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ABSTRACT

KEYWORDS

The campaign to plant a trillion trees provided an easily understood
approach to reduce the threat of global warming. However, focusing
on trees does not consider that a maturing forest releases carbon (C)
from dying trees offsetting C intake from growth of other trees, and
results in only a one-time carbon storage benefit. Under sustainable
management that harvests before forest growth slows down, forest
C is transferred to wood products that substitute for fossil fuel (FF)intensive products, reducing the carbon dioxide (CO2) emissions with
every harvest. Sustainably managed forests maintain growth by
replanting (or regenerating), sustaining the C stored in products, as
well as avoiding FF-intensive product emissions with every harvest.
This paper addresses the question: Could planting more trees signifi
cantly reduce atmospheric CO2; and if so, how? Survey data from many
wood-producing mills show life cycle inventory (LCI) data on C that has
been tracked through every stage of processing for many different
wood products specific to each United States (USA) supply region, as
well as C displacement measurements when substituting wood for FFintensive products. Results show that more and better-managed forest
lands and more efficient product uses provide significant opportu
nities to reduce CO2 emissions, especially in highly productive forest
regions.

Carbon mitigation; carbon
capture; carbon renewable
technology; forest carbon;
wood products; global
warming; sustainable forest
management; planting trees;
trillion trees

Introduction
Increases in atmospheric carbon dioxide (CO2) are the major contributor to global warming
and an extreme threat to the world’s environment and the wellbeing of the world’s
population. The vast majority of atmospheric CO2 increase is caused by burning FF (Fig.
9.8 in Oliver & Oliver, 2018). Forests have been discussed as a means of reducing CO2
emissions and promoting carbon (C) storage for several decades, including both growing
C in trees and harvesting to transfer tree C to forest products (Harmon et al., 1990; Oliver
et al., 1991; Johnson et al., 2005; J. P. Perez-Garcia et al., 1997 & 2005a, 2005b; Harmon &
Marks, 2002; Birdsey et al., 2006; Ryan et al., 2010; Stewart & Nakamura, 2012; Ashton et al.,
2012; Law & Harmon, 2014; Oliver et al., 2014; Franklin et al., 2018). The focus on forests
has broadened over time from just tree C and preservation to forest resilience and fire
avoidance (Churchill et al., 2013; Franklin et al., 2018; Hessburg et al., 2016; Larson &
Churchill, 2012; Lippke et al., 2019; Raymond & Peterson, 2005; Reinhardt & Holsinger,
2010).
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The next few decades will see a global surge in construction of buildings, bridges, and
other structures. Many current structures will be replaced, and new ones constructed to
meet the demand from a growing economy with an increasing population (Oliver & Oliver,
2018; Seto et al., 2012). Forests can play a role in reducing atmospheric CO2; however, there
is disagreement over whether forests are most effective for CO2 reduction and other values
when left alone and not managed for sustainable harvesting. Or, alternatively, can harvest
ing and using the wood better reduce atmospheric CO2 – and provide and/or enhance other
values? This paper examines the literature and available data to address this question and to
determine how forests and forest products can best provide these values. Recent proposals
to plant a trillion trees have been launched based on forests as a means of C sequestration
(Trillion Trees Act, 2020). Op-Eds have challenged the “trillion trees” concept (e.g.,
Lieberman, 2020) or at least suggested that it is not very important. These Op-Eds have
exposed concerns such as protection of existing forests, increases in solar energy use,
burning less fossil fuel (FF), limits on land availability, and that trees do not grow forever.
Rarely did they consider that growing trees may be just the first step in using wood products
both to break down atmospheric CO2 and to use wood products to avoid CO2 emissions
from FF-intensive products such as steel and concrete.
The argument for forests reducing atmospheric CO2 is that growing trees break down
CO2 from the atmosphere by photosynthesis, release oxygen (O2) to the atmosphere, and
store C as wood in the trees. Each ton (t) of C stored as wood means that 3.67 t of CO2 have
been removed from the atmosphere. Approximately half of the weight of dry wood is C, so
each t of wood (dry weight) keeps 1.83 t of CO2 out of the atmosphere (Oliver et al., 2014).
On the other hand, the rate of a forest’s growth declines with age as more suppressed trees
die, reducing the net rate of CO2 removal as the forest matures (Gholz, 1982; Lippke et al.,
2011a; McArdle et al., 1961). Carbon (C) in wood from dead forest trees and other organic
matter combines with O2 by decomposing or burning to re-form CO2 that is released back
to the atmosphere (Oneil & Lippke, 2010). Consequently, in aging forests, CO2 sequestra
tion rates slow down and may even release more CO2 than they are removing, especially if
fires occur. In effect, growing forests provide a one-time reduction in CO2, not a sustained
reduction.
Studies have differed on how forests can best remove and keep CO2 out of the atmo
sphere. Nunery and Keeton (2010) and Law & Harmon (2014) have shown the importance
of forest growth but not the life cycle impact of producing wood products to displace FFintensive steel, concrete, and similar products considered by Perez-Garcia et al. (2005a;
2005b), Hammond and Jones (2008), Burnham et al. (2011), Oliver et al. (2014), and Lippke
et al. (2011a and 2019)). Many papers have evaluated C impacts by comparing wood
structures with non-wood structures (e.g.: Laurent et al., 2018). Construction wood’s
displacement of FF and avoidance of CO2 emissions when used instead of steel, concrete,
and brick construction was examined by Oliver et al. (1991) three decades ago.
A research consortium of 20 institutions was organized in 1996 as a 20-member not-forprofit research corporation representing mostly universities: The Consortium for Research
on Renewable Industrial Materials (CORRIM; www.corrim.org). It published a research
plan in 1998 to develop life cycle data on material and energy inputs and outputs affecting
CO2 for every stage of forest growth, wood production, and end uses (CORRIM, 1998). The
goal was to collect data needed to understand better the linkages between growing trees and
how they can best be used, especially to reduce C emissions from using FF.

JOURNAL OF SUSTAINABLE FORESTRY

3

Primary-surveys of all energy and material inputs and outputs, known as Life Cycle
Inventory (LCI) data, have been collected over the last 20 years (yrs) from a large sample of
United States (USA) wood-producing mills and non-wood manufacturing facilities
(Athena, 2019; CORRIM, 1998, 2005, 2010, 2017; NREL, 2019; USDA, 2020). Surveys
measured all energy and material inputs and outputs specific to each major product line
for each USA region using methods for conducting “Life Cycle Assessments” (LCA) of
environmental impacts such as particulate-matter, carcinogenics, and global warming
potential (GWP) that are compatible with international LCA standards (ISO14044, 2006).
Similar efforts advanced the use of LCI data in other countries (Erickson et al., 2007;
Gustavsson 2008;Gustavsson et al., 2010; Werner et al., 2006).
When only the C stored in trees is considered, the C stored in wood products as well as
the C displaced by substituting wood products for FF-intensive products such as steel and
concrete are mistakenly overlooked (Lippke et al., 2020). Accurate accounting needs reliable
measurements on many facets of the potential roles of forests and forest products in
reducing atmospheric CO2 by both removing CO2 from the atmosphere and avoiding more
CO2 being added to it.
This paper will review the current understanding of the role of forests and forest
products in reducing atmospheric CO2, using updated LCI data through six objectives
and sub-objectives:
Objective I. Examine the impact of forests in reducing atmospheric CO2 as they grow
older without harvest.
● Objective II. Examine the impact of managing forests sustainably to produce products
and biofuels that displace FF-intensive products and fuels.
○ II-1. Compare the impact of growing but not harvesting forests to growing and
harvesting forests sustainably and storing C in wood products and forests, but not
including both avoided FF-emissions by their substitution for functionally equiva
lent FF-intensive products and eventual demolition of the buildings (“end-of-life”);
○ II-2. Determine the impact of wood building materials on C storage (keeping CO2
out of the atmosphere) similar to Objective II-1, but also including both the
emissions avoided by their substitution for functionally equivalent FF-intensive
products such as steel and concrete and the impact of end of wood product life;
○ II-3. Determine the impact of wood recovery (a.k.a.: recycling, reprocessing, or
reusing) from demolished wood structures on stored and displaced C;
○ II-4. Evaluate the range of impacts across different products and wood uses to
identify best opportunities to reduce CO2.
● Objective III. Develop a regional estimate of CO2 reduced by sustainable forest
management. Compare the regional CO2 removed by managed forests and products
to the estimated emissions from consumer and business activities within that region
and determine the potential impact from better management and CO2 reduction from
growing more trees on underutilized land.
●

These six elements add complexity to the analysis; but they more accurately reflect the true
system-wide climate mitigation potential of tracking C from the forest through the wood
production, use, and disposal system. Wood-based materials affect C in many ways:
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●
●
●
●

●

they require very little FF in manufacturing compared to most materials.
increased biofuels use from wood mills, forest residuals, and other wastes can provide
the energy needed to make wood building materials, displacing FF and their emissions.
they store C taken from the atmosphere in products for long periods that accumulate
over time.
the wood products such as wood walls and floors also substitute for functionally
equivalent but FF-intensive products, thus displacing steel and concrete walls and
floors and so avoiding the CO2 emissions needed to produce them.
and each time a steel or concrete item is replaced with another steel or concrete item –
be it a chair or building – new FF emissions are released to make or remake more steel
or concrete; however, little if any CO2 emissions are generated when a wooden item is
replaced with another wooden item.

Society is looking for “Carbon Removal Technologies (Carbon Recapture and Carbon
Negative Processing)” (Cho, 2018). The premise of this paper is that planting trees is
a necessary first step for a sustainable process to remove atmospheric CO2 by storing the
C in wood and using the wood to substitute for and displace FF-intensive product emis
sions. This paper asks the question:
Can planting a trillion trees become a continuous (sustainable) way of permanently removing
CO2 from the atmosphere by looking beyond just the first step of planting more trees to the
many different ways that trees can store C in products and displace FF-intensive product
emissions through sustained forest management?

There are recognized social costs from FF emissions (EPA, 2018) that have not been incorpo
rated into environmental policy – e.g., health, global warming, and oil spills. These social costs
subsidize FF costs and so create a lower cost for FF than other energy sources (Skovgaard &
Van Asselt, 2019). Even indirect FF subsidies such as the recent Iraqi wars (Oliver & Oliver,
2018; SIPRI – Sipri Military Expenditure Database, 2015) and U.S.A. Navy ships protecting FF
tankers passing through the Straits of Hormuz are not reflected in FF costs. Using sustainably
grown wood in construction provides a carbon negative technology that can also contribute to
other forest values, while reducing the public’s cost of subsidizing FF to obtain energy that
increases CO2 atmospheric emissions and hence the risks of global warming.
Wood can last a very long time if protected from termites and moisture. When buildings
lose their value and are demolished, many recovered components can still provide high
value with minimal effort or can be reprocessed into products such as composite boards or
burned for energy. The examination of increasing circularity of wood in use vis-à-vis
circular economy principles is in its nascent stage but shows large opportunities for more
fully utilizing wood by-products and waste-wood (Oneil, 2020).
There are also concerns about the impacts that a massive reforestation program may
have on biodiversity, wildfires, habitats, and other values as well as the impact of using–or
not using–trees to produce products. All of these concerns must be addressed to set an
appropriate framework for analysis and implementing strategies to reduce CO2 emissions.
This paper will examine the potential role of forests and forest products in atmospheric
CO2 reduction and then consider the relation of forest and forest product management to
other values provided by the forest.
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Methods
This paper builds on previous papers cited throughout this text of both forest growth and
life cycle data on material and energy inputs and outputs affecting CO2 for every stage of
forest growth, wood production, and end uses. Below is a brief summary of the data sets
used in this paper and a description including their historical development.
The USDA Forest Service has collected periodic, detailed plot measurements of the
standing wood volume, growth, mortality, and harvesting on all United States forests
since the early 1960’s (FIA, 2020; Oswalt et al., 2019; USDA Forest Service, 2012). This
information was used to determine the change in biomass, and hence accumulated C, as
a forest grows for different ownerships and regions. For Objective I, federal forest data
covering forest ages up to 300 yrs were compared to forest industry data with the sample
size adequate to characterize the slowdown in forest growth with age (Lippke et al., 2020).
For Objective II, we used primary survey data from many wood producing mills that
have been collected over the last 20 yrs by CORRIM (1998). The LCI data were first
collected in 2000 (CORRIM, 2005; R.D. Bergman & Bowe, 2012) and contain LCI data
for the Pacific Northwest (PNW) and Southeast (SE) regions of the USA. These analyses
were soon followed by surveys covering the Northeast/North Central (NE/NC) and Inland
West (IW) USA supply regions (CORRIM, 2010). Measurements also included the impact
of west coast seismic building codes and additional large volume products: medium density
fiberboard (MDF), particleboard, cellulosic fiberboard, hardboard, laminated strand lum
ber, and cross-laminated timber (CLT). The measurements were then extended to the
impact of CO2 emissions on “global warming potential” (GWP) from wood-based biofuels
(CORRIM, 2012). Recently, these early surveys were updated to reflect technology changes
largely driven by changes in particulate matter regulations that significantly increased the
energy used in production required for Emission Control Devices (ECD’s) for many
production processes (CORRIM, 2017; Bergman & Alanya-Rosenbaum, 2020a; 2020b;
2020c; 2020d; Bowers et al., 2020a; 2020b; Milota et al., 2005; Milota, 2020a; 2020b;
Puettmann et al., 2020a; 2020b; 2020c; Puettmann, 2020a; 2020b).
The CORRIM’s LCI data as well as LCI databases for non-wood products are available
from the National Renewable Energy Laboratory’s ‘US Life Cycle Inventory Database’
(NREL, 2019); the Athena Impact Estimator (Athena, 2019); and more recently the
USDA–LCA Commons (USDA, 2020). The LCI measures of C quantify the different impact
that each product and end use has on C stored in products as well as FF-C emissions
produced by functionally equivalent non-wood products.
The LCI data sources used to achieve Objectives II-1&2 were linked to forest growth and
harvest rotations for many wood products and non-wood alternatives simulating the
growth in C pools and energy use over six rotations, for a range of product alternatives,
as well as the forest C from a “no harvest” alternative. Objective II-1 does not consider
buildings’ life spans (“end-of-life”) and Objective II-2 assumes life spans of 90 yrs, the
approximate average life span of U.S.A. housing stocks (Winistorfer et al., 2005).
For Objective II-3, demolished structure wood recovery alternatives relative to a base
case average provide perspective on recycling impacts. For Objective II-4, a range of
alternatives are ranked by their impact on total net C stored and avoided by substituting
for functionally equivalent non-wood products in order to gain insight into the potential for
substantial improvement in C mitigation.
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For Objective III, Washington state (WA), U.S.A., was selected as a region of study to
compare the CO2 emissions from all sources with the atmospheric CO2 removed by using
wood. In this state, 50% of the land is characterized as forested, with 38% considered
Timberland (Areas qualifying as Timberland are capable of producing in excess of 1.4 m3
ha−1 yr−1 of industrial wood in natural stands suitable for growing timber; USDA, 2021), and
11% is currently owned and managed by the forest industry for timber production (Erickson
& Rinehart, 2005). The more highly productive and moist forest industry land west of the
Cascade Mountain Range (Westside) produces most of the timber from 9% of the total land,
23% of the total Timberland, and 39% of the Westside Timberland. Private Westside
Timberlands are providing 65% of the harvest from 35% of the Timberland. The opportunities
to increase wood product production and C stored while also reducing CO2 emissions include
better management on forest industry lands, “other private” Timberland owners, public, and
Native American tribal lands, as well as conversions to forests from other land uses.
The total rate of CO2 emissions for WA is at nearly 100 million t of CO2 yr−1
(Department of Ecology WA, 2018). These emissions are compared to calculated atmo
spheric CO2 reductions based on recent timber harvests and potential sustainable timber
harvests to determine the recent and potential contribution of forests to a C-neutral state.
Developing C measurements for a multi-step-process is data-intensive, requiring exten
sive measurements of all inputs and outputs from growing trees to using the wood for many
different products and purposes across different regions. Inputs and outputs include
C stored in forests, wood products, biofuels, and demolition wood, plus CO2 avoided by
substituting wood products for FF-intensive products with equivalent functionality.
While there are many subcomponent groups included in the analyses, the net CO2 stored in
products plus the CO2 from substituting wood products to avoid FF-intensive product emis
sions provides a total composite C impact when using wood instead of FF-intensive products.
The following sub-component groups were used to derive this total composite C impact:
●

●

●

●

●

Forest slash (“Forest Slash”): The component of the cut forest that remains in the forest
after harvest and is not converted to wood products. Sometimes forest slash is burned
to reduce fire risk and accelerate growth in newly planted trees. It otherwise generally
decomposes and does not accumulate with each rotation.
Short-life products (“Short L Prod”): Paper and similar products. These may be
recycled many times but ultimately decompose and, like slash, generally do not
accumulate with each rotation.
Long-life products and co-products (“LLPs & CoPs”): Wood made into the many
components (e.g., Table 1) for construction, furniture, and other uses that generally
last longer than the harvest rotation and so accumulate C stores with each rotation net
of FF used in production.
Biofuel: Solids and liquids derived from waste-wood and bark when producing higher
valued lumber. Biofuel is burned to produce mostly heat energy and thus is returned to
the atmosphere as CO2 and not stored in products. Higher quality wood is generally
used in LLPs & CoPs; and lower quality waste-wood is mainly used in Short L Prod or
biofuels, but may be used in co-products such as composite panels that both store
carbon and displace FF-intensive products and hence are grouped with LLPs & CoPs.
Total Fuel: Both FF and biofuel are used in the harvest, transport, and manufacture of
products. Biofuel is primarily used for drying wood, minimizing the need for FF.
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Substitution: Growing and using wood stores C in wood products and thus reduces
CO2 from the atmosphere. At the same time, wood products substitute for functionally
equivalent FF-intensive products and thus avoid their emissions.

LCI measurements of C for each product component or assembly (Table 1) are measured
in units of kg CO2 per square meter (m2) of wall and/or floor in buildings. They can be
Table 1. Carbon stored and displaced for residential wall and floor comparisons. All values are given as
kgCO2 m−2 (per square meter of functionally equivalent products).
Total
Carbon
Carbon
Stored
kgCO2 m−2 kgCO2 m−2
1

Components
Lumber wall stud. No
substitution

Carbon
Displaced
kgCO2 m−2

17

17

0

2

Lumber wall stud
displaces steel stud

35

17

18

3

Lumber floor joist
displaces steel joist

72

30

42

57

15

42

95

24

71

123

26

98

4a Engineered Wood
Product (EWP) floor I-joist
displaces steel joist
4b EWP scaled for equal
hectare impacts
5

Wall & Floor Assemblies
Wood wall stud+ply
displaces concrete blocks

6

Wood floor joists+ ply
displaces steel assembly

72

38

34

7

EWP floor assembly
displaces steel assembly

96

39

57

65

21

44

8

Average Walls & Floors
Lo-rise buildings

Lumber wall studs net of processing energy
emissions = 17 Kg CO2 excluding substitution or
any end of life recovery
Steel wall stud emits slightly more CO2 than the
net CO2 in lumber (Total carbon stored and
displaced is twice the carbon in wood used)
Steel joists emit 40% more CO2 than wood
product joists store (Floors use higher gauge steel
than walls to avoid bounce)
EWP floor joists use only 60% as much fiber
allowing 67% more production for equivalent
land use
EWP joists use only 60% as much fiber, hence
store & displace 0.67 times more when making
equal land area (hectare) comparisons
Concrete block & Gypsum: 3.7 times wood wall &
plywood C stores (Western concrete block must
meet stringent seismic standards)
Dimension floor-joist +plywood cover vs steeljoist + ply cover (Plywood floor cover increases
C stored, reducing C displaced)
EWP+plywood floor assembly displacing steel
joist+ply assembly (C stored increase equal
C displaced reduction)
Averaging #2 for dominant walls & #4b for
dominant floors provides a mid-range average
baseline to evaluate end of life recycling

converted to metric tons (t) and hectares (ha) of forest land required and reported in units
of t CO2 (or C) ha−1 (1.0 t C ha−1 = 3.67 t CO2 ha−1). For volume conversions, 1 t of dry
softwood contains 0.5 t C. Measures associated with the forest land are labeled “1 t C ha-1
yr−1” and equal emissions to or from the atmosphere are labeled as “3.67 t CO2 ha−1 yr−1.”
The total C impact includes total C stored in products, less any C used in production, plus
the C avoided by substituting wood for FF-intensive products, thus avoiding their emis
sions. The CO2 emissions in Table 1 are based on the “Tools for the Reduction and
Assessment of Chemical and Other Environmental Impacts” (TRACI) method (Bare,
2011), which does not include biogenic CO2 from biofuels since biofuels are not stored
but the C is removed from the atmosphere by tree growth and returned to the atmosphere
when used as a fuel.
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Results
Impact on atmospheric CO2 reduction of growing but not harvesting forests compared to
sustainable management for harvesting (Objective I):
Figure 1 shows the annual harvest, net growth, and mortality on USA National Forest
Timberlands in every decade since the 1960’s (Oswalt et al., 2019). Harvesting was drama
tically curtailed in about 1986 and the average forest age increased. By 2016 mortality had
tripled; and net growth declined by 55% during this period. The rate of C stored in mortality
(dead trees) exceeded C growth of living trees; consequently, the forest would only take
more CO2 from the atmosphere where the dead trees rotted or burned more slowly than the
remaining living trees grew. Places where dead trees and other organic matter rot exceed
ingly slowly vary dramatically with climates, soils, and microsites. In warm, moist climates
the dead material commonly decomposes rapidly; in dry climates it commonly burns; in
very cold climates it can accumulate and form bogs in which the non-rotting organic matter
ties up the nutrients and the remaining trees die and quit accumulating carbon (Oliver &

Figure 1. Annual harvest, net timber growth, and tree mortality in all national forest timberlands, U.S.
A. from 1962 to 2016. Beginning in 1986 (vertical dotted line), the reduction in timber harvesting on
national forests caused the forests to grow crowded and many trees became weakened, creating the
delayed result of many trees dying and rotting, being attacked by insects, and burning up in wildfires.
These dead trees are releasing CO2 back into the atmosphere, offsetting the absorption of CO2 through
the photosynthesis of living trees and so reducing the amount of carbon sequestered by these forests
(lower net growth) (Oswalt et al., 2019). Even before the death and fires, the overcrowded forests
provided little diversity in stand structures and thus little biodiversity and little resistance to catastrophic
wildfires. Curves fit to decadal data.
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Larson, 1996). Simply growing a forest provides a net one-time removal of CO2 from the
atmosphere, not a sustainable process for removing more CO2 for centuries.
While growing trees is the first step toward increasing C stores, inventory data shows the
rate of growth in western WA (and thus C stored in unharvested forests) beginning to slow
by the 5th decade with little further growth by the 9th decade because mortality of some trees
offsets growth of others (FIA, 2020; Lippke et al., 2020). Harvesting when a stand is near the
maximum growth rate, limiting the total forest’s harvest to no more than new growth, and
storing C in products while replanting and sustainably managing the forest will cause the
C harvested and diverted to products to grow continuously, rotation after rotation.
A typical western WA sustainably managed forest example (Figure 2) shows that each ha
of trees planted in 2000 has absorbed approximately 45 t of C from the atmosphere by year
2023, the midpoint of the first rotation (165 t CO2 removed from the atmosphere). By the
end of this first rotation at 45 yrs, 180 t C in trees were harvested and 660 t CO2 have been
removed from the atmosphere through tree growth. Of the 180 t C, 76 t C were stored in

Figure 2. Metric tons of carbon (C) & carbon dioxide (CO2) (y-axis) per hectare (ha) grown sustainably and
stored in products like wall studs, using biofuel from scrap-wood. Analysis is over six, 45- year rotations
(x-axis) of sustainably managed Pacific Northwest forest beginning at year 2000. Forests harvested for
products transfer the stored C from the forest to long-lived products (LLPs), coproducts (CoPs), short-lived
products (Short L Prod), Biofuel (from scrap-wood residues from wood production), and forest slash. Total
fuel (at bottom of bars) includes both Biofuel (also at top of bars) and fossil fuel used in logging and
product manufacture. Top dashed line (Net sustainable growth trendline) represents total C stored per ha
in a wood wall stud sustainably produced, while lower dashed line shows total C stored per ha in a forest
with no harvest . Product life-span, product substitution, and end-of-life recycling are not included. Slope
of net sustainable growth trendline shows rates of C and CO2 removal from the atmosphere.
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long-lived wood products and co-products, 30 t C in short-lived paper products, 60 t C in
forest slash, and 15 t C in biofuels. The effect was to reduce the 20.4 t C of total energy from
all sources (shown below the zero line) to 5.4 t C from FF. The biofuels (top segment of each
bar) provided about 74% of the total energy needed in production, reducing the need for FF
energy to only 7% of the product C storage.
If more biofuels were available, the net C stored could increase, reducing the need for FF.
However, if any of the biofuels could be used as feedstock for co-products, such as
composite panels that both store the C in products and displace FF-intensive products,
much greater increases in C stored and displaced would result.
The maximum C carrying capacity for Western WA forest land that is not harvested is
estimated at about 250 t C ha−1 in about 90 yrs (lower dotted line in Figures 2–6). While
this intensive management without harvest would be rare, it provides an approximation
of the one-time C impact from simply planting trees without subsequent harvest, wood
product manufacture, use, and replanting. The growth in LLP & CoP provides the input
production measure of sustainably managed forests that are harvested for products,
transferring the C from the forest to C stored in products as newly planted trees replace
harvested trees.
Figure 2 demonstrates the long-term production capacity of sustained forest manage
ment growing at 1.57 t C ha−1 yr−1; CO2 is reduced by 5.7 t CO 2 ha−1 yr−1. Wood recovery
from demolished structures and wood product substitution for functionally equivalent nonwood products are not considered here but are in subsequent sections of this paper.
C stored in wood wall studs sustainably produced (top dashed line, Figure 2) is compared
to C stored in a forest with no management (lower dotted line). Planted forests with no
management reach the maximum C carrying capacity of the land in about 90 yrs. at 250 t
C ha−1. Sustainably managed forest stands transfer C from the forest to products, increasing
with each consecutive 45-year rotation (example is western WA).
Figure 2 shows the sustained growth in avoided atmospheric CO2 from tree growth and
harvesting to produce wood products and utilizing trees on a rotation that is not impacted
by external events, including end of functional life such as the demolition of old buildings.
The impact of the end of a structure’s life without recycling the wood components, and the
impact of wood products substituting for functionally equivalent FF-intensive non-wood
products that displace/avoid the CO2 emissions from FF-intensive products are included in
Figure 3.
Impact on atmospheric CO2 reduction of a building, including both a finite life span
(“end-of-life”) before being demolished and the substitution of wood building materials
for functionally equivalent FF-intensive materials (Objective II-2):
Figure 3 shows that C storage in products when also considering life spans (fine dotted
line; here assumed uniformly 90 yrs) stabilizes as the life spans are first reached and the
buildings are demolished. The stored C that is released upon demolishing offsets the
C being harvested from forests and stored in new buildings unless the end-of-life C is
recycled or stored in landfills.
While the sustained production continues to add new products such as components for
new housing, if old products are not recycled they will rot or burn and return CO2 to the
atmosphere, offsetting the new C being stored in products (Figure 3). If the product life span
is shorter or longer, it impacts the timing of storage–not the reality that the C in products
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Figure 3. Metric tons of carbon (C) & carbon dioxide (CO2) (y-axis) per hectare (ha) stored and displaced
when wood wall studs are used instead of steel studs over six, 45- year rotations (x-axis) of sustainably
managed Pacific Northwest forest beginning at year 2000. Unlike Figure 2, C displaced by substitution
and end-of-life of wood productions are included in Figure 3. Forests harvested for products transfer
stored C from the forest to long-lived products (LLPs), coproducts (CoPs), short-lived products (Short
L Prod), Biofuel (from scrap-wood residues from wood production), and forest slash. Total fuel (at bottom
of bars) includes biofuel (also at top of bars) as an offet to fossil fuel used in logging and product
manufacture. Displaced C is shown in biofuel and substitution (C displaced by substitution), which
accounts for avoided emissions from production of fossil fuel-intensive materials, in this case steel studs.
Lower dotted line represents long-term C stored in wood wall studs with a 90-year product life-span and
scaled to the forest ha. Total C stored and displaced per ha in a wood wall stud, including avoided
emissions (net sustainable growth trendline; top dashed line) is compared to C stored per ha in a forest
with no harvest (middle dashed line). Slope of net sustainable growth trendline shows rates of C and CO2
removal from the atmosphere. End-of-life recycling is not included.

eventually returns to the atmosphere as CO2, even if recycled. A simulation that reduced the
end of life to half (45 yrs) only reduced the total C stored and displaced by 11%.
New wood products also add to the substitution for functionally equivalent non-wood
products, displacing/avoiding their FF-intensive CO2 emissions. Figure 3 (and Tables 1 & 2)
demonstrate the near equivalence of C stored in wood wall studs with the avoided FF
emissions in steel studs. Wood products store C as long as the building or other structure
lasts. Substitution of wood for non-wood products avoids the accumulation of FF-CO2 in
the atmosphere every time the structure is demolished and rebuilt, as discussed in detail
later.
Figure 3 shows the end-of-product-life C offsetting the new growth of C harvested on
a 90-year rotation, assuming no recycling or landfill storage. Wood building products’
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useful-life end reduces the C stored in products but not the C avoided by not using FFintensive products. The new growth, although continuing to remove atmospheric CO2 by
uses such as new houses, is offset by the end-of-life C when it is returned to the
atmosphere. As discussed later, wood building products can be recycled/reprocessed.
They thus extend the product life or avoid the end of C life in landfills, potentially for
many decades.
Wood wall studs used in 1 m2 of wall typically store 18 kg CO2 that was removed from
the atmosphere. Coincidentally, this is nearly identical to the 18 kg CO2 emissions from
burning FF to produce steel studs for the same square meter of wall (Figure 3 & Table 1
Component 1 & 2). Using wood studs in place of steel studs provides a gross C storage plus
avoided FF emission of 36 kg CO2/m2 of wall. The net C stored is reduced by 1.3 kg CO2
from FF used in wood production (harvest, transport, and manufacture) to 34.7 kg CO2,
which is still nearly twice as large as the C stored in the products.
Each time a steel or concrete structure is demolished, the FF energy used to make the
products cannot be reused. Thus, the CO2 emissions are not recovered. Alternatively, wood
construction emits little or no net FF C even if the wood is not recycled. Consequently, the
CO2 savings from avoided FF emissions continues with each successive rebuilding of
a structure from wood instead of FF-intensive steel and concrete, contrary to assertions
by Harmon (2019).
Including the substitution of wood wall studs for steel studs increases the total C stored
and CO2 avoided (Upper arrow, Figure 2) from 1.57 t C ha−1 yr−1 (5.8 t CO2 ha−1 yr−1) to
2.28 t C ha−1 yr−1 (8.4 t CO2 ha−1 yr−1) in Figure 3, a 45% increase when including C avoided
by substitution compared to the C stored in products alone.
Engineered Wood Product (EWP) floor joists only use 60% as much wood as solid wood
dimension floor joists, storing much less C in the product (Figure 4). Thus, EWP’s wood
savings increases the amount of product per hectare by 67% as well as the amount of FF
emissions from steel manufacture that will be avoided.
In Figure 4, the Total C stored, and C avoided Trendline (upper dashed arrow) of 3.76 t
C ha−1 yr−1 (13.8 t CO2 ha−1 yr−1) is 65% higher than for wall studs and 2.8 times the NoHarvest alternative by year 135 (upper dashed arrow), not including recovering and reusing
the wood after the structure is demolished or considering the time the non-recovered wood
is stored in landfills before rotting.
The impact of wood recovery (a.k.a.: recycling, reprocessing, or reusing) from demol
ished wood structures on stored and displaced C (Objective II-3)
The use of recycled wood avoids the need for new wood, while also avoiding the
additional FF and CO2 emissions to produce more steel and concrete. Recycled wood
requires less processing using very little FF energy while providing a permanent displace
ment of FF emissions. Consequently, recycled wood provides a double benefit – increased
time that C is stored in products and increased substitution that avoids FF emissions. While
the amount of recycling is less certain, ignoring the impact significantly understates the
C stored in products and FF displaced.
Recycled products are not likely to replace wall or floor components evaluated above
directly. An average of low-rise residential or commercial-use wall and floor components
(Table 1, Components 2 & 4a) provide a better ‘Baseline’ to evaluate the impact of wood
recovery and reprocessing (Figure 5). Reprocessing is unlikely to take place at primary
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lumber or EWP-joist mills; therefore, reprocessing energy is less likely to come from
biofuels generated from lumber processing residuals and will require additional FF.
A Baseline Lo-Rise Wall & Floor average of wood wall studs & EWP floor joists
displacing steel studs & floor joists (Table 1, Component 8) with a 90-year end-of-life
with no recycling resulted in a Total Carbon trend of 3.1 t C ha−1 yr−1 (11.4 t CO2 ha−1 yr−1)
(5, Table 2), 35% greater than the wood stud walls and 18% below the EWP floors, not
including recycling or time stored in landfills (Figure 5).
Prior simulations with 40% end-of-life wood recovery resulted in a 36% increase in the
total C stored and displaced (Lippke & Puettmann, 2013). A 19% increase in total CO2
avoided compared to no recycling was calculated when recovered wood is burned for energy

Figure 4. Same measures as Figure 3, except a more fossil fuel-efficient wood product (engineered wood
product [EWP] floor joists) is compared to steel floor joists. Metric tons of carbon (C) & carbon dioxide
(CO2) (y-axis) per hectare (ha) stored and displaced over six 45- year rotations (x-axis) of sustainably
managed Pacific Northwest forest beginning at year 2000. Forests that are harvested for products transfer
stored C from the forest to long-lived products (LLPs), coproducts (CoPs), short-lived products (short
L Prod), biofuels, and forest slash. Total fuel (at bottom of bars) includes both biofuel (also at top of bars)
and fossil fuel used in logging and product manufacture. Displaced carbon is shown in biofuel (propor
tion of harvested wood used in wood production) and substitution which accounts for the avoided
emissions from the production of fossil intensive materials, in this case steel I-joists. Lower dotted line
represents long-term C stored in EWP Floor Joists with a 90-year product life-span and scaled to the forest
ha. Total C stored and displaced per ha by using EWP Floor joists VS steel joists, including avoided
emissions (net sustainable growth trendline; top dashed line) is compared to C stored per ha in a forest
with no harvest (middle dashed line). Slope of net sustainable growth trendline shows rates of C and CO2
removal from the atmosphere. End-of-life recycling is not included.
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Table 2. Hierarchy ranking of C stored by sustainable forest management and substitution that displaces
FF-intensive CO2 emissions for a range of products and uses. End of product life impacts are included as
well as a baseline case to evaluate the impact of recycling with time lags in the availability of recovered
wood.
Growth Trend
C & CO2 Reduction

End of 1st
Leverage
Life
Ratio
CO2
Displacement
Reduced
per
Net Carbon
by yr 135
Stored

for Rotations
tC
ha yr−1 tCO2 ha−1 yr−1 tCO2 ha−1
1 CO2 stored in lumber from sustained management, no end- 1.6
5.9
1110
of-life
2 CO2 in lumber wall stud + CO2 displacement from steel stud 2.3
8.4
1780
(90 yr life)
3 CO2 in dimension lumber floor joist + displacement from 2.3
8.4
1970
steel floor joist (90 yr life)
4 CO2 in EWP floor joist + displacement from steel floor joist 3.8
14
2570
(90 yr life)
5 Average (CO2 wall stud +EWP floor joist + displacement of 3.1
11
2250
steel stud & joist
Baseline Lo-Rise building Wall & Floor Components – 90 yr life
6 Baseline: + 50% wood recovery delayed 135 yrs before
3.1
11
2250
reprocessing (essentially no near term benefit)
7 Baseline: + 50% wood recovery in Yr 45 with 40% gain
4.4
16
2930
from reprocessing
8 CO2 in wood wall assembly + displacement from concrete 5.9
22
3630
block & gypsum (90 yr life)
−1

NA
1.1
1.4
2.8
1.6
1.6
1.6
3.3

to avoid using FF. A 75% increase is possible when recovered wood can be used directly in
a new structure instead of steel, but high-quality reusable demolition wood is currently rare.
A futuristic demolition wood recovery rate of 50%, with 80% of that reprocessed into
products amplified by periodic reprocessing, increases the total C stored and displaced by
41% (Figure 6). However, the recyclable wood is not available until the structure con
structed from a new ‘trillion trees’ planting program is demolished – 135 yrs after planting.
The loss of carbon in products at the end of first life is substantially reduced by the C stored
in recycled products, as well as the FF intensive products and their emissions avoided,
a double benefit.
The impact of 40% of the wood reprocessed after a 90-year product life-time for Lo-Rise
Wall & Floor Average (8, Table 1) increased the total C trendline to 4.4 t C ha−1 yr−1, a 41%
increase in C Stored and C Displaced (7, Table 2). The accumulated displacement over time
more than made up for the increase in energy use. By year 135, 686 t C ha−1 was stored,
2.7 times the No-Harvest alternative.
Alternatively, if wood were recovered from immediate silviculture thinnings to alleviate
overcrowded forests and reduce fires in the “dense structure” (Figure 7, discussed later) or
from other immediately available demolition wood, the reduction in atmospheric CO2
would occur sooner. Without the lag in recycled wood availability, the trend-increase in
total C stored and avoided across 6 rotations would increase by another 9%.
Best opportunities for atmospheric CO2 reduction from wood products based on the
range of efficiency of different wood construction components and uses in place of steel and
concrete (Objective II-4):
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Figure 5. Same measures as Figures 3 and 4, except a combination of wood wall studs and engineered
wood product (EWP) floor joists are compared to an analogous combination of steel wall studs and steel
floor joists in Figure 5. 3.1metric tons of carbon (C) and 11 tons acarbon dioxide (CO2) (y-axis) per hectare
(ha) are stored and displaced over six 45- year rotations (x-axis) of sustainably managed Pacific Northwest
forest beginning at year 2000. Forests that are harvested for products transfer stored C from the forest to
long-lived products (LLPs), coproducts (CoPs), short-lived products (short L Prod), biofuels, and forest
slash. Total fuel (at bottom of bars) includes both biofuel (also at top of bars) and fossil fuel used in
logging and product manufacture. Displaced carbon is shown in biofuel (proportion of harvested wood
used in wood production) and substitution which accounts for the avoided emissions from the produc
tion of fossil intensive materials, in this case steel wall studs and steel floor joists. Lower dotted line
represents long-term C stored in wood wall studs and EWP floor joists with a 90-year product life-span
and scaled to the forest ha. Total C stored and displaced per ha by using wood wall studs and EWP Floor
joists VS steel wall studs and steel floor joists, including avoided emissions (net sustainable growth
trendline; top dashed line) is compared to C stored per ha in a forest with no harvest (middle dashed line).
Slope of net sustainable growth trendline shows rates of C and CO2 removal from the atmosphere. End-of
-life recycling is not included.

Table 2 ranks the components and assemblies relative to their amount of atmospheric
CO2 reduction. The lowest impact (1, Table 2) simply demonstrates that the production of
C stored in wood products increases 1.6 t C ha−1 yr−1 from sustained management, not
including end-of-life or substitution. Extending the evaluation to include end-of-productlife and the displacement of steel studs by wood studs results in a positive reduction in
atmospheric C of 2.3 t C ha−1 yr−1 (2, Table 2) with a leverage ratio of C displaced to
C stored of 1:1. In all other cases the ratio of displacement to storage is greater than 1:1.
An average baseline of floors and walls (Component 5) was used to evaluate the impact of
recycling (Figures 5 & 6). The averaging (5, Table 2) reduced C displacement as well as the
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Figure 6. Similar measures and same wood versus steel wall studs and floor joist assembly comparisons
as in Figure 5, but Figure 6 also compares partial (50%) wood recycling with no recycling at end of
building life. Metric tons of carbon (C) & carbon dioxide (CO2) (y-axis) per hectare (ha) stored and
displaced over six 45- year rotations (x-axis) of sustainably managed Pacific Northwest forest beginning
at year 2000. Forests that are harvested for products transfer stored C from the forest to long-lived
products (LLPs), coproducts (CoPs), short-lived products (short L Prod), biofuels, and forest slash. C in
recycled wood both is stored in the products (LLPs & CoPs) and avoids fossil fuel-intensive steel and
concrete (substitution). Total fuel (at bottom of bars) includes both biofuel (also at top of bars) and fossil
fuel used in logging and product manufacture. Displaced carbon is shown in biofuel (proportion of
harvested wood used in wood production) and substitution which accounts for avoided emissions from
the production of fossil intensive materials, in this case steel wall studs and steel floor joists. Top dashed
line represents trendline of total carbon stored and displaced per ha in wood wall & wood floor
assemblies, including avoided emissions and a 0% end-of-life recycling scenario. Middle solid line
represents trendline of total carbon stored and displaced per ha in the same wall & floor assemblies
without recycling. Bottom dashed line represents total carbon stored per ha in a forest with no harvest .

CO2 reduction trend compared to floor joists (4, Table 2). A 40% increase in reprocessed
materials improved the total C trend (6, Table 2) to 4.4 t C ha−1 yr−1 (Figure 6). As
mentioned earlier, recyclable material is not received until after 45 yrs of growth and
another 90 yrs before the structure is demolished at its end-of-life. If the same amount of
wood were recovered in 45 yrs such as from sustainable silvicultural thinnings (7, Table 2),
the trend in increasing C stores plus avoided FF emissions would be about 10% higher.
The range of C both stored in wood and displaced by avoiding FF-intensive products
ranged from 8.4 t CO2 ha−1 yr−1 for wood wall studs substituting for steel studs to 21.7 t CO2
ha−1 yr−1 for wood walls substituting for concrete block and gypsum walls (8, Table 2) –
with the highest (wood walls replacing concrete blocks) being 2.6 times as effective as wood
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Figure 7. Forests change structures with growth (broad arrows) and disturbances (narrow arrows), both
natural and human. Each structure provides habitat for some species of animals and plants but not
others. A mixture of structures can ensure all species (biodiversity) needs are provided. Structural
diversity also reduces forest susceptibility to wildfires and insect outbreaks, as well as enhancing water
flow. Increasing the forest base in the world will make it easier to provide the desired mix of structures for
all types of habitats (dense, open, understory, complex, or savanna) and other values (adapted from
Oliver & Oliver, 2018 with permission from Cambridge University Press).

studs replacing steel studs. Concrete block construction in earthquake-prone areas such as
Western WA, USA, must meet higher strength requirements to meet seismic codes that are
not required in many regions.
Both efficiency in using wood fiber and in displacing FF-intensive products are impor
tant. Of the two, displacing FF emission-intensive products provides a high leverage that
accumulates with each new structure’s life to reduce the one-way flow of FF-C from deep in
the earth. The two-way flow of C taken out of the atmosphere by growing trees is eventually
returned to the atmosphere, but can remain stored for much longer than a forest rotation if
the structures remain useful or the wood is recycled and re-used for several life cycles as part
of the circular economy.
While the life cycle data taken from primary surveys is very reliable, the data on the
duration of product life is more variable, especially in regions with shorter tree-growing
cycles. Since all wood product C ultimately return to the atmosphere, the impact is more
about the timing of when the C is stored rather than the amount. Reducing the life cycle
from 90- to 45 yrs reduced the C Stored and Displaced by 11% compared to a 50% reduction
in the product life. A possibly more uncertain assumption is whether the wood that is not
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used for structural uses may substitute for less FF-intensive products. Maintaining the
relatively short life and allocating 1/3rd of the wood to lower displacement uses such as
dimension lumber with a 25% lower displacement than lo-rise buildings results in an
additional 10% decrease in C Stored and Displaced. The most important leverage factor is
to displace the most FF-intensive functionally equivalent products.
If the goal is to reduce FF energy in wood production rather than total C Stored and
Displaced, wood wall studs produce 18 kg CO2/m2 of total energy per m2 of wall (Table 1),
but only 7% is from FF with the rest provided by biofuels, which could potentially provide
all of the energy. By comparison, EWP floor joists are more energy intensive using, 18% FF/
m2 of floor. However over 6 rotations the comparison was 5.6% for wood studs compared to
7% for EWP joists since EWP joists use only about 60% as much wood as solid wood joists.
Increased availability of biofuels could reduce the FF energy used substantially in some
situations but not where biofuel access is limited. Biofuel availability plays an important role
suggesting that any increased cost for FF-intensive emissions would increase the collection
of wood wastes for biofuel (Lippke et al., 2011b; Oneil et al., 2019). Currently, a significant
amount of wood waste cannot compete as an energy source with the low cost of FF,
especially natural gas.
Current and potential CO2 reductions from regional wood management compared with
regional CO2 emissions (Objective III):
When managed commercially and sustainably as exemplified by timber industry man
agement, WA state Timberlands remove about 11 t CO2 ha−1 yr−1 (3.0 t C ha−1 yr−1) if
crudely adjusted to forest area owned excluding unproductive areas such as roads. Adding
an additional 40% from reprocessing demolition wood at the end of a structure’s life would
remove 15.4 t CO2 ha−1 yr−1 from the atmosphere (4.2 t C ha−1 yr−1). Most timber harvest is
coming from the forest industry’s 611,000 ha (39%) of WA’s productive forests, indicating
that the Forest Industry’s Timberland is absorbing atmospheric CO2 at the rate of
23.3 million t CO2 yr−1, very similar to the calculated CO2 from the Timber Harvest
Report on Private land in 2015 (DNR, 2015) of 22 million t CO2 yr−1.
These numbers indicate that the atmospheric CO2 absorbed or avoided by timber grown
and harvested in WA state currently offsets about 20% to 25% of the 100 million t CO2 yr−1
emitted in WA state by all human activities (Department of Ecology, 2018). If other private
forest owners managed at the same high intensity as forest industry and public forests were
managed at half of this intensity, the forest sector alone could reduce 48 million t CO2 yr−1,
offsetting about half of the CO2 emitted annually from WA state (Department of Ecology,
2018).

Discussion
Growing and using wood for sustainable products is a well-established renewable ‘Carbon
Negative Technology’ for removing atmospheric CO2. The vast majority of atmospheric
CO2 increase was caused by burning FF (Fig. 9.8 in Oliver & Oliver, 2018). Using wood
instead of FF-intensive products for construction could reduce global FF consumption by
19%, and accompanying scrap wood residues used for biofuel could reduce FF consumption
another 7% (Table 25.2 in Oliver & Oliver, 2018).
Wood construction can be especially important if much of the expected housing surge of
the next several decades is built with wood (Oliver & Oliver, 2018; Seto et al., 2012). Much of
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the wood volume to serve growing populations and economies comes from managed forest
plantations, which make up only 7% of the world’s Timberlands but provide 41% of the
global timber harvest (Payn et al., 2015). More intensive forest management with increasing
yields makes it possible to grow this substantial wood supply on a smaller area (Fox et al.,
2004; Talbert & Marshall, 2005).
Planting new trees increases opportunities to reduce atmospheric CO2 by the growth of
C in new forests and by using more wood products. CO2 sequestered in unharvested trees
reaches a limit as trees mature (Figure 1), and hence provides only a one-time increase in
C storage, not a sustainable increase.
Sustainably harvesting for wood products transfers much of the forest C into products
that also displace FF-intensive alternatives. Several opportunities for forest products to
increase their reduction of atmospheric CO2 are:
Plant more trees and increase the efficiency of growing timber.
Increase the life span of structures constructed from wood.
● Recycle wood when wood structures are demolished.
● Use wood products with the greatest CO2 reduction efficiency, such as EWP joists
instead of solid wood (Dimension) joists.
● Adopt policies that stop favoring FF-intensive products, letting the market efficiently
allocate C resources.
●
●

This paper has analyzed nine specific objectives demonstrated by measurable results that,
when combined, provide substantial opportunities to reduce C emissions.
(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)

Growing but not harvesting trees provides only a one-time C impact.
Sustainably managed forests accumulate C in products with each rotation.
End of product life C released without recycling offsets C from new growth.
Shorter or longer lives impacts the timing but not the reality that tree C ultimately
returns to the atmosphere.
Product C substitutes for FF intensive products avoiding FF emissions.
Every product alternative and product use has different impacts on C and FF with
some providing much higher leverage to store more C in products and use less FF.
Each building demolition at end of life requires replacing the FF used since it cannot
be taken back out of the atmosphere to reuse, unlike growing trees.
Recycling substantially increases C stores as well as avoiding FF emissions.
The opportunities are many to plant more trees, grow more wood, increase needed
habitat and do it all more efficiently. . .

As an example, a rapidly growing new wood product, cross-laminated timber (CLT), is
best suited for multi-story buildings (8–12 stories) to replace large amounts of steel and
concrete. Prefabricated CLT assemblies have the opportunity both to increase product
service life and to provide efficient recycling, thereby extending product life further. This
wood product requires a lot of wood, but the environmental advantage of high rises –
especially made from wood such as CLT–include the smaller environmental footprint of
building “up” instead of “out.” There are saving of roads, commuting distances, impervious
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surfaces, and other benefits. Further analyses of the tradeoffs of CLT use is beyond the scope
of this paper; however, increases in use of CLT will need more wood from new trees.
The organization Aligning Biodiversity Measures for Business (ABMB, 2016) and
associated organizations are helping systematize the role of businesses in biodiversity
sustainability (UNEP-WCMC, 2019; Capitals Coalition and Cambridge Conservation
Initiative, 2020; Global Commons Alliance, 2020); and forest management has a strong
role to play in sustaining biodiversity. Managing for forest values such as biodiversity is
best done by first ensuring sufficient amounts of all stand structures since different species
use different structures (Figure 7) as habitats. This management is known as “coarse filter
biodiversity conservation” (Hunter, 1991; Oliver & Oliver, 2018; The Nature
Conservancy, 1982). A diversity of stand structures also increases the forest’s sustained
water flow and reduces wildfire susceptibility (Oliver & Oliver, 2018). Planting more trees
on more land provides more forests and so more opportunities for better site-specific
management for more of these values, while serving the growth needs for new housing
and more business activity (Lippke et al., 2013). Neither overharvesting nor not harvest
ing automatically provides all types of habitats, and neither provides incentives to avoid
conversion of private forest land to other uses. Harvesting to produce wood product
C stores and displace FF-intensive products surpasses the maximum C that can bees
stored in the forest in just over 90 yrs in the northwestern U.S.A. However, not all forest
stands are best suited for maximum sustained wood product growth; some areas and
structures can be better managed for habitat. Overly dense stands can also be thinned to
reduce fire risk and provide better wildlife habitat.
Producing forest structures while also managing for other values has been successful in
supporting habitat, but must be regionally specific (Carey et al., 1999; Lippke et al., 2007).
Planting more trees makes it easier to manage for multiple values. More areas planted to
trees can reduce CO2, produce needed stand structures for habitat (Figure 7), and provide
other values as well.
There are roughly 3.04 trillion trees in the world over 10 cm DBH (at 1.3 m height;
Crowther et al., 2015), down 46% since human civilizations expanded. At the same time,
the forests and shrublands have shrunk 26% to a current 5.31 billion ha (“closed
forests,” “forest plantations,” “open forests,” “shrub/tree,” and “fallow forests”) because
of human land uses – primarily urban and other built environments and agriculture
(Oliver & Oliver, 2018). Many forests are “degraded” by having large landscapes of too
few or too many trees because of past inappropriate management – including inap
propriate harvesting, grazing, burning, and fire suppression (Oliver & Oliver, 2018).
Consequently, degraded forests are poorly suited for biodiversity habitats and/or timber
harvest. If forests become crowded with too many trees (especially the “dense” structure
of Figure 7), they reduce the amount of “open,” “savanna,” and “complex” habitats and
increase the fire danger for two reasons: overcrowded forests in the “dense” structure
are especially susceptible to physiological weakening resulting in insect attacks, death,
dry fuels, and then fires; closed (dense, understory, and complex) forests without
interspersed openings and savannas create a continuity of fuels that allow fires to spread
rapidly over large areas (Hessburg, 2017; Hessburg et al., 2016; Oliver et al., 1997).
Wildfires are an increasing concern because of both climate changes and overcrowded
forests where frequent, low-intensity natural fires were prevented and thinning was not
done.
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Managing for maximum C alone means forests are accelerated through the open
structure and harvested at maximum growth rates in the “dense” or early “understory”
structures, providing for many species but few “open,” “complex” or “savanna” structures,
which are needed habitats for some species. With more forests in the world, providing all
desired structures for all species will be practical (Oliver & Oliver, 2018; Whole Forest,
2020).
Simply planting more trees will not provide all the values society wants from forests;
however, planting more trees can be a key part of a program of managing the forest
landscape to:
●
●
●
●
●

harvest more timber sustainably to reduce atmospheric CO2 through wood construc
tion as described in this paper;
enable more and larger reserves to be set aside, especially that contain “complex,”
“open,” and “savanna” structures;
manage forest structures by thinning designed to mimic the structures needed for
habitats in short supply (Lippke et al., 2013);
prolong the “open” and “understory” structures; and,
provide a diversity of structures across the landscape for fire protection and other
values (Figure 7).

Planting more forests will in many cases displace excess areas of poorly managed
brushlands of limited timber or biodiversity value but with high risk for wildfires. Mature
trees retain C but do not contribute to the continued, sustainable reduction of atmospheric
C unless they are harvested, transferring tree C into wood products that both store C and
displace FF-intensive products. Increasing such impacts as a part of an extended tree
growing program over the managed forest land base would have significant positive climate
mitigation benefits. Many forests are capable of sustaining more trees. Wood product
producers are capable of producing more wood products, emphasizing products that reduce
FF emissions the most. With more trees growing, more forest areas can be set aside or
thinned to provide needed habitats, recreation, and similar special uses. Planting and using
trees is a genuine C negative technology. The potential for many better uses of wood and
converting more areas to sustainable forest management remains an open opportunity.
The USA Environmental Protection Agency (EPA) has recognized a social cost from FF
emissions (EPA, 2018) that can readily be incorporated into environmental policy to reduce
FF emissions. Substantial subsidies for FF are inherently reflected in a lower cost for FF than
other energy sources (Skovgaard & Van Asselt, 2019), discouraging the advancement of
Carbon Negative Technologies. These subsidies are counterproductive to the objective of
reducing CO2 emissions and the development of better Carbon Negative Technologies.
There are many opportunities to reduce CO2 emissions by displacing FF-intensive
products or by adding to product C storage. The USA market could provide appropriate
motivation for these opportunities. In Europe, gasoline is taxed at a much higher rate than
in the USA, raising both the cost of gasoline in Europe and the motivation to produce and
use alternatives to FF and FF-intensive products. Consequently, USA wood-pellets are
shipped to Europe rather than being used in the USA in spite of much greater efficiency
to reduce CO2 in the USA. The increased cost of gasoline in Europe motivates using wood
as a transportation energy source, which is the lowest valued use of wood with a CO2
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reduction benefit of approximately 0.35 of the C in wood fiber (Lippke et al., 2011b, 2019)–
only about 1/6th of the benefit of using wood for building products.
A higher cost of FF CO2 emissions via an emission fee or a total C storage credit would
encourage more wood use proportional to the value of the reduction in CO2. Current
subsidies favor the least efficient products such as cellulosic ethanol rather than wooden
building products that displace FF-intensive products. Carbon trades and subsidies that
reduce harvesting actually increase rather than decrease C emissions. The requirement to
make liquid transportation fuels out of wood fiber is subsidized, although it appears to be
the least effective use of wood. Wood used for heat energy in processing facilities is more
efficient than producing ethanol and hence is a more effective offset for natural gas or other
FF used for transportation (Lippke et al., 2019).
Recycling and efficient material use will become more important as technologies and
policies respond to future needs. A tax on C emissions would motivate better use of wood
products including more recycling, as would policy or economic approaches that adopt
circular economy principles that value using all wastes (Oneil, 2020). The combination of
any of these opportunities for improvement would lead to higher future reductions in CO2
from technology changes, including increasing wood recovery and reprocessing. They
would also increase the demand for more trees.
An overall scenario for making planting trees into a Renewable CO2-Reducing
Technology while providing other forest values will entail forest management to promote
all habitats while judiciously harvesting to provide wood construction products and other
values. The process could occur as follows:
●
●

●
●

●

●

Reforestation would ensure seedlings become fast-growing young trees, transferring
the CO2 from the atmosphere to a growing storage pool of C in forest trees.
Most forest stands would be harvested at their maximum growth rate, while ensuring
that harvested volume for the forest landscape is not greater than the net volume
growth. The result will be a stable pool of C in the managed forest and another
accumulating C pool in wood construction and similar products.
The harvested trees would keep CO2 out of the atmosphere as long as the C is stored in
wooden building materials–potentially for centuries.
The wood products would substitute for and displace the need for FF-intensive
products such as steel, concrete, brick, and plastics, avoiding the CO2 emitted to the
atmosphere from using FF to make non-wood products.
Mill and forest residuals and scrap-wood would be burned for energy as biofuels to
displace FF used in wood product manufacture or to offset other uses of FF, reducing
their CO2 emissions.
When the wooden structures are finally demolished or discarded at the end of their
first useful life, decades or centuries later, the wood can be collected and reused
directly, reprocessed into new products such as composite panels that continue storing
the C in these products, burned to capture their energy value, or disposed in land-fills
that store the C for decades before decomposing as a portion of the energy-value is
recaptured over time, such as in methane emissions. At a minimum, the gases
emanating from the landfill could be flared to avoid methane atmospheric emissions,
which are more harmful for global warming than atmospheric CO2.
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As expertise with many different species of wood increases with greater wood use,
native forests would be managed more sustainably (Francisco et al., 2020; Whole
Forest, 2020)–instead of replacing them with a few exotic tree species of already
known wood properties.

The life cycle inventory data derived from primary surveys of many producing mills
collected over the last 20 yrs has filled a critical need (Oneil et al., 2017). Science is now
identifying what is possible and how it could be used to reach public policy goals on climate
mitigation integrated with strong support for other forest values. Effective implementation
requires more research and education focusing on regional implementation. Current sub
sidies for FF promote more FF CO2 emissions but discourage using wood products and
other energy sources that decrease CO2 emissions. Subsidies for planting more trees would
decrease CO2 emissions; however, subsidies for not harvesting when forest growth rates
slow down increases the use of fossil fuels instead of C negative wood products and fuels.
Subsidies for the least efficient use of wood to reduce FF emissions, such as producing
ethanol, divert feedstock from better uses–especially composite wood products that both
store C in the product and displace FF-intensive products (Lippke et al., 2019). Prices under
current policies do not reflect the cost of FF or the benefit from Carbon Negative
Technologies. Effective implementation will also require more research and education at
the regional level to gain the benefits of regional differences. Better policies can support and
implement better forest management, manufacturing, and product design practices specific
to regional conditions.
The analyses in this paper do not attempt to measure the direct harm from increasing
CO2 in the atmosphere such as the increased carbon being absorbed by the oceans
contributing to acidification, changing ocean temperatures, or melting glaciers and rising
sea waters. But efforts to reduce those risks must be able to measure reliably the impact of
each process that contributes to CO2 emissions to the atmosphere. Growing more trees is
a first step toward transferring CO2 from the atmosphere to carbon in trees, that can then be
followed by using the C in wood to displace FF-intensive products and fuels, a Carbon
Negative Technology. The focus of this effort is on reliably measuring the impact that
sustainable management from forest regeneration to harvesting, wood production, biofuel
use, and transportation has on CO2 in order to measure a comparable estimate of the
avoidance of FF emissions by displacing functionally equivalent FF-intensive products.

Conclusions
The vast majority of atmospheric CO2 increase is caused by burning FF (Fig. 9.8 in Oliver &
Oliver, 2018). Using wood instead of FF-intensive products for construction could reduce
global FF consumption by 19%, and accompanying scrap wood residues used for biofuel
could reduce FF consumption another 7% (Table 25.2 in Oliver & Oliver, 2018).
Growing more trees can be beneficial, not only in reducing atmospheric CO2 but also in
getting ahead of growing construction demands that are responding to demographic trends
and growing economies (Figure 8). More trees will also enable more and varied forests to be
set aside or managed for biodiversity. In the near term, the fastest-growing opportunity is to
displace the steel and concrete with products such as CLT in medium high-rise buildings.
This displacement would avoid the CO2 emissions generated when making steel and
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Figure 8. Overlapping cycles of forest growth and wood product use. Forests exist and change among
many structures (a, dense structure figure 7). Without disturbances, some grow to the complex structure
(b); but others grow overly crowded (c) and susceptible to fires, insects, and tree death. This tree death
counteracts growth of other trees and so limits the amount of CO2 that most old forests can remove from
the atmosphere (Figure 1). Sustainably harvesting forests (d) that will become overcrowded through
a variety of thinning, retention, selection, and clearcutting techniques can: i. maintain all structures for
habitats and reduced fire susceptibility; ii. reduce more atmospheric CO2 through the use of wood
products; and iii. regenerate (e) and grow (f) a new forest to remove more atmospheric CO2. Harvested
logs (g) are converted to building materials (h) which have been used typically in single-family housing (i)
but are increasingly also being used innovatively to substitute for steel and concrete in midrise (j & k) and
high-rise buildings and bridges. Wood building materials prevent atmospheric CO2 buildup in two ways:
i. they store carbon in the wood itself, preventing it from rotting and sending CO2 to the atmosphere;
and, ii. they reduce the need for steel and concrete in buildings and so the CO2 emissions from burning
fossil fuel to produce the steel and concrete. The combination of growing forests continuously, harvest
ing forests sustainably, and using the harvested wood to build structures can reduce CO2 emissions in the
world by as much as 25% (Oliver & Oliver, 2018). Figure sources: a, b, c, j, k: C. Oliver (author of current
paper); d, i: M. Puettmann (author of current paper); e, f, g, h: E. Oneil (author of current paper; used with
permission from Coburg Tree Farm).

concrete. Over the longer-term, opportunities to reuse CLT with minimal reprocessing will
increase, given CLT’s durable structure and use in prefabricated assemblies. This reuse will
allow a seamless transition to the circular economy, using all resources more effectively.
Interestingly, the life span of a wood product does not have a major impact on total C. All
wood products and biofuels come from the atmosphere but at their end-of-life return to the
atmosphere, a two-way flow that by itself does not accumulate. Shorter lives affect the
timing of when stored wood products reduce CO2 in the atmosphere, but ultimately the
two-way flow returns the C stored in wood to the atmosphere. When wood displaces FF,
however, there is a permanent reduction in FF that accumulates with each wood product
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rotation. Using wood that displaces the most FF gives the greatest efficiency of reducing
atmospheric CO2 per unit of wood used.
With the substantial benefit sustainable forest management has on C storage in products
and displacement of FF-intensive product emissions, the idea of planting ‘a trillion trees’
deserves very serious consideration. Growing trees sustainably is the critical first step; and
using wood to displace FF-intensive products is the critical second step. Together these
provide a system that serves as one of society’s best Carbon Negative Technologies.
Combining more intensive forest management and sustainable production of wood pro
ducts with policies that increase the cost of FF-CO2 emissions would increase the demand
for wood products in proportion to their ability to store more C and displace more FFintensive substitutes. For example, natural gas producers would realize that supporting the
growth of a Carbon Negative Technology, such as using more wood from sustainably
managed forests, provides an opportunity to offset their emissions because natural gas
produces less CO2 than other FF; and some form of FF – natural gas or its substitutes – will
be needed for specific uses in the long term.
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