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Abstract

Globally, efforts to increase land sector contributions to net-zero emissions are pursued.
Harvested wood products may retain carbon, and substitute emission-intensive products.
The emission reductions achieved through substitution, or substitution benefits, can inform
the design of climate-effective wood-use strategies. Mitigation analyses of a wood-based
bioeconomy therefore need to include substitution to evaluate the mitigation outcomes
across sectors. Substitution benefits can be estimated using displacement factors, which
quantify the emissions avoided per unit of wood use. Here, we calculated the displacement
factors of timber constructions and wood-derived biofuels to be around 1.03 and 0.45
tCO,e/tCO,e, respectively. Assuming substitution was achieved when changes in human
behavior increased the share of wood use relative to the reference market share, we added
the substitution benefits to a previous analysis that focused on biogenic emissions in British
Columbia, Canada. At projected declining harvest rates, the theoretical maximum reduction
that forest products can contribute over the period 2016 to 2050 is 66 MtCOze~year‘l with
an uncertainty range of 45-79 MtCO,e-year™ ., relative to the baseline, by focusing on long-
lived, high-displacement construction applications. However, because construction uses of
wood in foreign markets are not guaranteed, and constrained by market access, the practical
strategy that combines construction and biofuel uses can achieve 17.4 MtCO,e-year™!,
equivalent to 30% of British Columbia’s 2050 target. Although a transformation of the
bioeconomy may help achieve both climate and socio-economic benefits, potential conflict
exists between maximizing regional and global benefits. How and where wood will be used
can influence the desired mitigation outcomes.

Keywords Displacement factor - Mass timber - Biofuel - Climate change mitigation -
Bioeconomy - Harvested wood products
1 Introduction

Assessing the mitigation potential of the forest sector relies on three core principles (Kurz
et al. 2016):
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1. Quantification of the differences in net greenhouse gas (GHG) balances caused by
changes in human activities, relative to a baseline

2. Estimation of emissions when and where they occur and the type of gas emitted

3. Quantification of the changes in carbon stocks and emissions in forest ecosystems,
from harvested wood products (HWPs), and from the substitution of emission-intensive
products

This paper evaluates the substitution benefits (principle 3) of various potential mitigation
strategies in the province of British Columbia (BC), Canada. The substitution benefit refers
to the GHG emissions avoided by using wood-based materials or wood-derived bioenergy
in place of other materials and fuels. For example, engineered wood products generally
require less energy from cradle to gate than their steel or concrete functional equivalents,
producing fewer embodied emissions when used in the construction sector, and they store
carbon that was previously removed from the atmosphere through forest growth (Sathre
and O’Connor 2010; Athena 2016; Leskinen et al. 2018). The combustion of wood of
any form, whether pellets or biofuel, results in an instantaneous release of the contained
carbon to the atmosphere (IPCC 2006). However, the carbon emitted from wood was
previously removed from the atmosphere by forests and can be re-captured by the forest;
therefore, using wood-derived bioenergy can reduce the use of fossil fuels and contribute
to reducing additions of fossil carbon to the biosphere—atmosphere system. Depending on
the time frame, the feedstock types, the carbon intensity of the fossil fuels to be substituted,
alternative land management opportunities, and other factors, wood-derived bioenergy may
provide a positive or negative substitution benefit (Mitchell et al. 2012; Ter-Mikaelian et al.
2015; Pingoud et al. 2016; Laganiére et al. 2017; Soimakallio et al. 2022). Quantification
of the substitution benefit requires a detailed assessment of the GHG emissions throughout
the life cycle of HWPs and their functional equivalents, including emissions during the
material acquisition, production, and end-of-life stages (principle 2).

This study quantifies the substitution benefits of wood as a construction material
and as a feedstock for “drop-in” biofuels' for several reasons. First, transportation and
construction are two important sectors contributing to BC’s bioeconomy and global
GHG emissions (IPCC 2014b; BC 2018). Second, other than the construction sector,
there is limited information on wood replacing other materials. Sathre and O’Connor
(Sathre and O’Connor 2010) conducted a meta-analysis of 21 studies, all of which are
for the construction sector. Leskinen et al. (2018) reviewed 51 studies and 79% of them
were related to the construction sector. Third, in places that already have a low-emission
electrical grid, generating electricity using woody biomass may not contribute to emission
reduction. For example, BC generated 268 PJ of electricity in 2016, 88% of which was
from hydro and 10.4% from other renewable sources (NEB 2017, 2018). Therefore,
harvested biomass has mitigation potential only when it is used in a sector that is difficult
to electrify, such as aviation and long-range transportation ICAO 2016; Jensen et al. 2017;
van Dyk et al. 2019). Fourth, alternative substitution options such as flooring, furniture,
and decking have been shown to have small or even negative carbon benefits (Smyth et al.
2016). In terms of printing and writing paper, the benefit has been reported to be either
negative or uncertain compared to digital media (Bull and Kozak 2014; Karapetyan et al.
2015; Achachlouei and Moberg 2015).

! “Drop-in” biofuels refer to renewable gasoline, diesel, and jet fuel that are functionally equivalent to con-
ventional fuels and can be “dropped into” existing infrastructure.
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A commonly used measurement of the HWPs’ substitution effect is the displace-
ment factor (DF) proposed by Schlamadinger and Marland (Schlamadinger and Marland
1996). It was defined as the GHG emissions avoided in mass unit of carbon dioxide
equivalent (CO,e) per mass unit of CO,e contained in the additional wood used, indicat-
ing the efficiency of the substitution effect (Sathre and O’ Connor 2010).

Several papers have quantified the DFs (e.g., Sathre and O’Connor 2010; Smyth
et al. 2016; Leskinen et al. 2018). The preferred way, using wood replacing reinforced
concrete in buildings as an example, is to use the results of a comparative life cycle
assessment (LCA). The LCA should include GHG emissions of at least two functionally
equivalent buildings — one built with wood and the other with reinforced concrete
— from cradle to grave under the same scope and boundary conditions. “Functionally
equivalent” means that the buildings should have similar square footage, location, and
completion year. However, it is usually challenging to satisfy all of these conditions.
Therefore, previous LCA studies usually contrast a timber building with a hypothetical
concrete or steel functional equivalency (e.g., Grann 2014), or vice versa (e.g., Robertson
et al. 2012). Even when two real-world functional equivalencies are found, a lack of
context-specific data in the existing life cycle databases and tools still represents a major
challenge (Teshnizi et al. 2018). This study selected nine comparative building LCAs
and calculated their DFs. An uncertainty analysis was then conducted to estimate the
substitution benefits of wood displacing emission-intensive materials in constructions.

The DFs of wood-derived “drop-in” biofuels have not been well documented, partly
due to the uncertainties regarding the commercialization of the conversion technologies.
Previous publications have focused on bioenergy substitution for heat and electricity
generations (e.g., Smyth et al. 2016). “Drop-in” biofuels can be produced through
oleochemical, biochemical, or thermochemical means. Oleochemical pathways utilize
oil feedstocks such as oilseeds and animal fats. Biochemical and thermochemical
technologies can convert woody biomass to biofuels (Thiffault et al. 2016). However,
biochemical pathways create intermediate products, such as farnesene and succinic
acid, that have higher commercial value than the fuel end product (Karatzos et al. 2014;
Ringsred 2018). The commercial production of drop-in biofuels therefore has substantial
economic challenges (Bullis 2012). Three thermochemical biofuel pathways exist —
gasification, hydrothermal liquefaction (HTL), and pyrolysis (Thiffault et al. 2016).
Gasification utilizes sophisticated chemical engineering technologies and consequently
has a high capital intensity. Large plants need to be built in order to achieve economies-
of-scale to offset these high capital requirements (over $500 million) (Anex et al. 2010).
These large plants have very high biomass demands (a capacity of over 3000 dry tonnes/
day), which severely constrains where they can be located (Sarkar et al. 2011). Given
BC'’s anticipated declining biomass harvest in the next decades (BCFLNRORD 2018c),
gasification was not considered to be a viable option in the foreseeable future for this
province. Consequently, this study calculated the DFs of biofuels produced using HTL
and pyrolysis pathways.

Wood-derived “drop-in” biofuels are still undergoing active research and development,
whereas the technology of timber construction is more mature. Forest biomass feedstocks
contain high levels of oxygen and impurities that require extensive processing such as
upgrading with hydro-treatment or more frequent turnover of catalysts (Thiffault et al.
2016). Substantial cost reduction and optimization are required before wood-derived
transportation fuels can be commercialized (Karatzos et al. 2014). From a modeling
perspective, however, this study did not assume a technological barrier for the biofuels.
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Despite the evident challenges, quantifying the substitution benefit can inform decision
making to develop climate-effective strategies and better utilize the forest resources in BC.
Avoided emissions from substitution need to be added to our previous mitigation analyses
to recognize the total impact beyond a direct carbon storage and emission perspective
(Xie et al. 2021). This paper first estimates the DFs of timber constructions and wood-
derived biofuels, then quantifies the avoided emissions of various bioeconomy scenarios,
and lastly, develops a practical mitigation strategy for BC, from both a biogenic and a
substitution perspective.

2 Methods
2.1 Displacement factor calculations

Data were collected from comparative LCA studies that analyzed a more wood-intensive
building and a less wood-intensive building. The literature search focused on mid- to high-
rise buildings because a majority of the single-family houses in Canada are already being
built with wood. We selected LCAs that studied different functional types (i.e., residential
and non-residential) and structural types (i.e., heavy timber, lightweight wood frame, con-
crete, and steel). Two important pieces of information were required — the whole building
bill of materials and the associated embodied emissions — to calculate the DFs of timber
constructions (Eq. 1).

- CE

more wood intensive

DF = CEless wood intensive
cw,

more wood intensive CWless wood intensive

(D

where CE is the embodied carbon emissions, and CW is the amount of carbon contained in
the wood products used to build the construction. The unit of carbon in the numerator and
denominator cancels out and the DF is dimensionless (Sathre and O’Connor 2010). If the
LCA study reported the embodied emissions, then those CE values were obtained directly.
Otherwise, the CE is calculated by subtracting the operational emissions from the total
GHG emissions. As the building sector responds to society’s increased focus on energy
efficiency and deep decarbonization, the embodied emissions become more significant
and they are able to provide immediate climate benefits through substitution (O’Connor
and Bowick 2016). In addition, tall and heavy timber constructions are a relatively recent
development, and there is a lack of information about operational emissions. It is com-
mon for comparative building LCAs to either assume that buildings would meet the same
insulation requirement and have the same operational emissions (e.g., Grann 2014), or sim-
ply exclude operational energy from the scope of the study (e.g., Bowick and O’Connor
2017). Operational emissions are not included in this study and detailed DF calculations of
selected buildings are presented in the Supplementary Information.

Facility location, energy mix, transportation distance, and feedstock availability are
important factors for the environmental performance of wood-derived biofuel. For this rea-
son, only LCAs that analyzed biofuel production facilities based in Canada were selected
for these displacement factor calculations. Each study also contained various scenarios that
yielded different DFs. The data-of-interest were the amount of feedstock per unit of biofuel
output, the carbon intensity per unit of biofuel, and the carbon intensities of conventional
fossil fuels. The DFs were then calculated using Eq. 2.
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DF = CIbiOfuel _ CIfossil fuel @
CWbiofuel

where CI is the carbon intensity per unit of fuel, and CW is the amount of carbon con-
tained in the woody biomass feedstock to output one unit of biofuel. Detailed DF calcula-
tions for biofuels produced through HTL and pyrolysis pathways are presented in the Sup-
plementary Information.

As technology evolves, future DFs may be lower or higher. Different regions may also
have significantly divergent values due to factors such as energy mixes, transportation dis-
tances, and building standards. However, this study did not explore their temporal and spa-
tial dependencies extensively. We focused the DF calculations on the substitution activities
of BC-originated HWPs consumed in Canada, and within each model run, assumed con-
stant DFs between 2016 and 2050.

2.2 Bioeconomy scenarios

In our previous work, nine scenarios were created to evaluate various HWP trades and
utilization options (Xie et al. 2021). Here, we extend the analysis to include substitution
effects and added an additional portfolio scenario. All scenarios addressed only changes
in wood use and exports and are based on a single projection of future harvest rates that
decline over the period 2016 to 2050. The ten scenarios are summarized below:

e The BASE scenario — a business-as-usual baseline scenario based on the 2016 market
partitions and production efficiencies of wood products and assumed that the partitions
and efficiencies were time-invariant between 2016 and 2050. Wood-derived biofuels
were not produced in this scenario.

e The ALL_CONS scenario — a theoretical extreme scenario which assumed that all
of BC’s harvested biomass was manufactured into products that can be used in con-
struction. Consequently, all sawlogs were sent to sawmills or plywood mills. Pulp logs
were sent to oriented strand board (OSB) mills. Milling residues were sent to medium
density fiberboard (MDF) mills and particleboard mills. Sawnwood (cross-laminated
timber (CLT) and glue-laminated timber (GluLam) included), plywood, and OSB were
assumed to be used for structural applications in construction or renovation, with a
majority of them displacing domestically produced cement. MDF and particleboard
were assumed to be used to build non-structural components.

e The ALL_FUEL scenario — a theoretical extreme scenario which assumed that all har-
vested biomass was used as feedstock to produce transportation biofuels.

e The IN_POP scenario — an inward-focused scenario which assumed that the domestic
HWPs demand increases in proportion to population growth rate. However, the market
shares of wood products in various sectors remain the same.

e The IN_CONS scenario — an inward-focused scenario which assumed the domestic
demand of residential dwellings and non-residential buildings to be aligned with house-
hold growth over the study period, and the timber construction market share to be dou-
bled in the domestic market, predominately replacing domestically produced reinforced
concrete constructions.

e The IN_FUEL scenario — an inward-focused scenario which assumed that all pulp
logs and milling residues were sent to bioenergy feedstock to produce transportation
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biofuels while sawnwood’s and plywood’s production and market partition remained
the same as the IN_POP scenario.

e The OU_CONS scenario — an outward-focused scenario which assumed that the
HWPs remaining after fulfilling the domestic demand in the IN_POP scenario were
exported and used as construction materials.

e The OU_CN scenario — an outward-focused scenario which assumed that the HWPs
remaining after fulfilling the domestic demand in the IN_POP scenario were exported
to China. This assumption resulted in a majority of the exported wood products being
used for short-lived purposes.

e The OU_PLTS scenario — an outward-focused scenario which assumed that the bio-
mass remaining after fulfilling the domestic demand in the IN_POP scenario was man-
ufactured into wood pellets and exported to the European Union (EU) and Japan.

e The IN_PCF scenario — it is expected that the results of the above scenarios would
help develop a practical portfolio of mitigation strategies for HWP uses in BC. The
description and rationale of this strategy are discussed in the later sections.

It is worth noting that all the harvest originated from BC. The harvest rate projec-
tions were based on BC Ministry of Forests, Lands, Natural Resource Operations & Rural
Development’s (FLNRORD) compilations of annual allowable cut (AAC) projections
and the fractions of realized AAC available in 2016. As a consequence of reduction in
growing stocks from the impacts of the Mountain Pine Beetle and large-scale forest fires
in recent years, BC is anticipating reduced roundwood harvest for the next few decades
(BCFML 2010; BCFLNRORD 2018c). This study was part of the Forest Carbon Manage-
ment (FCM) Project funded by the Pacific Institute of Climate Solutions (PICS), which
has a broader objective and examined forest sector mitigation options and interactions with
climate change. This paper specifically addresses the substitution effects of harvested wood
products. More specifically, it focuses on the production, trade, and usage decisions along
the post-harvest wood products supply chain. The chain begins when harvested biomass is
removed from the forest. The ecosystem carbon dynamics, including intensified harvest,
conservation, forest regrowth and decay of logging residues left on site, and carbon oppor-
tunity costs, are addressed in other analyses for BC (e.g., Smyth et al. 2014, 2020; Xu et al.
2018) or internationally (e.g., Pingoud et al. 2016; Soimakallio et al. 2022) but are outside
the scope of this study. All scenarios analyzed here used the same harvest projections.

This study also did not explore alternative uses of bark as a feedstock for biofuel pro-
duction and assumed that it can only be used as hog fuel, because published literature has
indicated that high bark contamination in feedstocks can significantly reduce the yield
of liquid biofuels (Ringsred 2018). Under bark, data were used for carbon allocations, in
accordance with the industrial roundwood data published by FAOSTAT and BC’s mill sur-
veys (FAO 2015; BCFLNRORD 2018b).

Interprovincial trade from BC to other Canadian provinces was considered to be domes-
tic (Canadian) consumption and was not modeled as an export.

2.3 Substitution assumptions

BC harvested about 66 million cubic meters (m?) of logs in 2016 that contained roughly 60
mega tonnes of carbon dioxide equivalent per year (MtCO,e-year™") (BCFLNRORD 2018b).
The extreme scenario ALL_CONS assumed that all BC’s harvested biomass is manufac-
tured — with losses in manufacturing and process energy use — into wood products that
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are used in the construction sector. However, in this context, it is important to consider
whether all of these wood products would be used to displace concrete or steel construc-
tions (Seppili et al. 2019; Howard et al. 2021), because timber construction already has a
share of over half of the total residential construction market in BC and the United States
(US), and roughly a quarter for the rest of Canada (CISC 2013; McKeever and Elling 2014,
2015; Elling and McKeever 2015).

In this study, not all forest biomass used for construction or bioenergy is considered to
contribute to substitution benefit. Some buildings may be predetermined by the market to
be constructed with wood, and steel or concrete has never been considered an alternative.
This substitution assumption can be illustrated with an example. If timber construction has
a 50% market share, without other incentives, when 100 new buildings are constructed, 50
of them will be built with wood and the other 50 of them with other materials, although
in BC it predominantly would be reinforced concrete. In this case, there is no wood-to-
other-material substitution. If there is an incentive by the government encouraging the
use of wood in the construction sector, for example with a subsidy, regulations of embod-
ied energy, or changes in building codes, then the wood construction market share may
increase, for example from 50 to 60%, and consequently shifting 10 buildings that would
have been constructed with concrete to be constructed with wood. In this case, wood in
these 10 buildings can be regarded as wood-replacing-concrete and counted towards substi-
tution benefit. Therefore, this study assumed that a substitution is only justified when there
is a change, such as policy or human behavior, that causes the buildings that would other-
wise have been constructed with steel and concrete to be built with wood (principle 1).

The BASE, IN_POP, and OU_CN scenarios assumed that no market share changes
occurred in the construction or bioenergy sectors, so these three scenarios did not have
any additional substitutions. The substitution benefit of OU_CONS and OU_PLTS was
excluded for three reasons. Firstly, it is uncertain how much of these exported wood
products will contribute to substitution. For example, in the OU_CONS scenario, more BC
wood is used in the US and other countries for construction purposes. However, this could
simply be BC wood replacing US wood or wood harvested from other countries. It cannot
be guaranteed that this increased consumption is caused by increased timber construction
market share. Secondly, although the same DFs were used across Canada, larger variations
exist among countries than within, and Canadian DFs may not be applicable in foreign
countries.

Thirdly, according to the United Nations Framework Convention on Climate Change
(UNFCCC), a Party is required to report emissions from HWPs that originated from its
forests (i.e., the Production Approach and the Simple Decay Approach which include
export but exclude import) (UNFCCC 2012; IPCC 2014a). The industrial processes and
product use (IPPU) sector also accounts emissions using a production-based approach
(IPCC 2006). However, emissions from the energy sector are accounted for differently
using a consumption-based approach in which the energy emissions within the Parties’
jurisdictional boundary should be reported (i.e., the Sectoral Approach which includes
import but excludes export) (IPCC 2006). Due to this discrepancy in accounting
approaches, the beneficiaries of emission reduction depend on the origin and destination of
the materials or fuels. For example, if wood pellets produced in BC were used to substitute
coal for electricity generation in the United Kingdom (UK) — assuming that the coal being
substituted is no longer consumed in the UK — then the substitution beneficiary would be
the UK. However, the downstream emissions arising from burning these wood pellets in
the UK and the upstream emissions associated with producing these wood pellets would
all be reported as BC’s emissions. On the other hand, substitutions of timber constructions
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Table 1 Bioeconomy scenarios used in this study

Bioeconomy scenarios Abbreviation Substitution
benefit esti-
mated?

1. Business-as-usual baseline scenario BASE N

2. Extreme scenarios

2.1 All harvested biomass manufactured to construction material ~ ALL_CONS Y

2.2 All harvested biomass as feedstock for renewable fuel ALL_FUEL Y
3. Inward-focused scenarios

3.1 Domestic demand increase driven by population IN_POP N

3.2 Increase domestic market share of timber construction IN_CONS Y

3.3 Prioritize biofuel feedstock IN_FUEL Y
4. Outward-focused scenarios

4.1 Prioritize export to US and other markets for constructions OU_CONS N

4.2 Prioritize export to China OU_CN N

4.3 Prioritize wood pellets export to EU and Japan for energy OU_PLTS N
5. Portfolio mitigation strategy IN_PCF Y

are treated differently. For example, consider CLT produced in BC, consumed in the US to
substitute for a functionally equivalent amount of steel that would otherwise be imported
from China. Assuming that this amount of steel was no longer produced due to the
decreased demand, then China would achieve a substitution benefit in its IPPU sector even
though the timber construction is built in the US; BC would report a foreign storage benefit
in the AFOLU sector; the US may benefit from reduced energy emissions associated
with material transportation as BC is closer to the US than China, and with erecting the
structure due to the prefabricated nature of CLT and its rapid construction process. In
these two examples, the reduced consumption of coal and the reduced production of steel
have been assumed. In reality, such reduction may not be guaranteed without international
cooperation on mitigating climate change. As a result, in both examples, the substitution
benefit by exported HWPs will unlikely contribute to BC’s emission reductions.

For these reasons, this study took a conservative approach and only estimated the substi-
tution benefits of the ALL_CONS, ALL_FUEL, IN_CONS, IN_FUEL, and IN_PCF sce-
narios. Table 1 summarizes the scenarios and whether substitution benefits were estimated
in this study.

2.4 Substitution benefit calculations

The increased shares of timber constructions and biofuels (i.e., the amounts that contrib-
uted to justified substitution) were obtained from the modeling results in Xie et al. (2021).
Equation 3 was used to calculate the substitution benefit.

Substitution Benefit = E,

voided — C X DF (3)

substitution

where E,;4.q 15 the avoided emissions, Cypiwion 1S the carbon contained in the end-uses

of justified substitution, and DF is the corresponding displacement factor.
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The DFs calculated in this study from the LCAs were used to determine a range and an
expected value with which a triangular distribution of DFs was constructed. This type of
distribution was chosen because it uses the 3-point estimation technique (i.e., best-case,
most likely, and worst-case estimates) to construct a probability distribution for uncertainty
analysis based on limited quantitative information. A set of 100,000 DF values was ran-
domly sampled from the triangular distribution to conduct the uncertainty calculation of
the substitution benefit, which was represented by a box plot with minimum, maximum,
first quartile, second quantile (i.e., median), and third quartile values.

2.5 Mitigation indicators

The substitution benefits were then added to the scenario-based mitigation analysis with
total mitigation benefit quantified using Eq. 4:

Mitigation Benefit = Storage Benefit + Substitution Benefit 4)

where the storage benefit refers to the reduced HWP biogenic emissions compared to the
baseline scenario in Xie et al. (2021) (Eq. 5).

Storage Benefit = Epywp pasg — Enwp, scen 5)

where Eywp pasg and Egwp scen are the biogenic emissions from HWPs under the baseline
scenario and under each bioeconomy scenario, respectively.
It is worth noting that the storage benefit is different from the carbon storage in HWPs

(Eq. 6).
C Storagegwp scen = Charvess — Enwe, scen (6)

where C Storageyyp scgx 18 the carbon storage in HWPs under a scenario. Cy ey is the
carbon contained in the harvested woody biomass and Eywp scgy i the biogenic emissions
from HWPs under a scenario.

The net emissions were calculated using Eq. 7 to demonstrate the net GHG emission
consequences of HWP utilization and substitution.

Net Emissions = Eqwp — Eyyoided 7

where Eyyyp 1S the biogenic emissions from HWPs and E,

avoided 15 the avoided emissions.

2.6 MitigAna model

A HWP C dynamics model — MitigAna — has been previously developed to conduct mit-
igation analyses in Xie et al. (2021). The model was designed to simulate the fate of wood
carbon for scenario-based mitigation analysis. It was implemented using the Abstract Net-
work Simulation Engine (ANSE) which is a software system developed by the Canadian
Forest Service (NRCan 2022). The conceptual flow model started with harvested wood
being taken out of the forest and undergoing manufacture and use by society and ended
with carbon storage in landfills or an underground geological formation, or carbon emis-
sions to the atmosphere. This study used MitigAna to track the fate of harvested carbon by
its spatial origin and simulate carbon flows in annual time steps.
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2.7 Calculating threshold service life

Under the condition that the demand from the domestic market is fulfilled, one of the
goals of this study was to compare two utilization strategies for the remaining wood —
either pursuing foreign carbon storage benefits or pursuing substitution benefits through
domestic fuel switching. It was established in our previous study (Xie et al. 2021) that
long-lived uses of exported HWPs may not be guaranteed. Therefore, there exists a
threshold service life for the exported HWPs. If the weighted average service life of
the exported products was lower than the threshold, the net emissions of domestic fuel
switching (i.e., biofuel emissions minus substitution benefits) would be smaller than the
emissions from exported HWPs, and BC would be better off, from the perspective of
the reported GHG balance, using the remaining wood for domestic fuel switching rather
than exporting to regions with short-lived uses. We estimated the threshold service life
by progressively changing the service lives of exported HWPs in the MitigAna model
until the emissions from exported HWPs were equal to the emissions from domestic
fuel uses. Only if longer service lives are achieved does exporting HWPs perform better
than using biomass to produce fuels for domestic consumption.

2.8 Model run for portfolio strategy

Because the domestic market is relatively small and its growth rate is constrained, BC
would have to rely on access to foreign markets to achieve some of the mitigation poten-
tial. However, if the exported HWPs are not used for long-lived applications, from a
domestic emission reduction perspective, BC may have to explore inward-focused bio-
fuel substitution options. Therefore, there may exist a portfolio strategy that involves a
suite of combined actions: prioritize construction uses, keep other long- and medium-
lived material applications in the domestic and international markets, and shift short-
lived export to domestic biofuel production.

The IN_PCF scenario was created to estimate the emission consequences of such
inward-focused, construction-dominated, and biofuel-subordinated bioeconomy. Configu-
rations in MitigAna were adjusted to rerun the IN_PCF scenario. Specifically, this scenario
assumed that:

1. The domestic HWPs demand for various end-uses increased in proportion to population
growth.

2. The domestic demand for residential and non-residential constructions increased in pro-
portion to household growth and the domestic market share of timber constructions was
doubled, predominantly replacing domestically produced reinforced concrete construc-
tions. This implied that the timber construction market shares of residential dwellings
and non-residential buildings were roughly 100% and 50% for BC, respectively, and
60% and 20% for the rest of Canada.

3. The remaining sawnwood and plywood were exported with the allocation partitions the
same as used by the BASE scenario. The remaining amounts of OSB, MDF, and parti-
cleboard were exported only if their end-uses had service lives longer than the threshold
service life.

4. The remaining pulp logs and milling residues were used to produce “drop-in” biofuels
and displaced fossil fuels in the transportation sector.
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3 Results
3.1 Displacement factors of timber construction

The calculated DFs of wood products replacing steel and concrete as construction mate-
rials based on the selected building LCAs are summarized in Table 2.

All DFs were positive but calculated DFs displayed a wide range — from 0.35 to
2.4. This was expected, because many factors can have significant impacts on the results
including construction types, building year, building codes, transportation distance,
energy mix of different jurisdictions, and whether the study used actual buildings. This
range generally agrees with previously published DF reviews (Sathre and O’Connor
2010; Smyth et al. 2016; Leskinen et al. 2018). There did not appear to be a substantial
difference between wood substitutions for reinforced concrete or for steel, based on the
LCA data that were available to this research, and therefore for the remainder of this
paper, these two building materials are discussed collectively.

Wherever functional equivalency is possible, lightweight wood frame, in theory,
should have a higher DF than heavy timber construction because less wood mass is
needed to replace the same amount of concrete or steel. The DFs of residential buildings
in Table 2 generally followed this assertion, but the DFs of non-residential buildings did
not, which is likely because of the small sample size and the influence of factors such
as wood source, building design, and transportation distance. Non-residential buildings
can be functionality-driven with large variability. For example, a theater, shopping mall,
school, and gym will have very different designs and floor spaces.

3.2 Displacement factors of wood-derived biofuel

The calculated DFs of wood-derived biofuels are summarized in Table 3.

Despite the range of fuel types, pathways, and facility scenarios considered, the range
of DFs in Table 3 was relatively narrow, ranging from 0.38 to 0.52 with an average of
0.45 and a standard deviation of 0.04.

3.3 Displacement factor distributions for uncertainty analysis

The DF distribution of timber constructions had a lower limit of 0.35, a mode of
1.03, and an upper limit of 1.22 (Fig. 1A). The value of 1.03 was chosen as the mode
because it was calculated from comparable LCA studies of recently completed, actual,
heavy timber and reinforced concrete buildings in BC (Bowick and O’Connor 2017;
Bowick 2018a, b). The two highest values in Table 2 (i.e., 1.90 and 2.40) were based
on structures built over a decade ago (i.e., 2004 and 1994, respectively (Lippke et al.
2004; Gustavsson et al. 2006)) and were excluded from the distribution. The sampling
distribution also gave more weight to the heavy timber buildings with lower values,
in accordance with their market growth opportunities (Fig. 1C). In addition, due to
increased climate awareness and updated building codes influencing the material
content of buildings, and the concrete building sector focusing on reducing their
carbon footprint (Sabnis 2015), the DF will likely decrease with time. Therefore, the
distribution is left skewed to provide a measure of future proofing.
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Table 3 The displacement factors of wood-derived “drop-in” biofuels by fuel type, pathway, and potential
facility location

Fuel type Pathway Facility location DF
Jet fuel Pyrolysis Vancouver 0.407°
Vancouver Island 0.407°
Prince George 0.38P
HTL Wood pellets central integrated refinery 0.40
Forest residue central integrated refinery 0.47
Bio-oil distributed refinery 0.49"
Diesel Pyrolysis Vancouver 0.43P¢
Vancouver Island 0.43p¢
Prince George 0.42P¢
Ensyn Ontario Facility, by rail to California 0.46°¢
Ensyn Ontario Facility, by truck to California 0.42%
HTL ‘Wood pellets central integrated refinery 0.43h°
Forest residue central integrated refinery 0.50"
Bio-oil distributed refinery 0.52"
Gasoline Pyrolysis Vancouver 0.43P¢
Vancouver Island 0.43p¢
Prince George 0.42P¢
Ensyn Ontario Facility, by rail to California 0.46°
Ensyn Ontario Facility, by truck to California 0.43%
HTL ‘Wood pellets central integrated refinery 0.43h¢
Forest residue central integrated refinery 0.50"
Bio-oil distributed refinery 0.52h¢

PThese DFs were calculated based on fuel yield and LCA results in Ringsred (2018). Physical conversion
factors from Cox et al. (2014) and Tews et al. (2014)

"These DFs were calculated based on fuel yield and LCA results in Nie and Bi (2018). Physical conversion
factors from Johnson et al. (2012), BCMOoE (2014) and Tews et al. (2014)

°These DFs were calculated based on carbon intensity reported by CARB (2018)

“Carbon intensities of conventional fuels were obtained from Stratton et al. (2010), USEPA (2013), Tong
et al. (2015) and Chen et al. (2018)

The DF distribution of wood-derived biofuels had a lower limit of 0.38, a mode of 0.45,
and an upper limit of 0.52 (Fig. 1B). Unlike the DF for buildings, the DFs of biofuels were
within a narrow range (Table 3). Therefore, this study selected the average value of 0.45 as
the mode, and the upper and lower limit were the highest and lowest values, respectively.

3.4 Uncertainty ranges of avoided emissions

The uncertainty ranges of avoided emission under the ALL_CONS, ALL_FUEL, IN_
CONS, IN_FUEL, and IN_PCF scenarios in 2020, 2030, and 2050 are summarized in
Fig. 2.

The negative values on the y-axis indicate the amount of annual emissions avoided due
to substitution. Compared to the other scenarios, the ALL._CONS scenario avoided more
emissions but also had wider uncertainties, ranging from —56.7 to—18.0 MtCOze~year_1
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Fig.1 The triangular probability density function (PDF) of the DF of A wood products replacing steel and
concrete as construction materials, and B wood-derived biofuels replacing conventional fossil-based fuels,
in the domestic market. C and D are the frequency and cumulative density diagram (CDF) of the 100,000
samples based on A and B, respectively

with a median of —37.9 MtCO,e-year' and a mean of —36.8 MtCO,e-year™! in 2030.
The median indicates larger avoided emissions than the mean because the determined
DF distribution is left skewed (Fig. 1A and C). The ALL_FUEL scenario ranked second,
with —24.9 MtCO,e-year™! as both the median and mean in 2030. The IN_PCF, IN_FUEL,
and IN_CONS scenarios achieved median avoided emissions of —14.3,—12.7, and—2.5
MtCO,e-year™! in 2030, respectively.

3.5 Overall emission consequences

Using the 50th percentile (i.e., median) above, the magnitude of substitution benefits is
placed into the mitigation context (Fig. 3). The HWP biogenic emissions were results from
Xie et al. (2021). The contributions of forest ecosystem carbon sinks to the overall GHG
balance are not assessed here because they are the same for all scenarios and do not alter
the ranking of wood-use alternatives.

The storage, substitution, and overall mitigation benefits of all bioeconomy scenarios
are summarized in Table 4.

In the BASE scenario, the cumulative biogenic emissions from HWPs were 1397
MtCO,e. In the ALL_FUEL scenario, the HWP biogenic emissions were approximately
1884 MtCO,e — an amount that is the same as BC’s projected harvest excluding bark
between 2016 and 2050 — because all harvested wood was used as feedstock for biofuels.
The BASE scenario achieved a cumulative HWP carbon storage of 487 MtCO,e (Eq. 6).
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Fig.2 Box plots of annual emissions avoided in 2020, 2030, and 2050 under the ALL_CONS, ALL FUEL,
IN_CONS, and IN_FUEL scenarios (lower value means better). Box, 1st and 3rd quartile; whiskers, maxi-
mum and minimum value; middle line, median; x, mean
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Fig.3 A comparison of the cumulative emission consequences from 2016 to 2050 of all mitigation scenar-
ios (positive bars indicate emissions from HWPs and negative bars indicate avoided emissions in the other
sectors. Lower value means better). The avoided emission results at 50th percentile were used to represent
the substitution benefits
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Table 4 The mitigation benefits by scenarios from BC’s perspective (in MtCO,e, higher value means bet-
ter). The ALL_CONS and ALL_FUEL scenarios are hypothetical upper and lower bounds and cannot be
achieved

Scenarios Storage benefit Substitution benefit Overall mitigation benefit
Median Range Median Range
ALL_CONS 1007 1296 561-1769 2303 1568-2776
ALL_FUEL —486 851 722-971 365 236485
IN_POP 90 Not quantified - 90 -
IN_CONS 143 88 38-121 231 181-264
IN_FUEL 5 434 368-496 439 373-501
IN_PCF 124 486 383-569 610 507-693
OU_CONS 953 Not quantified - 953 -
OU_CN —152 Not quantified - -152 -
OU_PLTS —-350 Not quantified - -350 -

The ALL_CONS scenario had a carbon storage of 1493 MCO,e, all of which was stored
in timber structures; whereas its storage and substitution benefits were 1007 MtCO,e
(Eq. 5) and 1296 MtCO,e (Eq. 3), respectively. The mitigation benefit of the ALL_CONS
scenario was 2303 MtCO,e or 66 MtC02e~year‘1 (Eq. 4). For comparison, BC’s GHG
emissions in 2016 from all sectors excluding forest management were reported to be 62
MtCO,e-year~! (BCECCS 2018).

The IN_CONS scenario also achieved its mitigation benefit through shifting to more
longer-lived uses, except that the magnitude — 231 MtCO,e — was substantially lower.

The ALL_FUEL scenario had no HWP carbon storage and increased the biogenic emis-
sions from HWPs by 486 MtCO,e compared to the BASE scenario. However, biofuel dis-
placement cumulatively avoided emissions from fossil fuel production and consumption of
851 MtCO,e.

The IN_FUEL scenario achieved a biogenic emission reduction from HWPs of 4.7
MtCO,e and avoided 434 MtCO,e through fuel switching. The overall mitigation benefit of
the IN_FUEL scenario was greater than the ALL_FUEL scenario.

The difference in overall mitigation benefits between the two theoretical ALL_CONS
and ALL_FUEL scenarios was substantial, at approximately 1938 MtCO,e, even though
their substitution benefits alone were similar. On the other hand, even in the absence of
substitution benefit, the OU_CONS scenario resulted in the second largest mitigation ben-
efit at 953 MtCO,e, solely due to large C storage in HWPs abroad. However, achieving the
ALL_CONS or OU_CONS scenario would require that BC’s HWPs were used to construct
buildings with floor areas of 154 million m? year™" or 140 million m? year™!, respectively.
Among BC’s trading partners, only the US and China could accommodate that amount of
construction (Xie et al. 2021). The respective sizes of the US and Chinese residential con-
struction markets in floor area are approximately 177 million m? year™' (US Census 2019)
and 2 billion m? year‘1 (StatsChina 2017). However, the share of BC’s wood in the US
timber construction market has decreased from approximately 20% in 2006 to 15% in 2016
(FPInnovations 2016), and with decades of effort on market penetration, the floor area of
wood constructions built in China in 2018 using Canadian wood was merely 0.8 million m?
year’1 (Canada Wood 2019). In addition, the Canada-US softwood lumber dispute and the
Sino-Canada trade tensions can further hinder the realization of this timber construction-
focused bioeconomy plan. Furthermore, like any wood exporting region, BC has limited
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influence over the use of wood in long-lived applications in the foreign market. If wood is
used for products with shorter retention times, the resulting emissions can be as much as
threefold higher as observed from the results of the OU_CN and OU_PLTS scenarios.

3.6 Threshold service life

If the average service life of exported HWPs in the destination markets drops below a cer-
tain level (i.e., the threshold service life), the domestic substitution benefit of biofuels may
be higher than the foreign storage benefit. This can have important implications for BC’s
mitigation efforts, especially when the destination jurisdiction does not use wood as a sub-
stitute for emission-intensive alternatives. In addition, the international accounting rules do
not attribute foreign substitution benefits to the wood exporting country.

Using the MitigAna model (Xie et al. 2021), the threshold service life was estimated
to be approximately 32 years. As observed from Fig. 3 and Table 4, the overall mitigation
benefit of the IN_FUEL scenario is larger than those of the OU_CN and OU_PLTS sce-
narios because the mass-based average service life of HWPs exported to China is 5.7 years
in the OU_CN scenario and that of pellets exported to the EU is 0 years in the OU_PLTS
scenario. It is important to note that these values only apply to the bioeconomy scenarios in
this study and would change depending on the carbon contained in the exported HWPs, the
amount of justified substitution, and the length of the study period.

3.7 Portfolio strategy

The results of the IN_PCF scenario are presented in Fig. 3 and Table 4. The IN_PCF sce-
nario ranked the third lowest net emissions among all scenarios and only resulted in higher
net emissions than the theoretical and unachievable ALL_CONS and OU_CONS scenar-
ios. The net emissions of the IN_PCF scenario were 44% less than the BASE scenario
and approximately midway between the IN_CONS and OU_CONS scenarios. The overall
mitigation benefit was approximately 610 MtCO,e compared to the BASE scenario, or an
average of 17.4 MtCOze-year_1 between 2016 and 2050, which is equivalent to about 30%
of BC’s 2050 GHG emission reduction target.

4 Discussion
4.1 Interpretation of uncertainty analysis results

Two factors contributed to the magnitudes of substitution benefits and their uncertainties,
as demonstrated by Eq. 3. The first factor is the DF. The sampling distribution in Fig. 1
demonstrated that 98% of the cases in which timber construction displacing concrete build-
ings provided a higher DF than wood-derived biofuels replacing fossil fuels. As a result, in
90% of the circumstances, the avoided emissions of the ALL._CONS scenario were larger
than the ALL._FUEL scenario (Fig. 2).

The second factor is the amount of wood involved in the substitution, of which the
market size is an important determinant. In this study, market constraints were intention-
ally not set for the ALL_CONS scenario to illustrate the largest theoretical substitution
benefit that BC can achieve through incentivizing timber construction (i.e., on average
37 MtCOze-year_l). It has also been established in the previous study that the domestic
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transportation sector has the potential demand to consume all BC’s harvest for biofuels
(Xie et al. 2021). In particular, biofuels produced in the theoretical ALL_FUEL scenario
could supply 99% of BC’s or 13% of Canada’s energy demand in the transportation sec-
tor in 2016. On the other hand, although the IN_CONS scenario doubled the share of the
timber constructions in the domestic market, the Canadian market itself was still relatively
small and the amount of wood contributed to the substitution was only 2.9 MtCO,e-year™ .
For comparison, the amount of wood contributed to the substitution in the unconstrained
ALL_CONS scenario was 42 MtCOZe-year_l. Therefore, in the ALL_CONS, ALL_FUEL,
and IN_FUEL scenarios, the mitigation constraint was the available amount of biomass
input, whereas in the IN_CONS scenario, the constraint was the market demand. The
IN_PCF scenario was constrained both by construction market demand and feedstock
availability.
Several observations resulted from these market settings:

1. The uncertainty spread of the IN_CONS was narrower than those of the ALL_CONS,
ALL_FUEL, IN_FUEL and IN_PCF scenarios (Fig. 2).

2. The ALL_FUEL and IN_FUEL scenarios had higher biogenic emissions than the IN_
CONS scenario, but the substitution benefits of the former outweighed the combined
storage and substitution benefit of latter (Fig. 3, Table 4), which demonstrates that the
inclusion of substitution benefits can alter the overall mitigation outcome.

3. The avoided emissions of the ALL_CONS, ALL_FUEL, IN_FUEL, and IN_PCF sce-
narios were declining overtime, because the harvest in BC was projected to decline
over the study period, whereas the avoided emissions of the IN_CONS scenario were
increasing, because the domestic construction market was set to be aligned with the
household growth which was projected to increase (Fig. 2).

4.2 Challenges regarding the quantification of substitution benefits

The challenges of accurately quantifying the substitution benefit of wood products are usu-
ally due to the lack of context-specific data and information, such as geographical loca-
tions, building designs, and future technological advancements that alter the emission
intensity of wood and non-wood products and whether material or fuel switching will
result in substitution or contribute to energy rebound (i.e., increased demand following
price reduction triggered by reduced demand from substitution) or leakage (i.e., substituted
materials are used elsewhere) (IPCC 2014b). The results in this research are limited by the
data available to us. The estimation was conducted from a BC-centric viewpoint, and while
the results showed global carbon storage of wood harvested in BC, the substitution benefit
analysis was limited to domestic product uses. Greater substitution could be achieved at the
global level from exported HWP but that was not examined in detail.

In terms of the uncertainty analysis of substitution benefits conducted in this research,
we are fully aware that technology advances, and as more data become available, these
could widen or narrow the DF uncertainty ranges in the future. Future decarbonization will
also decrease or increase the values of the DF and may even affect the validity of harvested
wood products’ substitution benefits. As the society decarbonizes over time, the DF value
may slowly decrease from the upper bound or mode to the lower bound (Fig. 1). The uncer-
tainty ranges in Fig. 2 show the upper and lower bounds of substitution benefits, and in the
event of continuous decarbonization over time, the overall substitution benefits fall within
these uncertainty ranges. A left skewed DF distribution for timber construction (Fig. 1A)
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represents a more conservative substitution estimation range, giving higher likelihood to
values lower than the mode. However, it is also worth noting that phasing out fossil fuels
and technology improvements such as carbon capture and storage decarbonize the forest
industry as well. Depending on the decarbonization rates in different industrial sectors, the
DF values of HWPs may increase over time. For example, over 98.5% of the emissions
in the forest industry can be reduced by switching to lower carbon fuels, while over 60%
of emissions in the cement industry are from calcination of carbonates which cannot be
lowered by phasing out fossil fuels (NRCan 2018a). The target of the uncertainty analysis
was to quantify the impact of DF and market under various scenarios. In other words, this
analysis did not adopt a simple decline model to represent the effect of future decarboniza-
tion, nor quantify the likelihood or uncertainties of the entire scenarios.

4.3 Implications of the bioeconomy scenarios

The bioeconomy scenarios in this study were not projection of future market conditions.
Nonetheless, they indicate that wood-derived biofuels may have a promising potential in
helping achieve the emission reduction goals set by BC, provided that the construction
market is saturated, as demonstrated by the IN_PCF scenario. The achievability of this
construction-dominated and biofuel-subordinated bioeconomy is relatively high compared
to the theoretical extreme construction- or biofuel-focused scenarios. This strategy did not
require building beyond feasible future market demand — only the domestic market share
of timber construction needed to increase from the present value of 3 million m?year~! to
7 million m?-year™! at the expense of concrete and steel (CISC 2013; McKeever and Elling
2014, 2015; Elling and McKeever 2015; NRCan 2018b). The floor areas of timber con-
struction in the export markets remained at the present value of 27 million m?-year™'. This
strategy also produced 4.4 billion liters (L) year™! biofuel sourced from pulp logs and mill-
ing residues that are presently used to produce exported pulp and wood pellets. This vol-
ume was sufficient to displace 50% of BC’s total transportation fuel consumption in 2016
(StatCan 2019b), which may be a promising pathway for BC to reduce carbon intensity in
the transportation sector, especially for heavy-load long-range road transportation that may
be difficult to electrify.

While such restructuring of BC’s economy would achieve meaningful mitigation ben-
efits, the social and economic impacts would also be substantial. The pulp and paper
industry has traditionally been very important to BC’s financial and social prosperity,
and in 2016, contributed 1.5 billion dollars to the province’s GDP, employed over 8000
people, and supported several rural communities (PwC 2007; BCFLNRORD 2018a; Stat-
Can 2019a, c). However, environmental groups and workers’ unions have raised concerns
regarding the increased wood pellets production (CBC and Watson 2021). In 2019, BC
exported 2.14 Mt of pellets to Europe and Japan (BCFLNRORD 2020) and the number
is still increasing, but the entire pellet industry with 14 mills only generates around 300
jobs (CCPA 2021). By exporting pellets to be directly used as heat and power generation
in other countries, BC and Canada may miss a great domestic mitigation and develop-
ment opportunity. Pellets may be better suited to replace coal and natural gas in the Cana-
dian market (Smyth et al. 2017) or as an intermediate product for easier transportation to
domestic biorefineries.

It is also worth noting that even if the social and economic implications were ignored,
there could be leakage. If the world demands wood fiber for paper and pellets, it is going to
manufacture that product somewhere. Restricting pulp and pellets production and exports
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in BC will not eliminate emissions on a global scale. This research did not consider a
detailed quantification of carbon leakage or energy rebound because, at the moment, there
is no justifiable approach to quantify and estimate the effects of leakage and rebound far
into the future. However, the potential impacts were acknowledged, and as a first step, this
study aimed to avoid relocating emissions arising from domestic market demand to other
regions. In the design of mitigation scenarios, domestic demand for various wood end-uses
— long-lived, short-lived, or energy — was required to be fulfilled first before the remain-
ing biomass can be used to explore utilization and trade options for climate mitigation.

The production facilities and market demand are yet to be developed for BC to convert
from an industry that is traditionally focused on the production and export of lumber and
pulp to a construction-dominated, biofuel-subordinated bioeconomy. In addition, the full
commercial deployment of drop-in biofuels still faces major technical and economic chal-
lenges. However, BC’s forest industry experienced large-scale sawmill and pulp mill pro-
duction curtailments and shutdowns caused by the reduction in wood supply and difficult
market conditions in 2019 (Kane 2019; Meissner 2019). The province has since announced
millions of dollars of funding through the Forest Enhancement Society of BC grant, Forest
Employment Program, skill training, and rural community recovery initiative to support
fiber mobilization, industry innovation, rural infrastructure, and economic development
(BC 2021; BCFLNRORD 2021). The growing global demand for the advanced bioprod-
ucts requires a structural transformation of BC’s traditional forest industry and the wood
products value-adding chain needs to be diversified and extended to enhance BC’s eco-
nomic and social competitiveness and resilience in international markets. Such transforma-
tions, for example, from kraft pulp mills to next-generation integrated forest biorefineries,
may be able to rejuvenate rural communities and achieve both socio-economic benefits and
contribute to clean energy targets (van Heiningen 2006; Bajpai 2012; Wilke et al. 2021).

4.4 From a global mitigation context

Lastly, it is important to point out the potential conflict between BC-specific benefits and
maximizing the global GHG mitigation outcome. By using less biomass for long-lived
high-displacement applications, the world achieves less GHG mitigation per unit of round-
wood harvested in BC. The construction-dominated and biofuel-subordinated bioeconomy
(IN_PCF) examined in this study is a suboptimal solution from a global mitigation per-
spective compared to an internationally coordinated construction-focused bioeconomy,
although the latter is challenging to achieve due to constrained access to foreign construc-
tion markets. Figure 3 shows an important observation that among all the scenarios ana-
lyzed, only the extreme all-construction scenario (ALL_CONS) achieved a substitution
benefit that is larger than the biogenic emissions from HWPs during the study period
between 2016 and 2050, even if the minimum value from the uncertainty analysis (561
MtCO,e, Table 4) was used. While the substitution benefits by exported HWPs may not
contribute to BC’s emission reductions, as demonstrated in Section 2.3, if international
consensus on future use of wood buildings as a global mitigation strategy were in place,
timber construction has been demonstrated to be the most climate-efficient use of harvested
biomass (Churkina et al. 2020). The development of such a globally coordinated bioecon-
omy would need more engineered wood products to be created for the construction sector,
which means that more finger-jointing facilities, cross-laminated timber plants, and other
value-added facilities need to be built. The technology to manufacture engineered wood
products is relatively mature, the risk is lower, and the required capital investment may be

@ Springer



Mitig Adapt Strateg Glob Change (2023) 28:18 Page210f27 18

less than building biorefineries. These value-added downstream facilities can create jobs in
addition to the existing lumber- and pulp-dominated bioeconomy in BC.

5 Conclusions

Substitution benefits can contribute substantial emission reductions and need to be considered
when developing mitigation strategies to recognize the total mitigation effort across sectors.
The efficiency of the substitution effect (i.e., the displacement factor) and the market size
(i.e., the amount of wood involved in the substitution) are the two important factors that
contribute to the magnitude of substitution benefits and their uncertainties. The quantitative
analysis in this study shows that, when market constraints exists, the inclusion of substitution
effect in mitigation strategic design can result in different policy recommendations compared
to analysis that is conducted only from a direct carbon storage and emission perspective.
In theory, the largest cumulative mitigation benefit from 2016 to 2050 that BC can create
through the application of wood constructions under the current harvest projections is
approximately 2303 MtCO,e (1568-2776 MtCO,e). However, with the current level of
market access, even doubling the domestic market share of wood constructions would only
achieve about 10% of this value. Conversely, a cumulative mitigation benefit of approximately
439 MtCO,e (373-501 MtCO,e) can be achieved through producing wood-derived biofuels
to displace fossil fuels in the domestic transportation sector instead of exporting HWPs for
short-lived material or energy uses. An inward-focused strategy portfolio (IN_PCF) that
combines construction and biofuel uses can achieve an overall mitigation benefit of 610
MtCO,e (507-693 MtCO,e) by 2050, or on average 17.4 MtCO,e-year™!, which is 30% of
BC’s 2050 GHG emission reduction target. Such transformations may also contribute to
rejuvenation of rural communities, but the risk is that the technology and infrastructure to
produce the required quantities of liquid transportation fuels from wood are not yet available
in BC, and will require years and significant investments to develop.

From a global perspective, this inward-focused bioeconomy scenario is less climate-
efficient than a construction-focused mitigation strategy. However, like all wood exporting
regions, BC’s influence on ensuring long-lived applications of its exported wood is limited.
Although BC has extensive infrastructure and knowledge of green building methodology,
obtaining the requisite access to foreign construction markets is uncertain, and will require
long-term effort and cooperation among countries. Potential conflict exists between BC-
specific benefits and maximizing the global GHG mitigation outcome. How and where BC
wood products will be used domestically and internationally can influence both the desired
domestic and global mitigation outcomes.

Abbreviations ALL_CONS: Scenario label: all forest biomass manufactured to construction materials;
ALL_FUEL: Scenario label: all forest biomass as feedstock for renewable fuel; BASE: Scenario label: the
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of Forests, Lands, Natural Resource Operations and Rural Development (since late 2022 BC Ministry of
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outward-focused, prioritize wood pellets export to EU and Japan for energy; PICS: Pacific Institute of Climate
Solutions; StatCan: Statistics Canada; UNFCCC: United Nations Framework Convention on Climate Change
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