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The built environment is hard to decarbonize but has a pivotal role in climate-change mitigation amid rapid
urbanization. Substituting conventional building materials with bio-based materials that store carbon offers
one possible solution. Here, we reflect on the capacity of global forests to deliver the floor area required by

mid-century.

Buildings and construction account for
~40% of global final energy use and en-
ergy- and process-related emissions.’
The efficiency of buildings while in opera-
tion has received great attention over the
past four decades. Meanwhile, the
embodied greenhouse gas emissions
linked to material manufacture, transpor-
tation and construction, and end-of-life
disposal only recently received global
attention. These emissions are of great
concern because (1) construction is a
hard-to-decarbonize sector’ and (2)
global urbanization and population
growth will add 230 billion m? of new
buildings by 2060, the majority of which
will be in the Global South.” A continued
use of conventional building materials
poses significant carbon-lock-in chal-
lenges because emissions linked to the
manufacture of steel and cement are
incurred now on carbon-intensive energy
sources and then locked into buildings
and their assemblies for their whole de-
cades-long lifespan.

One of the most effective strategies for
mitigating embodied emissions is through
interventions at the material level.® These
interventions can be clustered into mate-
rial efficiency (using less of the same ma-
terial) and material substitution (using
alternative materials with lower embodied
emissions). When conventional materials
are substituted, a further opportunity ex-
ists if the choice falls on so-called bio-
based materials that can store carbon.
The transition to zero-carbon cities re-
quires the use of carbon-storing materials
because of both their storage potential
and their reduced life-cycle emissions. A
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recent study estimated” that, with aggres-
sive adoption of bio-based structural
materials, the cumulative total carbon
storage in primary building structures be-
tween 2020 and 2050 could range from
approximately 7 to 60 Gt CO, depending
on the floor area per capita. However,
this is a theoretical limit that raises prac-
tical questions of feasibility and sustain-
ability based on the timber potential
offered by global forests and other car-
bon-storing materials.

Which Materials Can Store Carbon?
Carbon storage in construction materials
can be classified into two categories
based upon their carbon-uptake mecha-
nism. Bio-based materials (e.g., timber
and bamboo) convert CO, into biomass
through photosynthesis during the growth
of the plant before being processed and
used as materials. Cementitious materials
(e.g., concrete and mortar) instead absorb
carbon through the carbonation of hydra-
tion products. A portion of the globally
significant carbon emissions released
during manufacturing (from the calcina-
tion of limestone) are reabsorbed as the
concrete ages. This carbon-uptake pro-
cess is slow and depends upon a variety
of factors, such as the surface area
exposed and the diffusion rate of CO,
through the material. Although cementi-
tious materials are ubiquitous in construc-
tion, the amount of carbon absorbed is a
fraction of the carbon emissions required
for manufacturing the concrete; thus,
they are net carbon emitters.
Carbon-storing materials are most
commonly used in building structures, en-
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velopes (e.g., facades), and insulation. Tim-
ber has been used for centuries as a struc-
tural material and has become more
prominent as a low-carbon solution for
mid- and high-rise buildings as global ur-
banization drives buildings to be taller.
Bamboo is a fast-growing bio-based struc-
tural material that can be grown around the
world and has the potential both to meet
the increasing demands of the Global
South’s building stock and to store carbon.
In building envelopes, insulation materials
such as blown cellulose, cork, and hemp-
crete reduce the energy needed to heat
and cool a building while also providing
carbon storage. Figure 1 compares the
“cradle-to-gate,” or manufacturing, emis-
sions against the carbon uptake of various
carbon-storing materials on a per-mass
basis (kg CO»e per kg material). This figure
should not be used for making compari-
sons between materials because there is
no functional equivalence between each
material’s usage.

The comparison between carbon up-
take in a bio-based product and carbon
emissions is not always one to one. The
timing of emissions, harvest cycles, man-
agement practices, and end-of-life sce-
narios has an impact on the amount of
carbon that is eventually stored in both
the ecosystem and the bio-based product
that is removed from it. As a result, we
must take a more nuanced approach,
such as using dynamic life-cycle inven-
tories, when considering how to treat the
uptake of carbon in the environmental ac-
counting of buildings.

Of all bio-based materials, timber is the
one that has received the most global
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Figure 1. Net Carbon-Storage Potential of Building Materials
The carbon-storage potential (negative values) compared with the cradle-to-gate emissions (positive
values) associated with manufacturing the material per kilogram of material.”

attention for its increasing potential to
compete with steel and reinforced con-
crete in building structures.* We explore
the global potential for timber buildings
and related sustainability challenges and
questions in the next sections.

Timber Buildings: Panacea or
Threat to Ecosystems?
Three broad strategies can be used to
meet the growing demand for timber in
buildings while attempting to meet
climate-change mitigation and sustain-
able development objectives. First, we
can plant new areas of forestry, managed
to maximize productivity. Such projects
can only help us to meet demand for con-
struction products in the long run (when
trees are ready for harvest, usually well
beyond 2050), by which time the benefits
of substituting materials in a decarbon-
ized economy will be lower anyway.
Second, we can extract more timber
from existing forests and reforest as we
go. This can be a reasonable option in
some contexts, but it is risky in terms of
the damage that might be done to eco-
systems, from soil and groundwater to
the forest canopy. Also, in and around re-
gions prone to deforestation, increased
extraction should of course be avoided
because the rate of extraction already ex-
ceeds the growth rate. The scope for
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increased carbon storage in buildings
referred to above” should be understood
in the context of declining carbon storage
in the forest. Even at current rates of con-
sumption, carbon stored in the world’s
forests has reduced by 0.73 GtCO, per
year since 1990,° a number that might in-
crease if demand increases.

Third, we can use timber more wisely by
diverting it from uses that offer little
climate benefit to uses that capitalize on
the advantages that timber products
have over their counterparts. This would
involve mobilizing the construction indus-
try, globally, to understand and to act on
how to use its share of the world’s timber
resources most effectively. Industry and
governments can work together by elimi-
nating incentives to burn wood while
developing markets for products that
can make good use of lower grades of
timber and by-products: wood-fiber insu-
lation is a case in point. With every year
that passes, the carbon intensity of en-
ergy displaced by biomass combustion

is reduced, and any argument for
continuing to support its use is
diminished.

One general approach to promoting the
sustainability of forests in response to
increased timber demand is to ensure
that extraction in each region is exceeded
by growth, and it has been suggested that

One Earth

annual removals should not exceed 70%
of the annual growth increment.” But
regional differences in forest area
(Figure 2A) and timber demand imply
varying capacity to meet increased de-
mand sustainably. Even though more
than a quarter of the world’s forest area
is valued primarily for production, only
3% is intensively managed plantation for-
est. Intensively managed plantation
forestry, in suitable contexts, can easily
generate sufficient timber to produce 4
m>ha~year~! (~2 t ha 'year™") of sawn-
wood. However, if we aggregate across
wider areas, we see much lower yields:
the corresponding figure is around
0.35 t ha 'year ' for the EU and
0.06 t ha'year' for global forests.
Many factors contribute to these regional
differences. For instance, according to
the 2020 Global Forest Resources
Assessment of the UN Food and Agricul-
ture Organization (FAO),° more than a
quarter of global forest area is still primary
forest, untouched by commercial activ-
ities. Additional areas are protected for
other purposes.

Can Timber Supply Match Demand
Sustainably?

This potential increase in demand for tim-
ber for building materials threatens to
intensify deforestation and illegal log-
ging,'"'? which must be eradicated.
Some studies suggest that global forest
area is actually increasing,’® whereas
others report an increase in harvested for-
est area of 49% and an increase in
biomass loss of 69% between 2011-
2015 and 2016-2018."* The World
Bank® reports close to 40 million km? of
global forests (2016 data), whose break-
down at the country level as a percentage
of land area in each country is shown in
Figure 2A. Studies on global urbanization®
have investigated where the hotspots of
population growth and urbanization are
likely to be; related estimates of the de-
mand for new floor area by 2050 are
shown in Figure 2B. Combining these fig-
ures with recent estimates'® of material
intensity for timber-based construction,
we develop simplified supply-demand es-
timates through mid-century.

According to these estimates, global
demand in 2020-2050 would exceed
supply by ~3,900 Mt with current figures
for forest area, and total timber supply
represents only ~36% of what would be
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Figure 2. Simplified Supply-Demand Model for Timber-Based Floor Area Globally by 2050
(A) Global overview of 2016 forest area as a percentage of land area according to data from the World Bank® (n = 264 countries).
(B) New floor area required for 199 countries in the world® between 2020 and 2050.

(legend continued on next page)
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required for building all projected new
floor area out of timber. This is signifi-
cantly different from recent work” that
estimated the possibility of a timber-
only world delivered within the current
forest capacity. However, our estimates
are all based on national-level supply-de-
mand balances and do not directly
consider global timber trade. Our simpli-
fied national-level estimates of supply-
demand balance are a preliminary effort
to demonstrate the need for more robust
supply-side  scenario analyses to
address concerns about trans-national
deforestation pressures, embodied emis-
sions, and related ecosystem impacts
that could result from increased timber
demand.

The analysis shown in Figure 2C is in-
tended as a simplified preliminary esti-
mate, and as such it assumes no increase
in each country’s forest area between
now and 2050. We assume that the area
cleared annually for construction timber
is sustainably managed and replanted
with similar species that will come to
fruition in future decades. This is a simpli-
fied global model with limitations. From
Figures 2B and 2GC, it is evident that there
are countries with limited demand for new
floor area and an apparently abundant
supply potential for construction timber.
Globally, though, the supply-demand bal-
ance is unfavorable such that more tim-
ber is needed than actual forests can pro-
duce. Much future construction will be in
areas that have the kind of timber that we
should preserve, and as such ensuring
viable routes for timber construction is
paramount to succeeding in its intended
use as a sustainability catalyst for the
built environment. Several countries in
blue have problems with the sustainability
of their timber supply. Deforestation is-
sues in the Amazon basin and in Siberia,
for instance, are well known. Even Scan-
dinavian countries have been harvesting
timber faster than it grows in recent years
because demand has increased: even if
deforestation per se might not be the
issue here, this raises the question about
“net carbon sink or displaced carbon
storage” that we address in the following
section.

Net Carbon Sink or Displaced
Carbon Storage?

Growing and felling trees, clearing up the
land, sawing, milling, drying, transporting,
and constructing all require energy and
incur emissions. Far into the future, the car-
bon stored in timber will, however, return to
the environment. One might ask, is it still
worth it? The answer is, as usual, it de-
pends. Competition for land is high across
sectors of the global economy—there is
rising demand for pulp and paper and
from agriculture—and it is a fine balance
to meetimmediate needs while guarantee-
ing Earth’s capacity to regenerate re-
sources and provide goods and services
inthe future.'® If trees are felled and not re-
placed, then timber-based construction is
simply an inefficient form of displacing car-
bon from forests in one region to cities in
another region with the certainty that a
mature living tree will continue, no matter
how slowly, to sequester carbon, whereas
a timber beam surely will not. Combined
with well-designed timber supply-side pol-
icies, a rigorous approach to sustainably
managing forest resources could actually
increase the global amount of stored car-
bon by maintaining (or, better vyet,
increasing) carbon sequestered by forests
while increasing carbon stored in buildings.
Our simplified global model challenges tim-
ber as a “one-size-fits-all” solution.* For
most countries in the world, a timber-only
solution is neither possible nor desirable.
Faster-growing bio-based materials (e.g.,
bamboo and grasses) that have greater
yields can be explored as alternatives that
might be able to partially satisfy the de-
mand for bio-based building materials.
This requires an interdisciplinary approach
to understanding how to supply and build
the floor area that the world needs in the
next three decades in such a way that max-
imizes the carbon-storage potential and
minimizes the tradeoffs for the sustainable
management of global forest ecosystems.

EXPERIMENTAL PROCEDURES

Resource Availability

Lead Contact

Further information and requests for resources
should be directed to the corresponding author,
Francesco Pomponi (f.pomponi@napier.ac.uk).
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Materials Availability

This commentary did not generate new unique
materials.

Data and Code Availability

See Mendeley Data: https://www.doi.org/10.
17632/rtfmgzp357.1.

Simplified Supply-Demand Analysis

This commentary presents a supply-demand anal-
ysis based on a model that combines published
and publicly available data to produce a simplified
verification of the feasibility limits of timber build-
ings. For timber supply, we use data on forest
area from the World Bank,® data on forest stocks,
increment, and felling from the European Environ-
ment Agency,” and sawnwood yields from the
FAOSTAT database of the FAO.'®"”

The World Bank provides forest data at the
country level for 264 countries.® Data are available
both as a percentage of forest area over total land
area in a country and as square kilometers of forest
area in each country. The former is shown in
Figure 2A; for the latter, we transform the value to
hectares (ha) and label it f,;, where i=1...247 is
an index that represents each country in turn.

As discussed in the main text, the European
Environment Agency’ recommends that commer-
cial forests be around 30% of a country’s total
forest area to ensure sustainable growth and man-
agement. In our simplified analysis, we utilize an
average global figure for the yield of sawnwood
from forest area. This datum comes from the
FAO.'®"" Specifically, within data for “Forestry
Production and Trade,” we select “World Total”
from “Regions,” select “Production Quantity”
from “Elements,” select “Sawnwood Total” from
“ltems Aggregated,” and select “2018” from
“Years”; this shows a total value of 492,543,333
m® (=492 million m®. From the same source,’
we look at “Forest Land” data: we select “World
Total” from “Regions,” select “Area” from “Ele-
ments,” select “Forest land” from “ltems,” and
select “2018” from “Years”; this shows a value of
4,068,908,476.4 ha (=4,068 million ha). The divi-
sion between these two numbers yields an average
of 0.1210 = 0.12 m*ha. We transform the value of
0.12 m%/ha into 0.06 t/ha by assuming a density of
~0.5 /m°. This is lower than the overall mean
calculated from analyzing 2,456 tree species,'®
thus representing a conservative hypothesis in
our analysis. We label this average global yield
for wood as 7, -

These data allow us to calculate the annual avail-
able timber supply at the country level as Ts,, =

0.3« fiy, *7g,, Where i=1...247 represents the in-
dex for each country, which we extend from 2020
to 2050 as Tg, = 30 * Tgg,.

The floor-area projections that we use come
from recent academic work at the global scale.’
Giineralp et al.® offer a projected increase in floor
area from 2010 to 2050 at the global scale and
break this down into world regions. Given the
time horizon of our analysis, we focus on the addi-
tional floor area reported from 2020 to 2050 in the
S50 scenario from Giineralp et al.”—which repre-
sents the median estimate. In total, they cover
199 countries. However, data are aggregated at
the regional rather than the country level. For
instance, the projected increase in floor area is

(C) Global overview (n = 199 countries) of the supply-demand balance for the construction of timber according to a recent analysis of material intensities in
buildings.'® Countries in blue (n = 42) have commercial forest area remaining when all new projected floor area in the country is built out of timber, whereas
countries in yellow (n = 157) do not have sufficient commercial forest area to meet the demand driven by the increase in floor area.

Calculations for obtaining the data shown in this figure are described in the Experimental Procedures.
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given for the North American (NAM) region, which
includes the US, Canada, the US Virgin Islands,
Guam, and Puerto Rico. To break down the
regional value to a value for each country within
that region, we use population as a proxy because
the correlation between the number of inhabitants
in and the floor area of a country is a natural one.
We label the gross floor area (GFA) projection for
each country as pgra, Where j= 1...199. We
show this in Figure 2B.

In order to estimate how much timber is required
for building the projected floor area, we use novel
findings from academic research on the material
intensity of building structures'® based on a large
number (n = 31,380) of different structural frame
designs. For cross-laminated timber (CLT), we
use the material-intensity value of mgt =
80 kg/m?. This value allows us to work out the total
timber demand from 2020 to 2050 for each of the
199 countries as Tp; = Para, * McLt. The compar-
ison between Tg, and Tp, (which of course can be
done only for the 199 countries covered in
Giineralp et al.;° these are a subset of the 264
countries covered in the World Bank data®) en-
ables us to estimate which countries will have suf-
ficient timber to meet the demand caused by the
projected growth in floor area and which will not.
This is shown in Figure 2C.
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