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Abstract

Due to concern over climate change, there is an increasing desire to limit new carbon dioxide
emissions and to reduce atmospheric carbon dioxide levels. Specific efforts include taxing carbon
emissions, capping carbon emissions and selling emissions allowances, and rewarding activities
that avoid new carbon emissions or that capture and store carbon from the atmosphere. Cross-
laminated timber (CLT) is a relatively new product that enables mass timber construction to replace
traditional construction materials in mid-to-high-rise buildings. Wood materials offer substantial
“carbon benefits” by storing carbon in the product and by avoiding the large amounts of new
carbon emissions associated with the use of fossil carbon-intensive material options (e.g., concrete
and steel). In this analysis, we propose that the carbon benefits of mass timber construction could
be valued as a carbon offset, much in the same way that the carbon savings of building a wind
farm or solar power plant are currently being marketed for avoiding fossil-fuel electricity generation,
or how additional forest growth is being sold as carbon storage. Using a range of carbon prices,
we calculate the potential carbon offset values of some mass timber construction projects located
in the United States. The estimated total carbon benefit, including avoided emissions and carbon
storage in wood materials from those mass timber construction projects, averaged 0.38 tCO,e/m?
of floor space, representing carbon values for projects ranging into the millions of dollars. Future
trends in carbon prices will greatly affect the practical implications of any carbon offset program
for mass timber construction.
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1. Introduction

There is interest in increasing the use of low-carbon
footprint, renewable, and sustainable wood products
in construction. Such interest is driven in part by
concern over climate change; almost 13% of global
greenhouse gas (GHG) emissions result from mate-
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rials for buildings and infrastructure construction
(United Nations Environment Programme 2022).
To mitigate climate change related to the building
industry, new building materials and new building
practices are being investigated, including cross-
laminated timber (CLT) and mass timber construc-
tion (Dawson et al. 2022). Cross-laminated timber
is manufactured by joining solid pieces of wood
(structural lumber) in alternating layers. The result-
ing large panels have good properties and can be
used as the primary structural elements in building
construction (Ding et al. 2022, Karacabeyli & Gagnon
2019). Cross-laminated timber is a relatively new
product that joins other wood products such as glued-
laminated timbers (glulam) and heavy timbers under
the general category of “mass timber” construction
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Key Policy Insights

e Mass timber construction offers potential
carbon benefits through both carbon storage
and avoided carbon emissions.

e Carbon offsets from mass timber construction
would provide permanent, non-leaky, and
additional carbon benefits.

e A carbon offset credit for mass timber
construction would recognize the dual
carbon advantages of mass timber and would
incentivize the transition to mid- to high-rise
construction based on renewable materials.

materials (Fernholz et al. 2022, Jakes et al. 2016,
Stark & Cai 2021). Prior to the development of CLT
panels, wood was excluded from use in mid-to-high-
rise (greater than four story) construction (Stegner &
Fotheringham 2022). Because of its unique structural
capabilities, the advent of CLT has opened the pos-
sibility of using wood for mid- to high-rise buildings,
which are currently dominated by steel and concrete
(Ahmed & Arocho 2020, Brashaw & Bergman 2021,
United Nations Environment Programme 2022). For
example, the International Building Code of 2021
allows mass timber use in buildings up to 18 stories
(ICC 2021).

Alife-cycle assessment (LCA) is an internationally
accepted method to evaluate the environmental im-
pacts of a product, process, and service (ISO 2006a,
2006b). A large body of LCA literature has shown
that wood products consume much less fossil-based
energy to produce than functionally equivalent, non-
wood products (Sathre & Gonzalez-Garcia 2014,
Werner & Richter 2007). This means that using wood
materials in construction avoids large amounts of
fossil-based emissions - the substitution with wood
reduces the CO,_ emissions that would result from
the production of the fossil-based and fossil fuel-
intensive materials, such as concrete and steel. In
addition, biogenic carbon, which was sequestered
from the atmosphere during tree growth, is stored in
durable wood products (Bergman et al. 2014; Nepal et
al. 2016, Skog 2008). The avoided emissions associated
with wood products substitution for other materi-

als, combined with their carbon storage role, suggest
thatincreasing wood use in buildings would resultin
substantial carbon benefits. The carbon benefits of
mass timber construction specifically (including CLT)
have been documented in multiple reports (Bowers
et al. 2017, Buchanan et al. 2012, Chen et al. 2019,
Liang et al. 2020, Milaj et al. 2017, Pasternack et al.
2022, Puettmann et al. 2021, Puettmann et al. 2019).

To achieve climate mitigation goals, policy makers
around the world are introducing different carbon
pricing mechanisms to promote activities that encour-
age reductions in greenhouse gas (GHG) emissions
and/or increase carbon removal from the atmo-
sphere (carbon sequestration and storage). Carbon
pricing allows the external costs of GHG emissions
(e.g., cost of damages related to climate change) to
be internalized by those who are responsible for it,
usually in the form of a price on the carbon dioxide
(CO,) emitted. The three common types of carbon
pricing mechanism include (i) carbon taxes, (ii) emis-
sions trading systems, and (iii) carbon offsets (World
Bank 2021).

Carbon taxes are paid by the carbon emitter/
producer (e.g., companies that use fossil fuels), and
thus encourage switching to alternative technologies
or products that emit less carbon. Many countries
have implemented some form of a carbon tax, with
prices (tax rates) in 2021 ranging from as low as US
$ 0.08 (Poland) to as high as $137.24 per ton of CO,
(World Bank 2021).

Under emissions trading systems (ETS), regula-
tors establish emission targets for polluters, who
can then either reduce their emissions to comply
with the target or purchase unused emissions allow-
ances from other polluters. Thus, an ETS establishes
a market price of carbon by creating a demand and
supply for emissions allowances (Environmental
Defense Fund 2021). A cap-and-trade system is a
common type of ETS, where a cap or an absolute
limit on emissions is specified. The total amount of
such cap is then split into allowances and distributed
to emitters, usually for free or through auction. The
given allowance sets the limit to what an emitter can
emit, and penalties are imposed for any violations.
The cap typically declines over time, providing an
incentive for emitters to reduce their emissions ef-
ficiently and cost effectively (Environmental Defense
Fund 2021). Entities that emit fewer emissions than
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their allowance permit can save their “surplus allow-
ances” for future use or can sell to other companies
that emit more than their allowances. Example of
ETS include the Joint Implementation (global), EU
Emissions Trading System (regional), China National
ETS (national), and California Cap-and-Trade Program
(sub-national). Some ETS also allow use of carbon
offset credits to meet the regulated entities’ emis-
sions reduction targets.

Carbon offsets are issued for activities such as
renewable energy projects, e.g., wind or biomass; en-
ergy efficiency improvements; reduction of methane
emissions from a landfill site; reduction of industrial
process emissions; and forestry or other practices
to store carbon, e.g., afforestation or reforestation
(Fernholz et al. 2021). Credits from carbon offset
mechanisms can be sold or bought to comply with
regulations or to meet voluntary GHG reduction goals
by industry or businesses (World Bank 2021). In the
United States, the most popular (reported volume)
and valuable (total dollar value) carbon offset credits
are those involving forests, with consideration of
the carbon storage in standing trees (Forest Trends’
Ecosystem Marketplace 2021). These programs usu-
ally do not award credits to harvested trees or result-
ing wood products (Climate Action Reserve 2019).

Several countries, states, and local governments
around the world have already implemented or
are considering policies that directly or indirectly
recognize mass timber as a means of mitigating
building sector emissions. For example, the 2017
Buy Clean California Act requires the Department
of General Services to set the maximum accept-
able global warming potential (GWP) for various
construction materials (California Department of
General Services 2021). This provision will reward
manufacturers of wood materials that have lower
levels of embodied carbon emissions or the carbon
emissions from materials manufacturing, transporta-
tion and construction (ThinkWood 2021). Similarly,
the Australian government is planning to invest $300
million in a program to encourage mass timber con-
struction, with an aim to finance eligible projects that
use low-carbon impact engineered wood products in
nonresidential and residential buildings (PFA 2022).
Recently, the U.S. government has announced fund-
ing for millions of dollars to advance climate-smart
mass timber construction and expand wood products

markets through the U.S. Department of Agriculture’s
Partnership for Climate-Smart Commodities Program
(USDA 2022, NEFF 2022).

Recently, the carbon benefits—higher carbon
storage and lower embodied carbon emissions— of
using wood in place of other materials (Figure 1) are
being recognized. For example, voluntary credits for
the carbon benefits of using wood in place of other
materials are currently being sold as “CO, Removal
Certificates” (CORCs) through Puro.Earth (Puro.earth
2022). The U.S. state of Georgia passed House Bill
1015 that, when fully implemented, will enable de-
velopers to generate carbon offsets from using wood
in buildings, for both the carbon stored in the wood
and the embodied carbon emission savings from
using wood in place of other materials (Totten 2020).

The purpose of this study is to illustrate the po-
tential value of such carbon offsets, using available
data on the summarized carbon benefits from some
existing mass timber projects within the United States
and a range of carbon prices on the current market
and policy indicated.

2. Methods

We used publicly available data from mass timber
projects located in the United States to quantify the
total carbon benefits, including the carbon stored
in the wood materials and the avoided fossil-fuel
carbon emissions from using mass timber in place of
traditional construction options. We then calculated
the value of these carbon benefits, using a range of
carbon prices. Finally, we put these carbon values
into perspective by comparing the carbon values to
the project construction cost.

Simonen et al. (2017) collected the embodied
carbon emissions values from over 1,000 building
projects. They reported a range of 0.200 to 0.500
tCO,e/m? of embodied carbon for commercial of-
fice buildings, with a median of 0.384 tCO_/m? for
traditional concrete and steel buildings. A recent,
multipart series of LCAs on mass timber buildings
reported reductions in the embodied carbon emis-
sions varying between 22% and 50%, when compared
to functionally equivalent buildings made with tra-
ditional materials (Gu et al. 2021, Pasternack et al.
2022, Puettmann et al. 2021). We chose the midpoint
of this range (36%) as a single, simple reference value
to calculate the avoided emissions from the CLT
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Figure 1. A simplified illustration of the dual potential carbon benefits of mass timber construction: (1) storing sequestered
carbon in the wood building materials and (2) avoiding carbon emissions associated with production of alternative materials.

buildings included in this study. This simplification
fails to capture the range of possibilities for specific
projects, but it did allow us to include and compare
many projects. Based on these reference points, the
calculation we developed was as follows:

[1] Avoided emissions (tCO,e) = emission
reduction factor (36%) x traditional building
embodied carbon per unit area (0.384 tCO,e/
m?) x building floor area (m?)

Carbon storage by these mass timber products in
the buildings during their service life used a simple
calculation based on the reported volume of wood
materials:

[2] Carbon storage (tCO,e) = volume of wood
(m?3) x density of wood (t/m?3)® x carbon content
of wood® x molar ratio of CO, to C*

a Assumed to be 480 kg/m?, an average density value for oven-dried
Douglas-fir, with volume measured at 12% moisture content (Senalik &
Farber 2021). Douglas-fir is commonly used in CLT in the United States;
however, the wood species used in the projects was not consistently
reported.

b Assumed to be 50% (Shmulsky & Jones 2019).

c44/12.

Sixteen case studies of recent mass-timber build-
ings designed or built in the United States were
included in this study because they contained con-
sistent and sufficient data for the calculations (Gu
et al. 2021, Hemmati et al. 2022, Liang et al. 2020,
WoodWorks 2021). The case studies chosen are iden-
tified by their project name in Table 1. For a subset
of five of the case studies, the total project costs data
were reported (Table 2); for those five projects, the
cost data were compared with the potential carbon
offset values calculated in this study.

The price of carbon offsets around the world
ranges widely and is very dynamic. In this analysis,
we chose a few values to represent a possible range,
but we recognize that the specific values chosen will
be out-of-date soon, even by the time of publication
of this work.

In their most recent review of global forest carbon
offset prices, Forest Trends’ Ecosystem Marketplace
(2021) report 2019 prices as high as $21.74/tCO.e
for compliance credit in the New Zealand ETS. The
mean voluntary price was $4.33/tCO,e, but ranged
to values as low as $0.56.



Table 1. Carbon benefits and offset value of some mass timber projects.

Total carbon benefit

Total carbon value ($) at specified carbon price

Avoided
Volume carbon Carbon Avoided By floor Low Medium High
Building floor ~ of mass  emissions  storage  + storage area ($4.33/ ($49.80/ ($137.00/
Building project Location Reference area (m?)*  timber (m%)  (tCO.) (tCO,e) (tCO.L)  (tCO,em?) tCOLe) tCOLe) tCOLe)
1 8-story mass timber U.S. Northeast Gu et al. (2021) 9,476 3,519 1,310 3,124 4,434 0.47 19,201 220,833 607,513
building
o 12-story mass timber  U.S. Northeast Gu et al. (2021) 14,214 5,729 1,965 5,087 7,052 0.50 30,537 351,208 966,176
building
5 18-story mass timber ~ U.S. Northeast Gu et al. (2021) 23,321 7,324 3,224 6,503 9,727 0.42 42,119 484,418 1,332,635
building
4 University of Arkansas ~ Fayetteville, AR Hemmati et al. 18,768 4,082 2,595 3,625 6,220 0.33 26,931 309,732 852,075
Adohi Hall (2022)
5 Framework Portland, OR Liang et al. (2020) 8,361 2,376 1,156 2,110 3,266 0.39 14,140 162,625 447,382
6 Candlewood Suites Redstone Arsenal, ~ Woodworks (2021) 5,824 2,208 805 1,961 2,766 047 11,976 137,738 378,916
Hotel AL
; Catalyst Spokane, WA Woodworks (2021) 15,236 3,310 2,697 2,939 5,636 0.37 24,405 280,685 772,167
g Crescent Terminus Atlanta, GA Woodworks (2021) 25,548 7,316 3,532 6,497 10,028 0.39 43,423 499,413 1,373,386
g Franklin Elementary Franklin, WV Woodworks (2021) 4,199 1,932 580 1,716 2,296 0.55 9,942 114,345 314,564
School
10 Hacker District Office  Portland, OR Woodworks (2021) 8,398 2,342 1,161 2,080 3,241 0.39 14,031 161,377 443,949
11 Nez Perce-Clearwater  Kamiah, ID Woodworks (2021) 1,486 379 205 336 542 0.36 2,346 26,977 74,213
National Forests
Supervisor’s Office
12 Stella Marina del Rey, CA  Woodworks (2021) 60,428 5,424 8,354 4,817 13,170 0.22 57,027 655,879 1,804,327
13 The Bullitt Center Seattle, WA Woodworks (2021) 4,831 695 668 617 1,285 0.27 5,564 63,993 176,045
14 The Crossroads Madison, WI Woodworks (2021) 4,831 400 668 355 1,023 0.21 4,430 50,947 140,156
15 The Long Hall Whitefish, MT Woodworks (2021) 452 148 62 131 194 043 839 9,655 26,561
16 University of Amherst, MA Woodworks (2021) 8,129 2,190 1,124 1,945 3,069 0.38 13,287 152,815 420,396
Massachusetts Design
Building
Averages 13,344 3,086 1,882 2,740 4,662 0.38 20,012 230,165 633,185

*As reported. Not specified whether this represents gross floor area or net leasable area, etc.
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Table 2. Carbon benefits and values for projects with reported areas and construction costs.

Total carbon value ($) at specified

carbon price

Potential carbon offset values (%)
relative to project cost at specified

carbon price

Building Volume of Low Medium High Low Medium High

Projectcost  floorarea  mass timber ~ ($4.33/  ($49.80/  ($137.00/  ($4.33/ ($49.80/ ($137.00/
Project and location ($) (m?) (m?) tCO.)  tCOk) tCO,e) tCO,e) tCO.e) tCOLe)
The Long Hall, 705,135 452 148 839 9,655 26,561 0.12% 1.37% 3.77%
Whitefish, MT
Stella, Marina del 65,000,000 60,428 5,424 57,027 655,879 1,804,327  0.09% 1.01% 2.78%
Rey, CA
The Bullitt Center, 30,000,000 4,831 695 63,993 176,045 0.02% 0.21% 0.59%
Seattle, WA
University of 36,000,000 8,129 2,190 13,287 152,815 420,396 0.04% 0.42% 1.17%
Massachusetts
Design Building,
Ambherst, MA
University of 79,600,000 18,768 4,082 26,931 309,732 852,075 0.03% 0.39% 1.07%

Arkansas Adohi Hall,
Fayetteville, AR

The most recent review of global generic carbon
prices (including emissions trading and carbon taxes)
reports an even wider range: up to more than $137/
tCO,e in the case of Sweden’s carbon tax (World Bank
2021). However, the most important market seg-
ment, in terms of volume and value, is the European
Union's ETS, which has generated $22.5 billion at
$49.80/tCO e. The current estimate for the “social
cost of carbon” in the United States (GAO 2020), is
$50/tCO,e, which is similar to these carbon tax and
emissions trading values in Europe.

Based on the range of values identified in these
references, we chose to use values of $4.33/tCO_e
(low), $49.80/tCO,e (medium), and $137/tCO,e (high)
for our analysis. These correspond to the average
forest carbon offset value globally in 2019, the EU's
emissions trading value in 2021, and Sweden'’s carbon
taxin 2021, respectively. We recognize that a carbon
tax is not practically equivalent to a carbon credit, but
we include it as a reference value because it implies
a value for carbon.

3. Results and Discussion

The added value attributed to estimated carbon ben-
efits of mass timber construction can be substantial
(Table 1). The size and type of the building, of course,

drives the quantity of wood used, which in turn affects
the quantity of carbon stored in the wood materials
and the amount of non-wood, fossil fuel-intensive
alternative materials whose use is avoided. The total
carbon benefit (avoided carbon emissions and carbon
storage) per unit floor area averaged 0.38 tCO,e/m?,
Because of the range of building sizes and potential
carbon values, the calculated value of carbon offsets
from the projects included in this study range from
hundreds to millions of dollars.

The avoided carbon emissions by substituting mass
timber products for the non-wood option was gener-
ally less than the carbon stored in the mass timber
materials (Table 1). The avoided carbon emissions
averaged 40% of the total carbon benefit, but ranged
from 25% to 65%, indicating that building area (the
basis for the avoided emissions calculation) does not
necessarily correspond to the volume of mass timber
used (the basis for the stored carbon calculation.)

The current wide range of carbon prices means
that the potential value of the carbon benefits in
these projects also ranges widely; however, at a
high carbon price, the carbon savings of these proj-
ects could be about 1% to 4% of the total cost of
the project (Table 2). This suggests that, if carbon
prices increase, the potential carbon offsets from
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mass timber construction could make a modest
but meaningful contribution to a project’s financing.

Mass timber construction thatincludes CLT is rela-
tively new, and thus the cost of this construction type,
relative to traditional options, is uncertain. Reports
vary, suggesting that mass timber construction may
be either more expensive than, similar in price to, or
less expensive than existing alternatives (Ahmed &
Arocho 2021; Gu et al. 2020, Kremer & Ritchie 2018).
As the use of mass timber becomes more common in
the United States, and the domestic manufacturing of
CLT components increases, it is expected that mass
timber construction costs will decrease, relative to
conventional options. Given the uncertainty of the
cost of mass timber relative to traditional options,
it is difficult to predict if or at what carbon price a
carbon payment would provide sufficient financial
incentive to steer a developer toward choosing wood.
Future research could explore the use of scenarios
to examine this uncertainty. It may be that in many
cases, the choice to use mass timber will be motivated
by other considerations than the potential value of
carbon credits (e.g., speed of construction, aesthet-
ics, renewable resource use); however, this is difficult
to predict, given that CLT has only recently become
building code-approved and commercially available.

The choice of mass timber may also be discour-
aged by real or perceived disadvantages, such as lack
of established supply chains and personnel familiar
with the material (Ahmed and Arocho 2020). Mass
timber buildings must satisfy the same requirements
for safety (e.g., fire, seismic) and comfort as other
buildings and are expected to provide similar service
life; however, the true performance characteristics of
mass timber are not yet known, given that itis a new
technology (Ahmed and Arocho 2020). Potential car-
bon payments may help offset reluctance to try what
is currently a less common material choice. Where
carbon payments help make mass timber more at-
tractive, we argue that constructing buildings with
mass timber can result in additional carbon benefits.

The carbon benefit of mass timber construction
projects, as calculated in this study and expressed
on a per-floor area basis, averaged 0.38 tCO,e/m? As
noted above, we assumed single, average values for
the embodied carbon emissions of traditional build-
ing types and for the avoided emissions factor associ-
ated with the substitution of mass timber. As average

values, they will be over- or under-estimates for most
specific projects. These assumptions could also vary
if they are meant to account for structural elements
only or for the whole building (e.g., including trim and
flooring), by the choice of baseline of comparison,
and by the assumed reduction in embodied carbon
emissions by using mass timber. Furthermore, some
of our examples are hypothetical designs (e.g., proj-
ects 1-3in Table 1) and thus do not reflect the actual
construction practices. Our assumption of baseline
embodied carbon emissions (0.384 tCO,e/m?)is low,
compared with some other estimates, e.g., up to
0.720 tCO,e/m? (Carbon Leadership Forum 2017),
thus our estimates of avoided carbon emissions are
potentially conservative. Likewise, Skullestad et al.
(2016) reported a range of embodied carbon emis-
sion savings for mass timber structures of from 34
to 84%; using the midpoint of this range (59%) would
greatly increase the calculated avoided-emissions
carbon benefits, compared to our assumption of a
36% reduction. Furthermore, the methods for calcu-
lating embodied-carbon baselines, and the savings
associated with mass timber, are under continuing
development (e.g., Carbon Leadership Forum 2022)
The law in the U.S. state of Georgia requires the use
of U.S. Department of Energy’s Commercial Prototype
Building Models for baseline comparison; however,
the embodied carbon estimates of these models are
still being developed (Georgia Forestry Association
2022). Clearly, any program that seeks to develop
carbon credits with mass timber buildings would
have to specify the scope of the building materials
included and the baseline building embodied-carbon
reference, based on the most current data.

If the carbon benefits of mass timber projects
were to be sold as offsets, calculations of carbon
savings would be needed, which could require a
precise and project-specific LCA study that is compli-
ant with the internationally recognized standards.
Fortunately, several whole building LCA tools already
exist that could assist with carbon benefits quanti-
fication (e.g., Tally, the Athena Impact Estimator for
Buildings, OneClick LCA, and EC3). To date, the car-
bon storage and avoided carbon emissions benefits
of wood construction have not been monetized in
the form of carbon credits. However, most carbon
offset programs provide opportunities to develop
new protocols for their review and approval. This
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suggests that, if there were interest in the concept,
there is a pathway for carbon offsets generated from
substituting mass timber products for non-wood
materials in buildings to be certified and traded in
the marketplace.

The potential carbon benefits of increased use
of mass timber in buildings should be evaluated in
the context of additionality, permanence, and leak-
age, three common criteria that are used by carbon
offset programs to judge the overall effectiveness
of a carbon offset project (Beane et al., 2008). The
carbon savings of mass timber buildings could be
additional because - assuming the building were to
be built and the value of the carbon credits resulted
in the choice of mass timber - the only other material
options (i.e., steel and concrete) do not sequester
carbon and are associated with much greater fossil-
carbon emissions.

Similarly, the carbon savings due to substitu-
tion would be permanent - the emissions avoided
by not using steel and concrete would last forever.
The carbon stored in the mass timber materials
would be “durable” but not truly permanent; rather
they would last for the many decades of the service
life of the building (Skog 2008). The carbon offsets
for carbon storage in forest growth are of simi-
lar scales of permanence, e.g., 100 years (Climate
Action Reserve 2019, GHG Management Institute and
Stockholm Environment Institute 2021). The carbon
storage benefit of mass timber construction could
be extended, depending on the reuse or disposal
options at the end of the buildings’ life (Liang et
al. 2021, Skog 2008). Therefore, it may be that the
temporary nature of carbon storage in mass timber
buildings could disqualify it from consideration in
some programs. Similarly, if the sequestration had
already been credited during forest growth, it may
be necessary to exclude the storage benefit of mass
timber to avoid double-counting.

Finally, the carbon benefits (avoided emissions)
of using wood in place of non-wood materials in
these buildings would not result in leakage - greater
carbon emissions elsewhere, as an unintended con-
sequence - because the demand for other materi-
als would be reduced. The carbon storage benefit
could result in a leakage effect, depending on how
the use of mass timber is assumed to impact forest

harvests and growth. In this analysis, we assume
sustainably sourced wood products from net-neutral
forest carbon stocks. This is a common, but contro-
versial, assumption (Law & Harmon 2011, Lippke et
al. 2011). The United States is the largest source of
wood products in the world, at the same time that
its forests are continually increasing in wood volume
(FAO 2021, Oswalt et al. 2019). This suggests that U.S.
forest carbon stocks can be a sustainable source for
building materials that store carbon and avoid fossil
carbon. A recent study by Nepal et al. (2021) sug-
gested that even a very large increase in demand for
mass timber globally (leading to about 4% increase
in global timber harvest, compared to the baseline
case, by 2060) would reduce global timber inventory
only slightly (less than 0.3%), because most of the
depleted forest inventory would be recovered over
time, due to forest regrowth. Some studies have
modelled very long “payback times” for the carbon
benefits of harvested wood products (more than
100 years) because of the carbon emissions in the
forest due to harvest disturbance. These carbon
“debits” could be included in calculations of forest
products’ carbon credits; however, there is much
uncertainty about payback times (Bentsen 2017,
Hurmekoski et al. 2020, Nabuurs et al. 2017). In ad-
dition, carbon debt analyses related to forests tend
to be limited because they do not take a broader
system perspective, where these changes, if any, in
forest carbon stock can be seen in context (McKinley
et al. 2011, Skog et al. 2014). Thus, we chose to as-
sume net neutrality for forest carbon stocks for this
study. Carbon neutrality is not the only indicator of
sustainable or responsible forestry, and a potential
carbon credit program could include requirements
relating to the wood supply chain, such as forest
certification or verification of legality. This may be
particularly important in circumstances where local
forest resources are threatened, or where imports
are required to meet local wood product demand.
It is unlikely that the potential carbon seques-
tration value of mass timber could ever lead to the
perverse situation of providing an incentive to use
excess mass timber in a structure simply to earn car-
bon credits. At the highest carbon value considered
inthis paper ($137/tCO,e), the sequestration value of
the carbon in wood would be about $250/m?3, while
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current CLT prices are on the order of four times
that amount (personal communication with Reinhart
Sauter, owner of Sauter Timber, 2022).

This analysis shows the dominant role of car-
bon price on the potential value of a carbon credit
for mass timber use. The great range, and future
uncertainty, of carbon prices makes it difficult to
predict if carbon credits could play a substantial role
in motivating a shift to mass timber construction.
However, carbon prices have been trending upwards
in the recent past. In addition, the higher cost of
mass timber construction, relative to the non-wood
alternatives, can be expected to decline if the use
of mass timber increases. These two trends, which
would narrow any upfront price premium for mass
timber, could ultimately make the role of a carbon
credit for mass timber construction more important
(Gu et al. 2020, Liang et al. 2021).

Wood-based construction is dominantin residen-
tial housing in the United States, while mass timber
use has the potential to increase in non-residential
and mid-to-high-rise construction, due to favorable
building codes, coupled with the availability of CLT
and other mass timber materials. To date, carbon
offset programs do not reward the carbon benefits
of using this carbon-storing and energy-efficient
material. Issuing carbon credits for mass timber
construction could provide the incentive to avoid
the use of steel and concrete construction and in-
crease carbon storage in buildings. There are many
important details and assumptions to consider when
developing a carbon offset program for buildings,
and methods that include such consideration are
being developed (Srubar et al. 2022).

4., Conclusions

The advent of mass timber is opening new opportuni-
ties to use wood in the built environment. This can
provide two carbon benefits: storing sequestered
carbon in long-lived wood products and avoiding the
carbon emissions associated with the use of other
materials. In this analysis, we quantified these car-
bon benefits in several actual mass timber buildings
and determined their monetary value, using a range
of carbon prices. This analysis used average values
taken from the literature to estimate carbon benefits.
Future analyses, making use of whole-building LCA

tools, could be more specific and detailed to provide
more precise carbon benefits values.

The carbon storage and avoided carbon emis-
sions benefits of mass timber buildings are large
and could be of significant value, depending on the
price of carbon. Some carbon credit programs for
building with wood exist or are in development;
however, it is uncertain whether such carbon offset
programs could provide sufficient financial reward
to overcome resistance to working with a relatively
new building method or its potentially higher costs.
Carbon credits for mass timber have the potential
to provide additional, durable, and non-leaky carbon
benefits; however, many uncertainties exist that
policymakers should consider.

5. References

Ahmed, S., & Arocho, I. (2020). Mass timber building mate-
rial in the US construction industry: Determining the
existing awareness level, construction-related chal-
lenges, and recommendations to increase its current
acceptance level. Cleaner Engineering and Technology,
7: 100007.

Ahmed, S., & Arocho, I. (2021). Analysis of cost comparison
and effects of change orders during construction: Study
of a mass timber and a concrete building project. Journal
of Building Engineering, 33: 101856.

Beane, J. L., Hagan, J. M., Whitman, A. A., & Gunn, J. S.
(2008). Forest carbon offsets: A scorecard for evaluat-
ing project quality. Manomet Center for Conservation
Sciences Report MCCS NCI, 1.

Bentsen, N. S. (2017). Carbon debt and payback time-Lost
in the forest? Renewable and Sustainable Energy Reviews,
73:1211-1217.

Bergman, R., Puettmann, M., Taylor, A., & Skog, K. E. (2014).
The carbon impacts of wood products. Forest Products
Journal, 64(7-8): 220-231.

Bowers, T., Puettmann, M. E., Ganguly, |., & Eastin, . (2017).
Cradle-to-gate life-cycle impact analysis of glued-lam-
inated (glulam) timber: Environmental impacts from
glulam produced in the US Pacific northwest and south-
east. Forest Products Journal, 67(5-6): 368-380.

Brashaw, B., & Bergman, R. (2021). Wood as a renew-
able and sustainable resource. Chapter 1 in: Wood
Handbook. Madison, WI: USDA Forest Service, Forest
Products Laboratory, pp. 1-17. https://www.fs.usda.
gov/research/treesearch/62241.

Buchanan, A. H.,John, S., & Love, S. (2012). LCA and carbon
footprint of multi-storey timber buildings compared
with steel and concrete buildings. World, 15: 19.

California Department of General Services. (2021). Buy


https://www.fs.usda

10 BioProducts Business 8(1) 2023

Clean California Act. https://www.dgs.ca.gov/PD/Re-
sources/Page-Content/Procurement-Division-Resources-
List-Folder/Buy-Clean-California-Act. Accessed 1/24/2022.

Carbon Leadership Forum (CLF). (2022). CLF WBLCA Bench-
mark Study v2. https://carbonleadershipforum.org/
clf-wblca-v2/.

Carbon Leadership Forum (CLF). (2017). Embodied Carbon
Benchmark Study: Data Visualization. https://carbon-
leadershipforum.org/embodied-carbon-benchmark-
study-data-visualization/

Chen, C. X., Pierobon, F., & Ganguly, I. (2019). Life Cycle
Assessment (LCA) of Cross-Laminated Timber (CLT)
produced in Western Washington: The role of logistics
and wood species mix. Sustainability, 11(5): 1278.

Climate Action Reserve. (2019). Forest Protocol Version
5.0. Available online at https://www.climateactionre-
serve.org/wp-content/uploads/2021/04/Forest_Proto-
col_V5.0_Package_040921.pdf, accessed Dec 21, 2022.

Dawson, E., Anderson, R., & Muszynski, L. (2022). 2022 In-
ternational Mass Timber Report. Retrieved from https://
www.masstimberreport.com/.

Ding, Y., Pang, Z, Lan, K., Yao, Y., Panzarasa, G., Xu, L., . ..
Hu, M. (2022). Emerging engineered wood for building
applications. Chemical Reviews. https://doi.org/10.1021/
acs.chemrev.2c00450.

Environmental Defense Fund. (2021). How cap and trade
works. https://www.edf.org/climate/how-cap-and-
trade-works. Accessed 1/24/2022.

FAO - Food and Agriculture Organization of the United Na-
tions. (2021). Yearbook of Forest Products 2019. https://
www.fao.org/documents/card/en/c/ca5703m

Fernholz, K., Groot, H., Bowyer, J., Pepke, E., Jacobs, M., Er-
ickson, G., & McFarland, A. (2021). Carbon storage, credit
markets, and forests: What do we have and what do we
need? Report prepared by Dovetail Partners. Available
at https://dovetailinc.org/upload/tmp/1632144382.pdf.

Fernholz, K., Jasons, C. M., Erickson, G., Conway, T., Har-
ris, S., Bowyer, J., ... E, P.(2022). Timber and Tall Wood
Buildings: An Update. Retrieved from Dovetail Partners,
Minneapolis, MN.

Forest Trends’ Ecosystem Marketplace. (2021). State of For-
est Carbon Finance 2021. Washington, DC: Forest Trends
Association.

GAO - U.S. Government Accountability Office. (2020). Social
cost of carbon: Identifying a Federal Entity to Address the
National Academies’ Recommendations could Strengthen
Regulatory Analysis. Retrieved from https://www.gao.
gov/products/gao-20-254

Georgia Forestry Association. (2022). https://gfagrow.org/
wp-content/uploads/2020/06/White_Paper_Georgia_
Sustainable_Development_Carbon_Registry.pdf. Ac-
cessed 25/7/2022.

GHG Management Institute and Stockholm Environment
Institute. (2021). Carbon offset guide. Available online
at https://www.offsetguide.org/understanding-carbon-

offsets/carbon-offset-programs/), accessed October
5,2021.

Gu, H., Liang, S., & Bergman, R. (2020). Comparison of
Building Construction and Life-Cycle Cost for a High-
Rise Mass Timber Building with its Concrete Alternative.
Forest Products Journal, 70(4): 482-492.

Gu, H., Liang, S., Pierobon, F., Puettmann, M., Ganguly, I.,
Chen, C., ... Maples, I. (2021). Mass timber building
Life Cycle Assessment methodology for the US regional
case studies. Sustainability, 13(24): 14034.

Hemmati, M., Messadi, T., & Gu, H. (2022). Life Cycle As-
sessment of Cross-Laminated Timber Transportation
from Three Origin Points. Sustainability, 14(1): 336.

Hurmekoski, E., Myllyviita, T., Seppala, J., Heinonen, T.,
Kilpelainen, A., Pukkala, T., ... Peltola, H. (2020). Impact
of structural changes in woodOusing industries on net
carbon emissions in Finland. Journal of Industrial Ecol-
0gy, 24(4): 899-912.

ICC - International Code Council. (2021). 2021 Inter-
national Building Code. International Code Council
https://codes.iccsafe.org/content/IBC2021P1. Accessed
1/24/2022.

ISO. (2006a). 14040: Environmental management - Life
cycle assessment - Principles and framework. Inter-
national Organization for Standardization, Geneva,
Switzerland.

ISO. (2006b). 14044: Environmental management - Life
cycle assessment - Requirement and guidelines. In-
ternational Organization for Standardization, Geneva,
Switzerland.

Jakes, J. E., Arzola, X., Bergman, R., Ciesielski, P., Hunt, C.
G., Rahbar, N., . .. Zelinka, S. L. (2016). Not just lum-
ber—Using wood in the sustainable future of materials,
chemicals, and fuels. Jom, 68: 2395-2404.

Karacabeyli, E., & Gagnon, S. (2019). Canadian CLT Handbook,
2019 Edition. FPInnovations. Pointe-Claire, QC. Special
Publication SP-532E.

Kremer, P. D., & Ritchie, L. (2018). Understanding costs
and identifying value in mass timber construction:
Calculating the ‘total cost of project(TCP). Mass Timber
Construction Journal, 1(1): 14-18.

Law, B. E., & Harmon, M. E. (2011). Forest sector carbon
management, measurement and verification, and dis-
cussion of policy related to climate change. Carbon
Management, 2(1): 73-84.

Liang, S., Gu, H., & Bergman, R. (2021). Environmental
life-cycle assessment and life-cycle cost analysis of a
high-rise mass timber building: A case study in Pacific
Northwestern United States. Sustainability, 13(14): 7831.

Liang, S., Gu, H., Bergman, R., & Kelley, S. S. (2020). Com-
parative life-cycle assessment of a mass timber build-
ing and concrete alternative. Wood and Fiber Science,
52(2):217-229.

Lippke, B., Oneil, E., Harrison, R., Skog, K., Gustavsson, L.,
& Sathre, R. (2011). Life cycle impacts of forest man-


https://nam11.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.edf.org%2Fclimate%2Fhow-cap-and-trade-works&data=05%7C01%7Cmtaylo29%40utk.edu%7Cf2083ba85fc543a22f8a08db31ec564d%7C515813d9717d45dd9eca9aa19c09d6f9%7C0%7C0%7C638158663374627769%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000%7C%7C%7C&sdata=Aia6WoRlpMXQCvRCSUqY3S1C3W6FWEWwCPDNej16no8%3D&reserved=0
https://nam11.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.edf.org%2Fclimate%2Fhow-cap-and-trade-works&data=05%7C01%7Cmtaylo29%40utk.edu%7Cf2083ba85fc543a22f8a08db31ec564d%7C515813d9717d45dd9eca9aa19c09d6f9%7C0%7C0%7C638158663374627769%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000%7C%7C%7C&sdata=Aia6WoRlpMXQCvRCSUqY3S1C3W6FWEWwCPDNej16no8%3D&reserved=0
https://codes.iccsafe.org/content/IBC2021P1
https://www.offsetguide.org/understanding-carbon
https://gfagrow.org
https://www.gao
https://dovetailinc.org/upload/tmp/1632144382.pdf
www.fao.org/documents/card/en/c/ca5703m
https://doi.org/10.1021
www.masstimberreport.com
https://serve.org/wp-content/uploads/2021/04/Forest_Proto
https://www.climateactionre
https://leadershipforum.org/embodied-carbon-benchmark
https://carbon
https://carbonleadershipforum.org
https://www.dgs.ca.gov/PD/Re

Taylor et al. — Carbon Credits for Mass Timber Construction

11

agement and wood utilization on carbon mitigation:
knowns and unknowns. Carbon Management, 2(3):
303-333. doi:10.4155/cmt.11.24

McKinley, D. C., Ryan, M. G., Birdsey, R. A., Giardina, C. P.,
Harmon, M. E., Heath, L. S., ... Murray, B. C. (2011). A
synthesis of current knowledge on forests and carbon
storage in the United States. Ecological applications,
21(6): 1902-1924.

Milaj, K., Sinha, A., Miller, T. H., & Tokarczyk, J. A. (2017).
Environmental utility of wood substitution in commer-
cial buildings using life-cycle analysis. Wood and Fiber
Science, 49(3): 338-358.

Nabuurs, G.-., Arets, E. J., & Schelhaas, M.-J. (2017). Euro-
pean forests show no carbon debt, only a long parity
effect. Forest policy and economics, 75: 120-125.

Nepal P., Johnston, C. M., & Ganguly, 1. (2021). Effects on
global forests and wood product markets of increased
demand for mass timber. Sustainability, 13(24/Dec.
17):13943.

Nepal, P., Skog, K. E., McKeever, D. B., Bergman, R. D., Abt,
K. L., & Abt, R. C. (2016). Carbon mitigation impacts of
increased softwood lumber and structural panel use
for nonresidential construction in the United States.
Forest Products Journal, 66(1-2): 77-87.

NEFF - New England Forestry Foundation. (2022). $30
million USDA climate-smart commodities award to
increase carbon storage In New England'’s forests.
https://newenglandforestry.org/2022/09/14/30-million-
usda-award/. Accessed 1/27/2023.

Oswalt, S. N., Smith, W. B., Miles, P. D., & Pugh, S. A. (2019).
Forest resources of the United States, 2017: A technical
document supporting the Forest Service 2020 RPA Assess-
ment. General Technical Report WO-97. Washington,
DC: USDA Forest Service, Washington Office., 97.

Pasternack, R., Wishnie, M., Clarke, C., Wang, Y., Belair, E.,
Marshall, S., . . . Lomax, G. (2022). What Is the Impact
of Mass Timber Utilization on Climate and Forests?
Sustainability, 14(2): 758.

PFA - Panels and Furniture Asia. (2022). Australian
programme to invest $300 million in mass timber
buildings. https://panelsfurnitureasia.com/australian-
programme-to-invest-300-million-in-mass-timber-build-
ings/. Accessed 01/27/2022.

Puettmann, M., Pierobon, F., Ganguly, ., Gu, H., Chen, C,,
Liang, S., . .. Wishnie, M. (2021). Comparative LCAs of
conventional and mass timber buildings in regions with
potential for mass timber penetration. Sustainability,
13(24): 13987.

Puettmann, M., Sinha, A., & Ganguly, I. (2019). Life cycle
energy and environmental impacts of cross laminated
timber made with coastal Douglas-fir. Journal of Green
Building, 14(4): 17-33.

Puro.earth. (2022). https://puro.earth/CORC-co2-remov-
al-certificate/bio-based-construction-corcs-from-aus-
tria-100159#. Accessed 25/7/2022.

Sathre, R., & Gonzalez-Garcia, S. (2014). Life cycle assess-
ment (LCA) of wood-based building materials. In Eco-
efficient construction and building materials. Elsevier,
pp. 311-337.

Senalik, C., & Farber, B. (2021). Mechanical properties of
wood. Chapter 5 in: Wood Handbook—Wood as an Engi-
neering Material. General Technical Report FPL-GTR-282.
Madison, WI: USDA Forest Service, Forest Products
Laboratory. https://www.fs.usda.gov/treesearch/
pubs/62244

Shmulsky, R., & Jones, P. D. (2019). Forest Products and
Wood Science: An Introduction. 7t edition. Hoboken,
NJ: Wiley-Blackwell.

Simonen, K., Rodriguez, B. X., & De Wolf, C. (2017). Bench-
marking the embodied carbon of buildings. Technology |
Architecture+ Design, 1(2): 208-218.

Skog, K. E. (2008). Sequestration of carbon in harvested
wood products for the United States. Forest Products
Journal, 58(6/June): 56-72.

Skog, K. E., McKinley, D. C., Birdsey, R. A., Hines, S.J., Wood-
all, C. W., Reinhardt, E. D., & Vose, J. M. (2014).Managing
carbon. Chapter 7 in: Climate Change and United States
Forests, Advances in Global Change Research 57 2014; pp.
151-182. https://doi.org/10.1007/978-94-007-7515-2_7

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 al-
ternatives. Energy Procedia, 96: 112-123.

Srubar lll, W., Barnes, S., Grieshaber, M., & Orens, A. (2022).
A Methodology for Building-based Embodied Carbon
Offsetting Version 2.0, Aureus Earth, Inc. http://www.
aureusearth.com.

Stark, N. M., & Cai, Z. (2021). Wood-based composite materi-
als panel products, glued-laminated timber, structural
materials. Chapter 11 in: Wood Handbook - Wood as an
Engineering Material. General Technical Report FPL-
GTR-282. Madison, WI: USDA Forest Service, Forest
Products Laboratory, pp. 1-32. https://www.fs.usda.
gov/research/treesearch/62258. In.

Stegner, H., & Fotheringham, N. (2022). Research and
Testing Lead to Historic Code Change: The History
of Getting a Sustainable Tall Building Option—Mass
Timber—Approved in the US Building Codes. Forest
Products Journal, 72(4): 226-234.

ThinkWood. (2021). Understanding the Role of Embodied
Carbon in Climate Smart Buildings. Available online at
https://1r4scx402tmr26fga93wk6an-wpengine.netdna-
ssl.com/wp-content/uploads/2021/02/Embodied-Car-
bon-Policy-Review-022021.pdf. Accessed 10/7/2021.

Totten, S. (2020). Georgia's mass timber and the triple
bottom line, Southface Institute Blog. Available online
at https://www.southface.org/georgias-mass-timber-
and-the-triple-bottom-line/. Accessed 10/4/2021.

United Nations Environment Programme (2022). 2022
Global Status Report for Buildings and Construction: To-


https://www.southface.org/georgias-mass-timber
https://ssl.com/wp-content/uploads/2021/02/Embodied-Car
https://1r4scx402tmr26fqa93wk6an-wpengine.netdna
https://www.fs.usda
https://aureusearth.com
http://www
https://doi.org/10.1007/978-94-007-7515-2_7
https://www.fs.usda.gov/treesearch
https://puro.earth/CORC-co2-remov
https://panelsfurnitureasia.com/australian
https://newenglandforestry.org/2022/09/14/30-million
https://doi:10.4155/cmt.11.24

12 BioProducts Business 8(1) 2023

wards a Zero-emission, Efficient and Resilient Buildings
and Construction Sector. Nairobi, Kenya.

USDA - United States Department of Agriculture. (2022).
Biden Administration Announces $32 Million to Ad-
vance Climate-Smart Mass Timber Construction, Ex-
pand Wood Markets. Press Release No. 0115.22. May
27, 2022. https://www.usda.gov/media/press-releas-
es/2022/05/27/biden-administration-announces-32-mil-
lion-advance-climate-smart. Accessed 01/27/2023.

Werner, F., & Richter, K. (2007). Wooden building products
in comparative LCA. The International Journal of Life Cycle
Assessment, 12(7). 470-479.

WoodWorks. (2021). WoodWorks: Wood Products Council.
Case studies: https://www.woodworks.org/publications-
media/case-studies/.

World Bank. (2021). State and Trends of Carbon Pricing
2021. Washington, DC: World Bank.https://openknowl-
edge.worldbank.org/handle/10986/35620.


https://edge.worldbank.org/handle/10986/35620
https://www.woodworks.org/publications
https://www.usda.gov/media/press-releas



