EPD) of specific building products when
available, with SimaPro might reduce the difference in output from two of the LCA

software, but this may have an impact on the accuracy of LCA results.

Further research would be helpful with understanding the environmental impact of

applying wood products in buildings in NB:

e Although LCI databases for wood products in North America exists, it is better to
build a specific wood products specialized for NB’s wood species and
manufacturing process.

e Comparative LCA on the application of MTPs on smaller scaled buildings (such as
low-rise buildings and single-family housing) is recommended as these building
types are more common in non-major cities.

e The cradle-to-grave LCA on mass timber buildings should be conducted in the
future when more practically real-world data in maintenance of mass timber
structures are available.

e Economical viability of establishing a mass timber factory in NB should be studied

with the environmental assessment.
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