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Global wood harvest is sufficient for 
climate-friendly transitions to timber cities
 

Alperen Yayla    1, Adam R. Mason    1, Junyang Wang    1,2, Stijn van Ewijk    3 & 
Rupert J. Myers    1 

Decarbonizing the economy requires a large-scale transition from fossil 
carbon-containing feedstocks to minerals and biomass, notably wood in 
buildings. Increasing harvesting is under discussion to meet the supply 
of wood for ‘timber cities’, with potentially negative impacts on forests 
and biodiversity. Here we investigate pathways to timber cities, including 
their impacts on land use, energy use and greenhouse gas emissions by 
quantifying global and regional wood cycles using Bayesian material flow 
analysis. We show that shifting wood fuel to industrial use and maximizing 
circular use of wood can make timber cities possible with the current harvest 
volume. Our results reveal that these pathways have better environmental 
performance than increased harvesting, reducing total CO2 equivalent 
emissions by 2100 by 40.8 Gt compared to business as usual. To achieve 
the wood transition, regional and cross-sectoral governance and planning 
are needed, addressing national-level pathways and inter-regional wood 
transport. The most critical actions are reducing the use of virgin wood 
as fuel by promoting cleaner alternatives, and using wood waste more 
effectively globally, rather than expanding plantation forests.

Achieving decarbonization ambitions such as the Paris Agreement 
and net-zero strategies of intergovernmental organizations1 requires 
widespread switching from fossil carbon-containing feedstocks to 
minerals and biomass to produce materials and energy; the ‘wood 
transition’ describes the role of wood in this switch. Wood contributes 
to climate change mitigation by storing carbon dioxide (CO2) during 
growth, which remains sequestered in its products, and by substituting 
functionally equivalent and higher greenhouse gas (GHG; expressed 
as CO2 equivalents, CO2-eq.) emission footprints materials such as 
concrete, steel, plastics (for example, polyethene), glass, cotton and 
fossil fuels (for example, coal, oil, natural gas)2. It is estimated that 
wood products currently in use (for example, construction timber, 
wooden furniture) sequester a net emissions of 0.33 gigatonnes (Gt) 
CO2-eq. per year globally3 and 0.04 GtCO2-eq. per year in Europe4. These 
sequestrations were comparable to the total CO2-eq. emissions of Spain 
(0.3 GtCO2-eq.) and Denmark (0.04 GtCO2-eq.) in 2022, respectively5.

Many studies have investigated the impact of wood substitution 
for reducing CO2-eq. emissions for different regions and industries6–8. 

Construction is the most studied sector2. The worldwide substitution of 
engineered structural timber such as glue-laminated timber (glulam) 
and cross-laminated timber (CLT) for steel and concrete in structural 
frames of buildings has important climate change benefits9,10. It was 
reported that for 90% of the new urban population, construction of new 
residential and commercial buildings (with a 30 m2 per capita average 
floor area) with engineered timber structural frames and wood-based 
envelopes can store 0.94 GtCO2-eq. per year10.

However, it is poorly understood how the supply of wood from 
both natural forests and anthropogenic sources (for example, planta-
tion, circular use) can be managed to meet the anticipated increase in 
demand required to achieve the wood transition, whether globally or 
regionally. Increasing forest harvest volumes and expanding plantation 
forests lead to large negative impacts, including loss of natural forest 
ecosystems and biodiversity11–14. For the global wood transition, it is 
expected that developing and least developed countries such as India, 
Nigeria, Congo and Ethiopia15 will have the highest demand for engi-
neered timber16. However, secondary forests (forests that show signs 
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modelled for 2021, our reference year, and assume that annual changes 
in engineered timber demand, emissions and energy balance due to the 
construction of timber cities will be the same between 2021 and 2100. 
We used recently developed Bayesian material flow analysis (BaMFA) 
methodology28 for explicit disaggregation of wood-based products 
and waste flows to the higher level of detail which is needed for analysis 
of wood transition. We also provide these higher reliability results in 
a database to facilitate future wood research (available as electronic 
Supplementary Information29).

Results
Global wood cycle reveals barriers and opportunities
Engineered structural timber currently plays a minor role in the global 
wood cycle and represents a small share of construction products. 
This indicates that a large-scale transition to timber cities requires a 
major realignment in the wood and construction sectors. Engineered 
structural timber constituted only 0.26% (7.4 million oven-dry metric 
tonnes (Modmt), with a range of 5.5–9.2 Modmt) of the total end use 
of wood in 2021 (Fig. 1). This is equivalent to 2.7% of the total amount 
of wood used in construction (273 Modmt, or 9.8% of the total wood 
end use in 2021) (Fig. 1). This annual production rate could therefore 
satisfy 2.9% of the residential and commercial building demand for the 
global wood transition (Supplementary Table 5).

The large footprint of bioenergy in the wood cycle could prevent 
the major realignment in the wood sector required by the wood transi-
tion or lead to an imbalance in the global energy supply. Bioenergy was 
67% (1,876 Modmt) of total wood end use in 2021 (Fig. 1). This was used 
to produce 35.6 exajoules (EJ) of energy, which accounts for 6% of global 
energy consumption (Supplementary Tables 1 and 2).

The end uses of hardwood and softwood differ, which is a barrier to 
the wood transition. Hardwood is more often used as wood fuel: wood 
fuel accounted for 69% (1,394 Modmt) of the total hardwood harvest. 
Conversely, sawlogs and veneer logs, which are mainly used to produce 
sawnwood (for example, for construction timber), accounted for 13% 
(258 Modmt) of hardwood harvest and 62% (436 Modmt) of softwood 
harvest (Fig. 1). Softwood is currently the predominant wood type for 
construction timber products due to its easier-to-process material 
properties, the lower availability of machinery suitable for processing 
hardwood16 and the biological limitations of some hardwood species 
(for example, low durability due to reaction to moisture).

Hardwood use in construction may be the key to meeting engi-
neered timber demand in wood transition, because expanding planta-
tion forests to produce more softwood has limitations: (1) it could lead 
to loss of natural forests and biodiversity11–14, (2) natural (for example, 
vulnerability of softwood species to forest insects) and regional limi-
tations due to softwood (colder climates) and hardwood (temperate 
climates) tree species grow in different climates, (3) vulnerability of 
softwood species against fire and wind damage, which can cause wide-
spread tree mortality30. The second and third limitations will become 
increasingly important due to global warming as it may cause fire and 
insect outbreaks in forests31. It has been also reported that common 
hardwoods such as Quercus species (that is, oak) and Fagus sylvatica 
species (that is, beech) are naturally very durable32. As such, it is more 
attractive to increase hardwood use in construction through the devel-
opment of suitable machinery, and more importantly, reducing the 
dependence of bioenergy on hardwood.

There is substantial potential to reduce the dependency of the 
wood transition on increased harvesting by increasing material effi-
ciency, including through functional recovery and recycling33 in the 
wood cycle. Total unrecovered waste (311 Modmt) and total waste 
used for energy recovery (445 Modmt) consisted of 28% of the total 
harvest in 2021 (Fig. 1 and Extended Data Fig. 1). Increased engineered 
timber production in the wood transition will lead to increased pro-
duction wood waste (for example, wood chips, residues) generation 
(311 Modmt yr−1) in the global wood cycle creating more circular use 

of human intervention and control, that is, mature wood resources 
suitable for sustainable forestry) and plantation forest areas are limited 
in many of these countries, meaning that there is substantial deforesta-
tion risk associated with the expansion of wood production in these 
countries17. Therefore, it is crucial to explore alternative ways, other 
than further harvesting, to meet the wood demand of timber cities (for 
timber cities, we assume that 90% of the new urban population will live 
in engineered timber buildings in line with refs. 10,16).

Previous studies analysed wood use in individual countries and 
aspects such as environmental impacts18, material use19–21 and material 
efficiency22–24. Wood transition studies mainly focused on increased 
harvesting and expanding plantation forests to meet engineered tim-
ber demand. It was reported that by 2100 the global wood planta-
tion area should increase to 425 million hectares (Mha) to fulfil the 
increased demand for buildings in the wood transition16. This is a 224% 
expansion compared to the global plantation area in 2020 (131 Mha), 
which conflicts with the historical trend of a 2.5% decrease in global for-
est area between 2000 and 2021 (including a decrease by 0.5% between 
2017 and 2021)25. It was also proposed that shifting wood fuel harvesting 
to industrial use could fulfil the requirement for engineered timber 
in nearly 50% of new residential and commercial buildings globally10. 
However, large-scale wood fuel replacement may result in increased 
demand for carbon-intensive alternative energy sources such as oil 
and coal, particularly in Africa and Latin America due to population 
dependence on bioenergy26. These facts show the substantial potential 
for supply–demand imbalances in, and unintended environmental 
impacts such as an increase in fossil fuel use, and loss of natural forest 
ecosystems and biodiversity12–14 of the wood transition.

In summary, past studies about the future supply and demand 
of wood do not (1) assess alternative wood transition pathways such 
as high circular use of wood, (2) quantify how much additional fossil 
fuel-derived energy is needed to enable shifting wood fuel to industrial 
use for the wood transition, (3) account for the impact of increased 
waste generation amounts (due to increased engineered structural 
timber production) on the wood cycle and associated emissions and 
(4) provide detailed global and regional quantification of engineered 
structural timber production (for example, glulam, CLT), which is a key 
enabler of the wood transition. To fill these knowledge gaps, we analyse 
and compare pathways towards a large-scale transition to timber cities, 
to identify feasible wood transitions and their environmental impacts.

We consider the current state of the wood cycle to indicate busi-
ness as usual, and three wood transition scenarios that model the 
construction of engineered timber buildings for 90% of the new urban 
population. They are: (1) a baseline (‘business as usual’, BAU) scenario 
where no wood transition occurs, and wood transition scenarios where 
engineered timber demand will be supplied by (2) wood fuel shifting 
to industrial use (‘shift’), (3) increased harvesting (‘harvest’) and (4) 
high circular use of wood (‘circular’) (main pathways; Methods). We 
introduce a novel circular pathway and enhance wood fuel shifting and 
increased harvesting pathways. This is through a detailed quantifica-
tion of the wood cycle, changes in energy balance and the impact of 
existing and increasing wood waste on the wood cycle. We also pro-
vide global hybrid pathways (that is, combination of main pathways) 
because it may not be possible to follow a single transition scenario due 
to global and regional constraints (for example, low recycling poten-
tials in some countries). All these scenarios explore the whole system 
quantifying energy supply and demand, plantation forest area needs, 
and GHG emissions from the wood cycle, energy use and production 
of non-biomass construction materials.

We first quantify the wood life cycle in 2021 comprehensively at 
regional and global levels as a first step in connecting socio-economic 
and biophysical processes to understand interactions between society 
and nature27 for wood (for example, wood use of society for energy 
and construction needs), then use the results to analyse pathways, 
opportunities and barriers for the wood transition. The pathways are 
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potential (Fig. 2b–d). Circular approaches have the potential to accel-
erate the wood transition as they reduce forest expansion needs, and 
associated wastes can be locally available around the world (Supple-
mentary Information 1, section 2.1.6, provides details and examples).

Multiple transitions are possible without harvesting more
Pathways to a large-scale wood transition affect raw material and har-
vesting needs, GHG emissions and energy supply from wood-based 
bioenergy globally. Our results show that the wood transition is possible 
at current harvesting volumes in case of wood fuel shifting to industrial 
use (‘shift’) or maximum circular use of wood (‘circular’).

The ‘shift’ scenario relocates 40% (592 Modmt) of annual wood 
fuel harvesting to industrial roundwood harvesting to meet increasing 
engineered timber needs (Fig. 2b) (Supplementary Information 1, sec-
tion 2.1.5, provides a literature review supporting that a 40% relocation 
is achievable). This scenario uses production wastes from all stages 
of additional timber production (that is, increased sawnwood and 
engineered structural timber production due to increased demand) 
for bioenergy. Despite this, the total amount of wood-based bioenergy 
decreases by 12% (234 Modmt) due to the relocation of wood fuel, 
implying a need for other energy sources globally (Fig. 2b). This need is 
modelled based on the global primary energy supply fuel percentages34 
(30.9% oil, 26.8% coal, 23.2% natural gas, 19.1% other).

The ‘circular’ scenario increases annual industrial roundwood 
harvesting by only 5% (63 Modmt), and it reduces wood fuel harvest-
ing by 6% (90 Modmt) compared to the ‘BAU’ scenario (Fig. 2d). This 
is achieved by increasing the wood-based waste recycling rate by 27% 
(57% for ‘circular’ and 30% for ‘BAU’). The wood-based waste which is 
not recycled is used for bioenergy, ideally making its disposal rate zero.

The ‘harvest’ scenario meets the timber needs of the wood tran-
sition by increasing annual industrial roundwood harvesting by 40% 
(496 Modmt) (Fig. 2c). At the same time, this scenario reduces the wood 
fuel harvesting need by 11% (165 Modmt) due to increased amount 
of energy recovery from additional production waste. Overall, the 
‘circular’ scenario (1,287 Modmt) needs 29% and 25% less industrial 
roundwood harvesting compared to the ‘shift’ (1,816 Modmt) and 
‘harvest’ (1,720 Modmt) scenarios, respectively (Fig. 2b–d).

Shift and circular scenarios are more climate-friendly
Shifting wood fuel to industrial use maximizes the potential climate 
change benefits of the wood transition even though it increases 
emissions from fossil fuel use. The ‘shift’ scenario (6.06 GtCO2-eq.) 
reduces annual GHG emissions by 8%, 5% and 0.5% compared to 
‘BAU’ (6.57 GtCO2-eq.), ‘harvest’, (6.38 GtCO2-eq.) and ‘circular’ 
(6.09 GtCO2-eq.) scenarios, respectively (Fig. 3c). This reduction 
is mostly due to the reduction of biogenic emissions (from com-
bustion of wood for bioenergy): in the global wood cycle, biogenic 
emissions constitute the largest emission source for each scenario 
(63% for ‘BAU’, 60% for ‘shift’, 62% for ‘harvest’ and 65% for ‘circular’) 
(Fig. 3a). Due to reduced wood-based bioenergy resources as a result 
of the ‘shift’ scenario (234 Modmt less wood-based bioenergy, 4.5 EJ 
less energy supply), biogenic emissions decrease by 0.50 GtCO2-eq., 
increasing non-biogenic emissions from additional fossil fuel use 
by 0.32 GtCO2-eq. annually (Fig. 3a,b). Overall, shifting wood fuel to 
industrial use can reduce 0.51 GtCO2-eq. of emissions annually with 
a total of 40.8 GtCO2-eq. by the end of 2100 (~22% of the remaining 
carbon budget (~188 GtCO2 as of January 202535) to limit warming to 
1.5 °C) (Fig. 3c). Timber cities can store 37.6 GtCO2 (0.47 GtCO2 yr−1) 
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and reduce 24 GtCO2-eq. (0.3 GtCO2-eq. yr−1) emissions from 
non-biomass construction materials relative to ‘BAU’ by the end of  
2100 (Fig. 3b,e).

A large-scale wood transition is possible without dramatically 
affecting the global energy balance and land use but only through the 
‘shift’ and ‘circular’ pathways. The ‘shift’ scenario needs 4.5 EJ (~0.75% 
of global energy consumption) energy supply from other sources 
(Fig. 3d). Although the ‘circular’ scenario has the highest energy use 
in wood cycle stages (8.8 EJ) among the wood transition scenarios, 
increased wood-based waste use for energy recovery (10.2 EJ) makes 
the bioenergy supply the same as the ‘BAU’ and ‘harvest’ scenarios 
(35.6 EJ) (Fig. 3d). Our results also show that the ‘shift’ scenario can 
meet harvesting needs without additional plantation forests, and the 
‘circular’ scenario requires an additional 15% plantation forest area 
(21 Mha expansion, total of 158 Mha) compared to ‘BAU’. This is 87% less 
than the expansion needs in the ‘harvest’ scenario (168 Mha expansion, 
total of 305 Mha) (Fig. 3f).

Regional variations limit the wood transition
There are substantial differences between regional wood cycles (Figs. 4 
and 5). Regions comprising mostly developing and underdeveloped 
countries (‘China’ (CHA), ‘India’ (IND), ‘Latin America’ (LAM), ‘Middle 
East Asia’ (MEA), ‘Non-European Countries’ (NEU), ‘Other Asian Coun-
tries’ (OAS), ‘Reforming Economies’ (REF) and ‘Sub-Saharan Africa’ 
(SSA)) produced only 30% of the total global amount of engineering 
structural timber products despite these regions accounting for ~87% of 
the global population (and expected to be ~90% of the global population 
by 21005) (Fig. 4). These regions direct relatively large amounts of wood 
to bioenergy, and relatively little to construction, due to several factors 
such as economic development differences (for example, available 
production facilities) and cultural influences (for example, regional 
architectural preferences). They also had more total harvesting (77% 
of the total harvesting) and illegal harvesting (93% of illegal harvesting) 
(Fig. 5a), and so face the highest deforestation threat36 (Supplementary 
Information 1, section 2.3.1, provides detailed regional variations).
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of wood cycle. e, Annual CO2 storage in harvested wood products. f, Plantation 

forest area needs. The heights of the bars for each variable represent the mean 
values calculated based on the wood transition scenarios where new buildings 
have 30 m2 per capita average floor area. The red error bars represent the 
minimum and maximum of the net/total mean values (for 30 m2 per capita floor 
area, red dot) in each bar and are calculated based on the projected minimum (for 
9.20 m2 per capita floor area) and maximum (for 79.10 m2 per capita floor area) 
engineered structural timber demand.
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The differences in regional wood cycles limit the possibilities for 
regional wood transitions. For example, because the SSA and MEA 
regions have currently very limited secondary wood product use and 
wood-based waste, the recycling potential is inadequate to meet the 
high demand for engineered structural timber (89 Modmt for SSA and 
24 Modmt for MEA) of these regions in the ‘circular’ scenario (Supple-
mentary Figs. 15 and 23). In the ‘shift’ scenario, the MEA region also does 
not have sufficient wood fuel harvesting (45 Modmt) to be shifted to 
meet the increased demand for industrial roundwood (102 Modmt), 
meaning the region would need additional roundwood harvesting. 
Because of the low recycling potential and limited plantation forest 
area in the IND, MEA and SSA regions, the ‘circular’ scenario in these 
regions needs the same plantation forest expansion as the ‘harvest’ 
scenario (55 Mha for IND, 101 Mha for MEA and 87 Mha for SSA) (Sup-
plementary Figs. 10, 16 and 24).

Hybrid pathways and inter-regional transport are beneficial
Hybrid pathways can make a global wood transition more feasible by 
overcoming global and regional limitations. For example, if 50% of 
the increased demand for engineered structural timber production is 
met by wood fuel shifting and the other 50% by increased harvesting 
(‘shift + harvest’), plantation forest expansion needs and annual emis-
sions decrease by 100 Mha (60%) and 0.14 GtCO2-eq. (2%), respectively, 
compared to the ‘harvest’ scenario (Extended Data Figs. 2 and 3). Also, 
the mix of ‘shift’ and ‘circular’ scenarios (‘shift + circular’: 50% of the 
increased demand is met by wood fuel shifting, and the other 50% by 
applying circular pathway principles) shows similar CO2-eq. emissions 
reductions (0.5 GtCO2-eq. yr−1) to the ‘shift’ scenario (0.51 GtCO2-eq. yr−1) 
by decreasing total harvest needs by 1% (27 Modmt) (Extended Data 

Figs. 2 and 3). Therefore, hybrid pathways provide increased environ-
mental benefits than the ‘harvesting’ scenario alone (Supplementary 
Information 1, section 2.2).

Inter-regional wood transport can accelerate the wood transi-
tion and help avoid unintended environmental consequences such as 
deforestation in natural forests. Our results show that the production 
of engineered structural timber in the EUR region and exporting it to 
the SSA region does not compromise the climate change benefits of the 
wood transition (EUR + SSA case study in Supplementary Information 1, 
section 2.4.13). Considering the EUR and SSA regions together, the ‘har-
vest’ scenario shows total annual non-biogenic emissions from wood 
processing and transport increase by 6% (0.03 Gt) and 22% (0.03 Gt), 
respectively, compared to the ‘BAU’ scenario (Supplementary Fig. 28a). 
Construction of engineered timber buildings in the SSA region can 
reduce annual GHG emissions from the production of non-biomass 
construction materials by 0.11 Gt (92% decrease) and increase CO2 stor-
age in harvested wood products by 0.17 Gt (155% increase) in all wood 
transition scenarios compared to the ‘BAU’ scenario (Supplementary 
Fig. 28b,e). Production of timber to satisfy demand in a region with 
limited resources in another region can also maximize the potential 
benefits of circular wood use, and substantially reduce the plantation 
forest area need. For example, the ‘circular’ scenario in EUR + SSA case 
study (26 Mha expansion) needs ~threefold less expansion of planta-
tion forest area compared to SSA (83 Mha expansion) (Supplementary 
Figs. 24 and 28f).

Discussion
Our results show that either high circular wood use, wood fuel shifting 
to industrial use or a mix of these pathways can fulfil the engineered 
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Fig. 4 | Total harvesting, illegal harvesting, total wood-based bioenergy use, 
virgin wood use for bioenergy, total construction timber use and engineered 
structural timber use per capita by region in 2021. a, Total harvesting per 
capita. b, Illegal harvesting. c, Wood-based bioenergy use per capita. d, Virgin 

wood use for bioenergy per capita. e, Construction timber use per capita.  
f, Engineered structural timber use per capita. All quantities are in oven-dry 
kilograms per capita.
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timber demand for the global wood transition to timber cities without 
further harvesting. We reveal that shifting 40% of annual wood fuel 
harvesting to industrial roundwood can satisfy this transition for 90% 
of the new urban population, contrary to Churkina et al.10. We attribute 
this difference to the improved wood cycle quantification in our sce-
narios, and the target year difference in this study10 (wood transition 
by 2050 vs. 2100). Consistent with Mishra et al.16, we model the wood 
transition to be completed by 2100 instead of 2050, because the latter 
requires unrealistically rapid changes in multiple regions and sectors 
(for example, construction, energy).

Shifting virgin wood fuel has the best climate change performance 
even though our model shows that it will increase fossil fuel emissions. 
This is because the reduction in biogenic emissions is larger than the 
additional fuel use emissions. The utilization of virgin wood for bioen-
ergy is of environmental concern because it is not carbon neutral due to 
life cycle (for example, harvesting, transport) and land use emissions, 
and time lag between biogenic emissions and sequestration37–40. Use of 
virgin wood to produce bioenergy is responsible for 2.9 GtCO2-eq. yr−1 
emissions (Supplementary Table 3). This is ~tenfold higher than the cal-
culated CO2-eq. emissions reduction from the production of construc-
tion materials in the wood transition (~0.3 GtCO2-eq. yr−1, buildings 

with a 30 m2 per capita average floor area10). It, therefore, may be more 
important to reduce emissions from burning wood for energy than 
using wood in construction.

Greater investment in renewable alternatives to wood, such as 
solar and wind, is needed to both enable shifting wood fuel to industrial 
use and reduce overall CO2-eq. emissions from fossil fuel use. However, 
this faces practical (for example, electricity infrastructure develop-
ment) and regional challenges. The share of electricity in global energy 
consumption was 20% in 20211, meaning there is a great electrification 
need in many sectors such as transport and buildings. For example, 
Africa has only 1% of the installed global solar energy capacity despite 
having 60% of its solar resource41. Of the total Africa population, 65% 
(~900 million people) and 43% lack access to clean cooking and electric-
ity, respectively26. As a result, the climate change benefits of reducing 
virgin wood harvesting for bioenergy depend on the widespread adop-
tion of renewable energy sources, which can reduce annual emissions 
from the wood transition by an additional 0.3 GtCO2-eq.

High circular wood use can accelerate the wood transition by 
reducing plantation forest expansion needs (87%) and cumulative 
CO2-eq. emissions (5%) by 2100 compared to increased harvesting. 
Benefits of circular wood use include facilitating avoidance of much 
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Fig. 5 | Disaggregated wood harvest, end use, bioenergy use, construction use 
and post-consumer waste treatment quantities by region in 2021. a, Harvest. 
b, Wood-based products end uses. c, Bioenergy use. d, Construction use.  
e, Post-consumer wood waste treatment. f, Post-consumer paper and paperboard 
waste treatment. The heights of the bars for each variable represent the mean 

values from the BaMFA results. The red error bars represent the lower and upper 
bounds of 95% credible intervals of the total mean values (red dot) in each bar 
and are calculated by summing the lower and upper bounds of the 95% credible 
intervals of each associated flow from the BaMFA results. agglo., agglomerates; 
proc., processed.
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of the temporal lag between the supply of virgin wood grown in forests 
and demand16, and providing an immediate and sustained reduction 
for virgin wood42. Circular wood use can also increase the global carbon 
sink42 of harvested wood products because it uses wood-based waste 
to produce new wood-based products or as feedstock in other sectors 
such as chemical (for example, lignin-based batteries43) and agriculture 
(for example, mulch)44. However, applying circular economy principles 
to the wood industry is challenging and limited by sectoral barriers (for 
example, weak visions for decarbonization42, limited willingness for 
cross-sectoral collaboration42, poor transparency of material flows42) 
and technical difficulties (for example, energy input and emissions due 
to recycling processes6, scrap contamination45 and structural condi-
tions of wastes). For example, current engineered structural timber 
products such as glulam and CLT are produced from solid sawnwood46 
and do not allow the use of recycled materials. However, recovered 
oak pieces from demolition47 and discarded wooden sleepers48 have 
recently been tested in the production of CLT, which were found to 
be suitable for structural applications in buildings. Implementation 
of these technologies requires further validation with larger samples 
from pilot production47,49. Increasing circular use requires better man-
agement of the life cycle of products from production to end use, and 
creating markets for waste-derived products. For example, the design 
and installation of timber components in a building requires special 
planning so that it can be disassembled without any damage to use in 
a new project (that is, design for reuse)50.

Transporting wood between regions can contribute to avoiding 
deforestation. Latin America, Sub-Saharan Africa, Southeast Asia and 
Oceania are the regions with the most deforestation. Around 43 Mha 
forest area, an area roughly the size of Morocco, was lost between 
2004 and 2017 in these regions (>10% of their total forest area)36. 
Inter-regional transport of wood may reduce total plantation for-
est needs in regions with deforestation hotspots, and accelerate the 
wood transition. Overseas transport of wood increases wood cycle 
transport emissions because it contributes importantly to the climate 
change impacts of wood products51. However, the increase in transport 
emissions is much less than the reduced emissions from non-biomass 
construction materials in the wood transition scenarios (for example, 
EUR + SSA case study; ‘Results’). To validate this, future studies should 
investigate wood trade flow analysis to identify import dependence 
and resource criticality of countries, and to quantify global climate 
change impacts of wood transport.

We showed that shifting wood for fuel to industrial use and circu-
larity are lower CO2-eq. emitting pathways than increased harvesting 
and can support large-scale wood transitions. Regional limitations may 
dictate that only a mix of these pathways is feasible. Some regions (for 
example, CAZ) can meet their demand by partly shifting wood fuel to 
industrial use and increasing circular use. We expect the increase in 
wood waste (311 Modmt yr−1) from the production of engineered timber 
to increase the potential for circular wood use, and substantially reduce 
the demand for industrial roundwood or wood fuel in every wood 
transition pathway and region. Yet, some regions with low circular 
wood use potential (for example, SSA) may need to shift their wood 
fuel use to construction, expand their plantation forests and import 
wood from other regions together. The main regional constraints are 
bioenergy demand, recycling potential and the potential for forest 
and biodiversity loss. Globally, the most critical actions are reducing 
the use of virgin wood as fuel and using wood waste more effectively.

Moving forward, policymakers should consider identifying 
national-level (for example, ref. 52) wood transition pathways because 
transition analyses should be tailored to the local situations: problems, 
drivers of problems and possible solutions vary from region to region. 
Such analyses require reliable local data on the life cycles of associated 
materials especially for the construction and energy sectors to conduct 
suitably detailed substitution analyses (for example, detailed stock and 
flow data for aggregates, steel, natural gas, oil, coal, renewables). Future 

analyses should also consider the long-term climate impacts of timber 
cities (that is, after 2100, when timber buildings start to reach the end of 
their life span) because end-of-life utilization of timber waste can have 
substantial climate change impacts53 (Supplementary Information 1, 
section 3). Systems-based and whole-life-cycle approaches54 in substi-
tution studies should be prioritized to realize global decarbonization 
through feasible transitions from fossil carbon-containing feedstocks 
to minerals and biomass.

Methods
Our wood cycle shows flows of wood-based products from harvesting 
to end-of-life waste including a detailed breakdown of products to 
support analysis of wood substitution, waste/residue generation and 
trade flows for 13 regions including global in 2021. We then created a 
comprehensive analysis of potential annual changes in the wood cycle 
if a large-scale wood transition were to occur. Our scenario analysis 
results provide emissions from the wood cycle, building construction, 
and additional fuel use changes, energy supply and demand of the 
wood cycle, CO2 storage in harvested wood products, and plantation 
forest area needs.

We use standard MAgPIE-4 (Model of Agricultural Production 
and its Impact on the Environment) world regions55 consistent with a 
previous study on assessing future land use16. MAgPIE-4 is a modular 
open-source framework for modelling global land systems. It simulates 
global land use scenarios and their interactions with the environment 
(for example, analysing future food demand based on population 
and gross domestic product projections, and calculating land use 
emissions from this future food demand). The regions are defined 
based on criteria including population, gross domestic product, 
energy demand for food, average production process costs and self- 
sufficiency ratios for food55. MAgPIE-4 features 12 regions: CAZ 
(Canada, Australia, New Zealand), CHA (China), EUR (Europe), IND 
(India), JPN ( Japan), LAM (Latin America), MEA (Middle East Asia), 
NEU (Non-European Countries), OAS (Other Asian Countries), REF 
(Reforming Economies), SSA (Sub-Saharan Africa) and USA (United 
States of America) (Supplementary Table 6).

Our methodology mainly includes five steps, which are (1) 
wood-based product and activity classification, (2) data collection 
and preparation, (3) BaMFA, (4) scenario analysis for the wood transi-
tion and (5) output evaluation and visualization (Extended Data Fig. 4). 
We provide the full dataset for input tables, adapted BaMFA codebase 
and model outputs along with detailed output material flow tables and 
related Sankey diagrams of all life cycle stages for each region in Sup-
plementary Information 2 (ref. 56). We also provide these (interactive) 
Sankey diagrams on a website that accompanies this Article (https://
alperenyayla.github.io/globalwoodcycle (ref. 29)).

Wood-based product and activity classifications
We classified wood-based products and processing activities mainly 
following the Food and Agriculture Organization (FAO) classification 
of forest products57 to facilitate the inclusion of internationally compa-
rable data. The wood classification mainly includes raw materials (for 
example, roundwood), primary products (for example, sawnwood, 
pulp), secondary products (for example, construction timber, packag-
ing materials) and post-consumer waste (that is, post-consumer wood 
and paper). Primary products are produced by processing raw materi-
als and are inputs for further production stages. Secondary products 
are mainly produced from primary products and used by end users. 
We made modifications in the FAO57 classification to achieve our goal 
of analysing and presenting data for wood substitution. These modi-
fications include separating ‘engineered structural timber products’ 
from ‘builder’s joinery and carpentry wood’, and instead considering 
the latter as ‘other construction timber’ products. We assumed that 
‘wood products for domestic and decorative use’ are classified as 
‘other manufactured wood products’ and included ‘secondary paper 
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products’ within ‘other paper and paperboard’. We added a stock of 
illegal sources to quantify illegal logging, which refers to the act of 
unlawfully harvesting wood58, and included production wastes, imports 
and exports and end-of-life uses to describe the entire wood cycle. 
We classified waste treatment activities following Eurostat59, with 
one modification: ‘open dump’ is added as a separate waste treat-
ment method because disposing of waste in open dumps accounts for 
great amounts of the total waste in some regions. Six waste treatment 
methods were included in our study: ‘recycling’, ‘energy recovery’, 
‘non-energy recovery’, ‘incineration-disposal’, ‘landfill’ and ‘open dump’ 
(see Supplementary Table 7 for the full list of classification).

Data collection and preparation
Our study uses stock and flow data, ‘changes in stock’ and ‘flow’ quanti-
ties, unit conversion factors and transfer coefficients. Wood stock and 
flow data were collected from various sources, primarily the Food and 
Agriculture Organization Corporate Statistical Database (FAOSTAT)60. 
The data we use relating to conversion factors are mainly based on 
FAO, International Tropical Timber Organization (ITTO) and United 
Nations61. End-of-life waste quantities of paper and paper products 
were calculated using the ‘net addition to stock’ parameter (which 
refers to a proportion of total production to identify the quantity of 
product that stays in use for a year) by van Ewijk et al.62. We estimated 
end-of-life waste quantities of wood products and proportions of treat-
ment methods for all wood-based wastes using the World Bank waste 
database63 (see Supplementary Information 2 (ref. 56) for all datasets, 
data sources and calculations such as conversion factors and produc-
tion process mass balance).

Mass conservation is performed on the basis of the oven-dry met-
ric tonne (odmt) for all wood-based products. Because wood product 
quantities are reported in different units such as cubic metres for 
roundwoods and sawnwoods, and metric tonnes for paper products, 
we used conversion factors to change reported units into odmt. In 
calculating conversion factors, we subtracted masses of moisture 
and other components such as adhesives and additives in wood-based 
products to prevent including the mass of other materials in the mass 
of wood64. Because the properties of wood-based products such as 
dimensions and wood content vary by region, we used region-specific 
conversion factors where data were available. In the absence of these 
data, we used average conversion factors considering all available data 
for different countries.

We calculated the percentages of by-products and waste in each 
primary and secondary production process (for example, chips and 
particles from sawnwood production) and waste flows, which are gener-
ally not reported on (Extended Data Fig. 4b). For primary processing 
and secondary paper production, we did this using mass conservation 
and reported data for source materials and primary products and/or 
conversion factors61,62. The dataset for secondary wood products (for 
example, construction timber and wooden furniture) was developed 
using mass conversation and environmental product declaration (EPD) 
data65 using product density, and wood contents of the end products. 
The non-hazardous wastes specified by EPDs were assumed to be 
wood waste. We used the same material efficiency metric (or yield 
ratio, which is the proportion of the main product that is produced in 
a process relative to waste generated in that process) and production 
waste type (that is, wood residues) for all secondary wood products, 
which assumes that they have similar production processes.

Bayesian material flow analysis
We used recently developed BaMFA methodology28 for (1) explicit 
disaggregation of wood-based products to the higher level of detail 
that is needed for analysis of the wood transition (for example, engi-
neered structural timber products); (2) inclusion of end-of-life flows, 
which are currently poorly reported on; and (3) reconciliation of the 
available data to quantify uncertainty and improve the reliability of 

the quantitative results (study by Wang et. al.28 and Supplementary 
Information 1, section 4.1, provide more details).

Contrary to the traditional MFA approach in which mass balance 
is enforced manually, we used BaMFA methodology where mass bal-
ance is incorporated into the model likelihood function28. The model 
outputs estimates, which are approximately rather than strictly mass 
balanced, and slight mass imbalances can be interpreted as epistemic 
uncertainty in the system66. In this model, processes are disaggregated 
resulting in a parent and child process structure. Parent processes 
contain subprocesses, and child processes do not contain any subproc-
esses. Here we disaggregated the wood-based product and waste clas-
sification and then created relationships between these disaggregated 
elements, such as flows and transfer coefficients, based on the data and 
information available.

In BaMFA, ‘changes in stock’ and ‘flow’ variables are described 
using two different levels of knowledge: ‘prior’ and ‘observed’. Detailed 
information on the selection of ‘prior’ and ‘observed’ data for each 
data point is given in Supplementary Information 2 (ref. 56). Multiple 
sources and data points can be used to describe any ‘change in stock’ 
or ‘flow’ variable in the input dataset. Some data points are specified 
without any knowledge or input value, and output values for these vari-
ables are calculated by the BaMFA model. For all variables without any 
‘prior’ input, the model assigns a ‘prior’ quantity automatically which is 
the mean value of all prior data point inputs in our wood cycle analyses.

Accordingly, we used five input data tables which are ‘changes in 
stocks’, ‘changes in stocks prior’, ‘flows’, ‘flows prior’ and ‘ratio’. The 
‘changes in stocks’ data table includes all child processes and notable 
parent processes of interest. The ‘flows’ data table includes all flows 
in the system. In the ‘changes in stocks’ and ‘flows’ data tables, data 
points with observed knowledge are included as numerical values, and 
other data points (for example, variables with only prior knowledge or 
without any value) are left as unknown (‘nan’). The ‘changes in stocks 
prior’ and ‘flows prior’ data tables only contain the quantities of related 
data points indicated as priors. The ‘ratio’ data table includes transfer 
coefficient values, and they are treated as observed data.

The BaMFA model is implemented in Python, and PyMC3 (ref. 67) 
is used to conduct Bayesian inference via the No-U-Turn-Sampler algo-
rithm. The BaMFA codebase consists of four Python and one Jupyter 
Notebook source files. The Python source files define the necessary 
functions to prepare the input data for analysis (‘preprocessingagg.
py’), to construct prior distributions for analysis (‘prior.py’), to conduct 
material flow analysis using Bayes’ theorem (‘model.py’) and lastly 
to construct posterior predictive distributions and plots for model 
and data checking (‘posteriorpredictive.py’). An additional Jupyter 
Notebook file (‘run-wood-model.ipynb’) is used to run the complete 
BaMFA model and obtain outputs combining all the other source files. 
The original BaMFA code28 uses ‘comma-separated values’ files as 
inputs. Because we use the FAO database and other information such 
as unit conversion factors, production process mass balances and 
waste data to provide data for our input data tables, we instead used 
separate Excel worksheets for these data tables contained within a sin-
gle Excel input file for each region (including global). We additionally 
created another Python source file (‘outputforsankey.py’) to obtain the  
BaMFA model results for flows to make it easier to plot them in Sankey 
diagram format.

The BaMFA model produces posterior distributions of all child 
stock changes and flows by combining the prior distribution and data 
(including mass balance for all processes) via Bayes’ theorem, which 
includes quantifying and propagating uncertainties. The posterior 
distribution provides estimates for each stock change or flow of inter-
est via the posterior mean and uncertainty quantification through 95% 
credible intervals. We visualized the mean values in Sankey diagrams 
and provided the full results in Supplementary Information 2 (ref. 56).

For a detailed uncertainty evaluation, we used marginal posterior 
distribution graphs of each data point for child stocks and flows. These 
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graphs show both the posterior distribution results (posterior mean 
and 95% credible interval bounds) and our input values for each data 
point, allowing us to compare our input values with the corresponding 
BaMFA model output. We also analyse the BaMFA output results using 
Bayesian posterior predictive P values to compare the input data with 
the posterior distributions28. P values are calculated for each data 
point for all parameters including changes in stocks, flows, transfer 
coefficients and conservation of mass conditions. P values greater 
than 0.95 or smaller than 0.05 indicate an inconsistency between the 
model output and input data68.

A key value of BaMFA is that it quantifies the uncertainty in the 
input data and propagates it into the output results (posterior distri-
butions)28. This enables the identification of both input data and the 
calculation of output results with relatively high uncertainty. We used 
this information to direct the collection of more data, and data from 
more reliable sources, to reduce the overall uncertainty in our results. 
We validate our results by comparing them with data reported in the 
existing literature (for example, FAO69). Accordingly, another key value 
of our study is that it highlights data points in the wood cycle that 
require further investigation (Supplementary Information 1, section 
2.5, provides detailed uncertainty results).

Scenario analysis
To analyse CO2-eq. emissions, energy and plantation forest changes 
caused by a large-scale wood transition, we investigated four main 
scenarios (that is, main pathways): (1) a baseline business as usual 
(BAU) scenario in which future urban mid-rise buildings are built with 
steel and concrete, and three wood transition scenarios in which future 
urban mid-rise buildings are built with engineered timber and involve 
(2) shifting wood fuel to industrial use (‘shift’), (3) more harvesting 
(‘harvest’) and (4) a high wood recycling rate (‘circular’). For all wood 
transition scenarios, 90% of the new urban population is assumed to 
live in engineered timber buildings (30 m2 per capita average floor area 
with a range of 9.20 m2 per capita and 79.10 m2 per capita), with the rest 
living in buildings constructed with steel and concrete10,16 (Extended 
Data Fig. 4d). These scenarios are modelled for 2021, our reference 
year, and assume that annual changes in engineered timber demand, 
emissions and energy balance due to the construction of timber cities 
will be the same between 2021 and 2100 (inclusive) consistent with the 
approach used by Churkina et al.10.

We additionally define three hybrid scenarios at the global scale, 
which combine the three main wood transition scenarios (that is, shift, 
harvest and circular): (1) ‘shift + harvest’, where the increased demand 
for engineered structural timber production is met by wood fuel shift-
ing and increased harvesting; (2) ‘shift + circular’, where the increased 
demand for engineered structural timber production is met by wood 
fuel shifting and more wood recycling; and (3) ‘circular + harvest’, where 
the increased demand for engineered structural timber production is 
met by increased harvesting and more wood recycling (Supplementary 
Information 1, section 4.4.1, provides a detailed explanation and related 
assumptions of the scenarios).

The reason for exploring global hybrid pathways is that it may 
not be possible to follow a single transition scenario due to global and 
regional constraints (for example, because 100% recovery and reuse of 
materials can be theoretically possible but not achievable in practice 
due to yield losses, and low wood waste recycling potentials in some 
regions such as SSA). Therefore, the main pathways represent reference 
points that highlight the landscape of possible scenarios, and hybrid 
pathways represent scenarios that are more likely to be implemented.

We calculate the engineered structural timber demand in each 
region and globally based on urban population growth corresponding 
to the Shared Socioeconomic Pathway 2 (SSP2) scenario70. Countries 
reach their peak urban population in different years (for example, 2090 
for Australia, 2080 for Türkiye). Population growth between 2020 and 
the year of the peak urban population is considered as the potential 

new population that will live in engineered timber buildings for that 
country (that is, peak urban population growth). On the basis of this, 
peak urban population growth in each country, cumulative popula-
tion growth for regions and global is calculated. We then convert the 
cumulative population into annual population growth, averaged over 
80 years (2021–2100, inclusive), which models the large-scale transi-
tion to timber cities as a linear gradual process. For this population 
growth, we calculated total engineered structural demand based on 
floor area per capita, and structural and enclosure system material 
intensity assumptions taken from Churkina et. al.10 (Supplementary 
Information 1, section 4.4.2).

We use the ecoinvent database71 (v3.10 cut-off) to calculate CO2-eq. 
emissions from and energy input to the global wood cycle. For each 
production process, we identify CO2-eq. emissions and energy use 
associated directly with that process (for example, for sawnwood 
production, only CO2-eq. emissions and energy use in the sawnwood 
production facility) and transport (for example, delivery to the con-
sumer of produced sawnwood) per odmt of the product. These process 
inputs and outputs are linearly scaled from product to global levels. 
We also calculate CO2-eq. emissions from building construction and 
additional fuel use (Supplementary Information 1, section 4.4.3). In 
scenarios where bioenergy supply is reduced due to wood transition 
(for example, ‘shift’ and ‘shift + circular’), other energy sources need 
to be used. This need is modelled based on the global primary energy 
supply fuel percentages by the International Energy Agency34 (30.9% 
oil, 26.8% coal, 23.2% natural gas, 19.1% other).

When wood is completely combusted, all carbon contained in 
it is emitted into the atmosphere (that is, biogenic emissions). We 
calculate these biogenic CO2-eq. emissions due to bioenergy use (that 
is, combustion) of wood-based products based on Intergovernmental 
Panel on Climate Change (IPCC) guidelines72, and our BaMFA results for 
bioenergy use (Supplementary Information 1, section 4.4.7). For bio-
genic CO2 removals from forest regrowth, we use the forward-looking 
approach which takes into account the carbon sequestration in grow-
ing trees after harvest. This sequestration is modelled as a Gaussian 
distribution based on tree species’ rotation period73. Because it is an 
incremental process, to be consistent with our scenario modelling, 
we find the total sequestration between 2020 and 2100, and convert 
this total sequestration quantity into annual sequestration values, by 
assuming it will be the same each year, similar to the approach for engi-
neered timber demand (Supplementary Information 1, section 4.4.4).

We calculate plantation forest area needs based on the current 
harvest rate of plantation forests. We assume 33% of industrial round-
wood harvesting is met by plantation forests74. Regional harvest rates 
of plantation forests are found according to each region’s (includ-
ing global) industrial roundwood harvesting (results of BaMFA) and 
plantation forest areas in 2021 (from the FAOSTAT database25). We also 
assume that additional industrial roundwood is met by the expansion 
of plantation forest areas based on the current harvesting rate (Sup-
plementary Information 1, section 4.4.5).

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
All input and output datasets, data sources for each data point, calcula-
tions such as conversion factors and production process mass balances, 
the BaMFA model codebase, Sankey diagrams and data tables for the 
figures in the paper are available in Supplementary Information 2 via 
Zenodo at https://doi.org/10.5281/zenodo.10828213 (ref. 56). A selec-
tion of numerical results is provided within this paper (including data 
presented in Supplementary Information 1). Interactive Sankey dia-
grams and related data tables, which accompany this paper, are publicly 
available at https://alperenyayla.github.io/globalwoodcycle (ref. 29). 
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Wood stock and flow data were collected from various sources, primar-
ily FAOSTAT60. The data relating to conversion factors were mainly 
sourced from the FAO, ITTO and United Nations61. End-of-life waste 
quantities of wood products and proportions of treatment methods for 
all wood-based wastes were calculated based on the World Bank waste 
database by Kaza et al.63. To calculate global and regional demand for 
engineered structural timber products, population and urban popula-
tion share data were used from the shared socio-economic pathways 
scenario database published by the International Institute for Applied 
Systems Analysis75. The ecoinvent database (v3.10 cut-off) was used to 
calculate CO2-eq. emissions from and energy input to the global and 
regional wood cycles71.

Code availability
The BaMFA model was implemented in Python (v3.9.16), and 
PyMC3 (v3.11.2) was used to conduct Bayesian inference via the 
No-U-Turn-Sampler algorithm. The source code for the adapted BaMFA 
used in this study is publicly available via Github at https://github.com/
alperenyayla/globalwoodcycle and in Supplementary Information 2 
via Zenodo at https://doi.org/10.5281/zenodo.10828213 (ref. 56). The 
original BaMFA code is also publicly available via Github at https://
github.com/jwang727/BayesianMFAcode (ref. 28).
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Extended Data Fig. 1 | Waste treatment methods of wood-based wastes and 
their quantities in 2021. a Wood particles production waste. b Post-consumer 
wood waste. c Pulp and paper production waste. d Post-consumer paper and 
paperboard waste. e Total waste. The heights of the bars for each variable 
represent the mean values from the BaMFA results. The red error bars represent 

the lower and upper bounds of 95% credible intervals of the total mean values 
(red dot) in each bar, and are calculated by summing the lower and upper bounds 
of the 95% credible intervals of each associated flow from the Bayesian material 
flow analysis (BaMFA) results. Abbreviations: Modmt, million oven-dry metric 
tonnes; rec., recovery; disp., disposal.
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Extended Data Fig. 2 | Global hybrid pathways towards large-scale transition 
for timber cities. a ‘Business as usual’ (BAU) scenario, b ‘Shift + Harvest’ scenario, 
c ‘Harvest + Circular’ scenario, d ‘Harvest + Circular’ scenario. The scenarios 
represent a one-year change for large-scale wood transition based on the global 
wood cycle in 2021. Timber cities represent that 90% of the new urban population 

will live in engineered timber buildings with a 30 m2 per capita average floor 
area. The data for mass, emissions, and energy represent total mean annual 
values based on scenarios. Abbreviations: Gt CO2-eq., gigatonnes carbon dioxide 
equivalents; Modmt, million oven-dry metric tonnes; EJ, exajoules.
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Extended Data Fig. 3 | CO2-eq. emissions from the wood cycle and changing 
balance due to wood transition, energy balance, CO2 storage in harvested 
wood products, and plantation forest needs according to different hybrid 
wood transition pathways. a Annual wood cycle CO2-eq. emissions, b Annual 
emissions from building construction and additional fuel use due to wood 
transition, c Total annual CO2-eq. emissions in the wood transition, d Annual 
energy supply and demand of wood cycle, e Annual CO2 storage in harvested 
wood products, f Plantation forest area needs. The heights of the bars for each 

variable represent the mean values calculated based on the wood transition 
scenarios where new buildings have 30 m2 per capita average floor area. The red 
error bars represent the minimum and maximum of the net/total mean values 
(for 30 m2 per capita floor area, red dot) in each bar, and are calculated based 
on the projected minimum (for 9.20 m2 per capita floor area) and maximum 
(for 79.10 m2 per capita floor area) engineered structural timber demand. 
Abbreviations: CO2-eq., carbon dioxide equivalents; Gt, gigatonnes; EJ, exajoules; 
Mha, million hectares.
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Extended Data Fig. 4 | Schematic of the methodology used in this paper. It 
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collection and preparation, c Bayesian material flow analysis, d Scenario analysis 
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