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Abstract

In this study we investigate the implications of reaching the 2°C climate target for global
woody biomass use by applying the Global Biosphere Management Model (GLOBIOM) and
the recently published SSP-RCP scenario calculations. We show that the higher biomass
demand for energy needed to reach the 2°C target can be achieved without significant
distortions to woody biomass material use and that it can even benefit certain forest industries
and regions. This is because the higher woody biomass use for energy increases the demand
for forest industry by-products, which makes forest industry final products production more
profitable and compensates for the cost effect of increased competition over raw materials.
The higher woody biomass use for energy is found to benefit sawnwood, plywood and
chemical pulp production, which provide large amounts of by-products, and to inhibit
fiberboard and mechanical pulp production, which provide small amounts of by-products. At
the regional level, the higher woody biomass use for energy is found to benefit material
production in regions, which use little roundwood for energy (Russia, North-America and
EU28), and to inhibit material production in regions, which use large amounts of roundwood
for energy (Asia, Africa and South-America). Even if the 2°C target increases harvest
volumes in the tropical regions significantly compared to the non-mitigation scenario, harvest
volumes remain in these regions at a relatively low level compared to the harvest potential.

1. Introduction

Biomass is an important factor in reaching the 2°C climate target, as it provides a cost-
efficient way to replace fossil fuels in energy production. Historically the most important
source of biomass use for energy has been woody biomass (Fernandes et al. 2007). Currently
about half of harvested woody biomass is used for energy production (FAO 2016).
Consequently, the higher biomass demand for energy needed to reach the 2°C target is
expected to increase woody biomass use significantly in the future and tends to lead to more
intensive forest resources use. More intensive forest resources use raises concerns about the
increasing disturbance of natural forests, higher woody biomass prices, and decreasing
woody biomass availability for material use.

The future biomass use for energy has been studied extensively by integrated assessment
models, which predict that reaching the 2°C target requires a 20-50% biomass share of
primary energy in 2100 (200-450 EJ/year) while the current biomass share of primary energy
is about 10% (54 EJ/year) (Rose et al. 2014, 11ASA 2016). These models do not usually
include an explicit biomass sector module, but utilize biomass supply curves from separate



biomass sector models. Thus, integrated assessment models have not commonly been used to
analyze the impact of the 2°C target on woody biomass use.

There are not many studies that use a global forest sector model to analyze the impact of the
2°C target on global woody biomass use. Raunikar et al. (2010) studied the effects of the
IPCC SRES scenarios (IPCC 2000) on global woody biomass use using the Global Forest
Products Model (Buongiorno et al. 2003). They concluded that moving from the low
mitigation scenario (A2) to the high mitigation scenario (A1B) would increase woody
biomass use for energy from 5 to 10 Gm?3 in 2060 leading to threefold higher roundwood
prices and a 15% decrease in woody biomass material use. Favero and Mendelsohn (2017)
studied the effects of reaching different radiative forcing levels on global woody biomass use
during 2010-2100 using the Global Timber Model (Sohngen et al. 1999) and the WITCH
integrated assessment model (Bosetti et al. 2006). They concluded that reaching the 2.5 W/m?
(2.3°C scenario) level would increase woody biomass use for energy from 0 to 5.2 Gm?3 in
2100 compared to 6.6 W/m? level (no mitigation scenario), leading to almost tenfold higher
roundwood prices and a 90% decrease in woody biomass material use.

Some studies have analyzed the implications of higher woody biomass use for energy on
woody biomass material use in the more specific context. Johnston and van Kooten (2016)
and Jonsson and Rinaldi (2017) studied the interconnection between wood pellets and woody
biomass material use by using a global forest sector model. Both studies found that higher
wood pellets consumption within the EU28 benefits sawnwood and plywood production
while it inhibits fiberboard and pulp productions. However, these studies did not considered
the whole woody biomass use for energy, but only a small part of it. Moreover, they did not
connect their analysis to any climate scenarios. Consequently, on basis of these studies we
cannot draw any general conclusion on the impact of climate change mitigation on the woody
biomass use.

The demand for woody biomass depends not only on the climate change mitigation, but also
on socioeconomic drivers. The old IPCC SRES scenarios do not separate climate change
components from socioeconomic drivers (IPCC 2000), which means that the effects of
mitigation cannot be studied independently of the effects of population and GDP growth. In
the new SSP-RCP scenario framework, this problem is solved by separating these two
components into a matrix of Shared Socioeconomic Pathways (SSPs) and Representative
Concentration Pathways (RCPs) (Riahi et al. 2017). The RCPs describe projections for
atmospheric concentration of greenhouse gases under different climate change mitigation
policies. The SSPs add the socioeconomic dimension to the scenario framework, describing
different pathways of population and economic growth and consumption patterns, from
sustainable development to highly disintegrated global development and fossil-fuel driven
economies.

In this study, we analyze the implications of the SSP-RCP scenarios for woody biomass use
using the Global Biosphere Management Model (GLOBIOM) (Havlik et al. 2011, 2014). In
particular, we examine the RCPref and RCP2.6 scenarios, which are, respectively, the no-
mitigation (zero carbon price) and high mitigation (2°C target) climate change scenarios. The
results of this study are based on solving the GLOBIOM model alone. We do not solve the
full GLOBIOM-MESSAGE integrated assessment model (Frico et al. 2017), but instead use
the existing results from the SSP-RCP scenarios, which were calculated by the full model.



The rest of the paper is organized as follows. In Section 2 we introduce the model and the
methodology used in the analysis. Section 3 presents the results of the model. In section 4 we
discuss the results of the model and provide conclusions. A formal description of the model,
numerical results of the model in table format, and a sensitivity analysis are included in the
supplementary material.

2. Methods
2.1 GLOBIOM model

The Global Biosphere Management Model (GLOBIOM) is a global spatially explicit
agricultural and forest sector model, in which the world is divided into 30 economic regions
and about 200 000 land-use units (Havlik et al. 2011, 2014). The model is solved recursively
using biophysical data from the spatially explicit forest growth and management model, G4M
[Kindermann et al. (2006), Kindermann et al. (2008), Gusti (2010)] and the spatially explicit
crop model, EPIC (Williams 1995). In this study, we use a variant of GLOBIOM with an
extended description of the forest sector (Lauri et al. 2014). The biomass demands for energy
and carbon prices are based on the SSP-RCP scenario calculations from the GLOBIOM-
MESSAGE integrated assessment framework (Fricko et al. 2017).

The forest sector module in GLOBIOM includes three types of products: primary products,
by-products and final products. Primary products come directly from the forests and their
supply is based on the production costs and bio-physical data from G4M. Primary products
are transformed into final products and by-products using different production technologies.
By-products can be used to substitute for primary products in the production of final
products. Final products are consumed and their consumption is based on exogenous demand
functions. Figure 1 describes the relationships between different products and production
technologies in the forest sector module using 2010 model values. The formal description of
the forest sector module can be found in the supplementary material.

The current version of the model includes five primary products (pulplogs, sawlogs, other
industrial roundwood, fuelwood, and logging residues). Pulplogs, sawlogs, other industrial
roundwood and fuelwood are stemwood. Logging residues are branches, stumps, and harvest
losses (=stemwood that is not suitable for material use). Other industrial roundwood is
stemwood used for material products, but not accounted for pulplogs and sawlog (poles,
balks etc.). If there is insufficient stemwood to cover the FAOSTAT fuelwood demand, then
branches, stumps and harvest losses are allowed to be used for fuelwood.

The current version of the model includes eight final products (sawnwood, plywood,
fiberboard, chemical pulp, mechanical pulp, other industrial roundwood, fuelwood, and
energy wood) and five by-products (sawdust, woodchips, bark, black liquor, and recycled
wood). Note that other industrial roundwood and fuelwood are primary products as well as
final products. Energy wood is an aggregate term for industrial sector woody biomass use for
energy. Recycled wood is a by-product of final products (material) consumption. Further



processing of chemical and mechanical pulp to paper and board and recycled paper are not
considered in this version of the model. Note also that woody biomass use for energy is
considered in terms of primary energy, which means that further processing of energy wood
to liquid biofuels, charcoal and pellets is not considered explicitly in this version of the
model.
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Figure 1: Global woody biomass use in GLOBIOM in 2010.

To simplify the argumentation in the remaining part of the study we use the terms “material
use” and “energy use”, which are commonly used in the woody biomass resource balance
literature (e.g., Mantau et al. 2010). These terms refer to the use of woody biomass as input to
production technologies that produce final products for material or energy consumption. For
example, sawlogs used for sawnwood production are fully included in material use, even
though some part of them end-up as by-products that might be used for energy. On the other
hand, primary products and by-products used for pellets and charcoal production are included
in energy use, even though pellets and charcoal are, in fact, material products.

2.2 Linkage between GLOBIOM, G4M and MESSAGE

The GLOBIOM-MESSAGE integrated assessment model allows a comprehensive
accounting of forest, agricultural and energy sector carbon emissions and mitigation options.
In terms of forest sector, the framework allows the consideration of mitigation options such
as energy substitution, carbon sequestration in forests, afforestation and deforestation. The
linkage between GLOBIOM, G4M and MESSAGE is presented in Figure 2. A similar figure
for the full integrated assessment model linkages can be found in Fricko et al. (2017).

The linkage between GLOBIOM, G4M and MESSAGE works as follows. First, G4M is
solved for a representative forest management called “current management”, which keeps the
biomass stocks and increments constant over time (Gusti 2010). Current management is
independent of harvest volumes and carbon prices, as it assumes that all forests are normal
forests where the oldest age class is either harvested or removed by natural mortality or



natural disturbances. Second, the biomass stocks, increments and forest areas from G4M are
used as input to GLOBIOM to calculate the harvest volumes and land prices for given
biomass demand and carbon price scenarios. Third, the harvest volumes, carbon prices, and
land prices from GLOBIOM are used as input to G4M to solve the actual biomass stocks,
increments, and forest areas. The actual biomass stocks, increments and forest areas are not
based on the normal forest assumption, but on the actual age-class distribution of forests and
the future harvest volumes, carbon prices and land prices. Fourth, the biomass supply curves
and land-use based carbon emissions/uptake for different carbon prices from GLOBIOM and
G4M are used as input to MESSAGE to calculate the biomass demands for energy and
carbon prices required to achieve certain climate scenarios. Finally, the biomass demands for
energy and carbon prices for different climate scenarios are used as input to GLOBIOM to
solve the final outcome of the model.
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Figure 2: Linkage between GLOBIOM, G4M and MESSAGE.

The results of this study are based on solving the GLOBIOM model alone. We do not solve
the full GLOBIOM-MESSAGE integrated assessment model, but instead use the results from
the SSP-RCP scenario calculations based on the full model. This means that biomass demand
for energy, carbon prices, increments, biomass stocks, and forest areas can be interpreted as
exogenous data from the viewpoint of this study. However, the division of biomass use
between different types of biomass is endogenous in the sense that is based on the
GLOBIOM model outcome.

2.3 SSP-RCP scenario data

In this study, we consider two climate change scenarios RCPref and RCP2.6 connected to one
socioeconomic development scenario, SSP2. RCPref is the no-mitigation (zero carbon price)
scenario leading to a 3.8°C temperature increase in 2100 compared to the pre-industrial level.
RCP2.6 is the high mitigation scenario leading to a 1.8°C temperature increase in 2100
compared to the pre-industrial level. SSP2 is the “middle of the road” scenario with
intermediate socio-economic development (Riahi et al. 2017).



The carbon prices increase in the RCP2.6 scenario up to 1000 $/tCO2in 2100, while the
global biomass demand for energy up to 206 EJ.* Such high carbon prices and biomass
demands are not uncommon in the integrated assessment models [e.g., IPCC (2014), Rose et
al. (2014), HASA (2016)]. High carbon prices increase biomass demand for energy, because
using fossil fuels becomes less desirable. On the other hand, high carbon prices decrease the
biomass demand for energy, because carbon sequestration in forests becomes more desirable,
energy efficiency improves and carbon capture and storage (CCS) becomes a more attractive
solution. The SSP-RCP scenario calculations take account of these effects and solve the
optimal biomass demand for energy, carbon sequestration in forests, forest area changes and
carbon prices required to reach the desired climate target (Fricko et al. 2017).

2.4 Energy sector data interpretation

The global biomass use for energy in 2010 in terms of primary energy was 54 EJ, of which
34 EJ was residential sector use and 20 EJ industrial sector use (IEA 2016). Energy sector
assessments usually assume that the entire residential sector use is fuelwood [e.g., IEA
(2009), IPCC (2012), GEA (2012), WBA (2015)]. However, this is more than double the
fuelwood consumption in FAO statistics, which was 2.1 Gm? over bark (0.b.) (=15 EJ) in
2010 (FAO 2016).2 The reason for the difference may be that IEA residential sector use also
includes non-woody biomass, such as agricultural residues, especially in regions with a large
agriculture sector (e.g., India, China, Africa). Suspecting this, we based our fuelwood
estimate on FAQ rather than IEA data, and assumed that residential sector biomass use (34
EJ) consists of 15 EJ fuelwood and 19 EJ other biomass. Industrial sector biomass use (20
EJ) is estimated to include 8 EJ woody biomass and 12 EJ energy crops and other biomass,
based on our own calculations and additional data (IEA 2016, FAO 2016).

2.5 Fuelwood

Fuelwood is defined as residential sector (=households) woody biomass use for energy.
According to the FAO, fuelwood consumption in 2010 was 2.1 Gm? 0.b. (=15 EJ), which was
about 28% of global biomass use for energy (FAO 2016, IEA 2016). The majority of
fuelwood consumption (90%) is located in the developing regions (FAO 2016), where
fuelwood is often the most important source of energy. Following the SSP2 storyline we
assume that fuelwood consumption is phased out by 2080 (Fricko et al. 2017). Historically,
fuelwood consumption has been decreasing in the developed regions and increasing in the
developing regions (Fernandes et al.2007). The SSP2 storyline assumes that the developing
regions follow the historical path of the developed regions and move from fuelwood to
electricity and modern cooking fuels as a result of income growth, urbanization, and active
investment policies [Hofstad et al. (2009), Pachauri et al. (2013), Jiang and O’Neill (2017)].

2.6 Energy crops and other biomass

Energy crops are defined as biomass that is grown for energy. Energy crops include wood
crops (e.g., eucalyptus, poplar, willow), energy grasses (e.g., switchgrass, miscanthus) and
agricultural crops (e.g., sugarcane, sugar beet, soy, corn, wheat, rape, oil palm). The energy
crops potential is studied, e.g., by Sims et al. (2006), Beringer et al. (2011), Kocar and Civas
(2013) and Searle and Malins (2014). Energy crops are expected to become an important

! Biomass demands for energy and carbon prices as well as other SSP-RCP scenario data are publicly available
in the SSP-scenario database (I11ASA 2016).
2 Woody biomass volumes are converted to energy units using factor 1 GJ=7.2 m®.



source of biomass for energy, because they have higher yields than woody biomass from
natural forests. The energy crops yields in the model are on average 25 m3/ha/yr (11 t/ha/yr)
and they vary in the range of 10-45 m3/ha/yr (5-20 t/ha/yr), which is comparable to estimates
of energy crops yields in other studies (e.g., Searle and Malins 2014). The average increment
of natural forests in the model is 6.1 m3/ha/yr, which indicates that energy crops plantations
require on average four times less land area than natural forests to provide the same amount
of biomass for energy use.

Other biomass is defined as residential or industrial sector biomass use for energy that is not
included in woody biomass or energy crops. Non-woody biomass can be agricultural
residues, waste or biogas. The other biomass potential is studied, e.g., by Bentsen et al.
(2014), Searle and Malins (2014) and Daioglou et al. (2015).

There are no good data available about the actual amount of energy crops and other biomass,
as IEA data do not differentiate in detail between the different types of biomass for energy
(IEA 2016). For that reason, the amount of energy crops and other biomass in 2010 is
estimated as a residual term, which explains the difference between the IEA total biomass use
for energy and woody biomass use for energy. After 2010 the amount of energy crops and
other biomass is modeled endogenously and is based on the economic trade-off between
woody biomass, energy crops and other biomass.

2.7 Harvest potential and cost-supply curves for roundwood and logging residues

A simple way to summarize the biophysical and economic data that the model uses is to
consider harvest potential and cost-supply curves. Harvest potential is usually defined for
roundwood (=pulplogs+sawlogs+other industrial roundwood+fuelwood) and extended to
logging residues using biomass expansion factors (Verkerk et al. 2011). Cost-supply curves
for roundwood and logging residues are obtained by combining harvest potential to
production costs.

The global roundwood harvest potential in the model in 2010 is about 19.1 Gm? 0.b.=4.9
mé/ha/yr x 3893 Mha, where 4.9 m®/ha/yr is average roundwood yield (=average increment
6.1 m3/ha/yr —average harvest losses 1.2 m3/ha/yr) and 3893 Mha is available forest area for
roundwood harvesting in 2010. The global logging residues harvest potential is about 7.2
Gm3=~0.5 x (1.2 m¥halyr+2.5 m®ha/yr) x 3893 Mha, where 0.5 is recovery ratio, 1.2
mé/ha/yr is average harvest losses, 2.5 m*/ha/yr is average branches and stumps and 3893
Mha is available forest area for logging residues harvesting.

Production costs in the model are based on three costing components: harvest costs, transport
costs, and land-use change costs. Harvest and transport costs are spatially explicit, which
implies that supply price is an increasing function of harvested volumes, as the easily
accessible low cost resources are used first and the remote high cost resources are used last
(Di Fulvio et al. 2016). The land-use change costs are an increasing function of the periodic
change of the country-level managed forest area, which implies that supply is less elastic in
the short run than in the long run, i.e., the harvest potential is higher in the long run than in
the short run (Figure 3). This means that in the short run, institutional factors such as the
forest ownership structure, available machinery and labor, transport capacity or the forest
road network limit the supply; in the long run, such limitations are negligible.
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Figure 3: Global cost-supply curves for roundwood and logging residues in 2010 and 2100.

3. Results

The results of the model are presented in Figures 4-8, which display the most important
numerical and qualitative relationships between the state variables of the model at global and
regional level. The numerical results of the model are included in the supplementary material.

The regional level data are aggregated to six regions, which are called EU28, Russia, Africa,
Asia, North-America and South-America. The EU28 includes European Union; Russia
includes Russia and the rest of Europe; Africa includes Africa and Middle-East; Asia
includes Asia and Oceania; North-America includes Canada and the USA; South-America
includes Central and South-America. In some cases, the regional level data are aggregated to
two regions, which are called boreal zone and tropical zone. Boreal zone includes Russia,
North-America and EU28 while tropical zone Africa, Asia and South-America.

3.1 Total biomass use for energy

The 2°C target increases the total biomass use for energy significantly compared to the non-
mitigation scenario (Figure 4). In the RCPref, scenario the total biomass use for energy
increases from 54 EJ in 2010 to 66 EJ in 2100, while in the RCP2.6 it increases to 206 EJ in
2100. In the RCPref scenario, the growth of total biomass demand for energy is fully satisfied
by energy crops and other biomass, which keeps woody biomass use for energy almost
constant over time. In the RCP2.6 scenario, the strong increase in total biomass demand for
energy leads to a considerable increase in woody biomass use, as well as development of
energy crops and other biomass.
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Figure 4: Total global biomass use for energy in the RCPref and RCP2.6 scenarios.
3.2 Woody biomass energy use

The higher total biomass use for energy needed to reach the 2°C target increases woody
biomass use for energy significantly compared to the non-mitigation scenario (Figure 5a). In
2010, most woody biomass use for energy was household fuelwood. While the fuelwood
consumption decreases over time, our results indicate a strong increase in woody biomass use
for energy in the industrial sector. In the RCPref scenario, the growth of industrial sector use
is almost fully satisfied by forest industry by-products, which implies that logging residues
use for energy remains at a relatively low level, increasing to 131 Mm? by 2100, while
roundwood is not used for energy at all. In the RCP2.6 scenario, there are insufficient by-
products available to satisfy the increased biomass demand for energy. The logging residues
and industrial sector roundwood use for energy thus become important sources of energy
especially after 2050, increasing to 2.6 Gm? and 2.4 Gm?® 0.b. by 2100, respectively.
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Figure 5a: Woody biomass use for energy in the RCPref and RCP2.6 scenarios.



At the regional level, woody biomass use for energy increases most in the tropical regions
due to the 2°C target (Figure 5b). This is because those regions have larger forest resources
and lower production costs as well as faster socioeconomic development than the rest of the
world. In the RCPref scenario woody biomass use for energy in the tropical regions decreases
from 2.4 Gm® in 2010 to 1.9 Gm? in 2100 due to phasing out of fuelwood consumption.
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Figure 5b: Regional division of woody biomass use for energy in the RCPref and RCP2.6 scenarios.

Also noteworthy is the different regional composition of woody biomass use for energy
(Figure 5c). In the boreal zone, forest industry by-products cover the majority of woody
biomass use for energy, which keeps roundwood use for energy low (about 10% of total
woody biomass use for energy in the RCP2.6 scenario in 2100). In the tropical zone, the
lower availability of forest industry by-products and the higher availability of roundwood
lead to higher roundwood use for energy (about 40% of total woody biomass use for energy
in the RCP2.6 scenario in 2100). Altogether, 90% of roundwood use for energy in the
RCP2.6 scenario in 2100 (2.2 Gm?® 0.b.) is located in the tropical zone, while only 10% (0.2

Gmeo0.b.) is in the boreal zone.
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3.3 Woody biomass material use

The higher woody biomass use for energy needed to reach the 2°C target increases the
competition over woody biomass resources, which tends to decrease woody biomass material
use (=competition effect). On the other hand, higher woody biomass use for energy increases
forest industry by-products demand for energy, which makes forest industry final products
production more profitable and tends to increase woody biomass material use (=by-product
effect). The overall effect of the higher woody biomass use for energy on woody biomass
material use depends on the trade-off between these two effects. In general, the overall effect
tends to be an inverted u-shaped function of time, because the competition effect becomes
stronger over time when woody biomass use for energy increases.

The higher biomass use for energy needed to reach the 2°C target increases woody biomass
material use slightly compared to the non-mitigation scenario (Figure 6a). The effect is an
inverted u-shaped function of time so that the peak 130 Mm? occurs in 2080 after which it
decreases to 42 Mm? in 2100. This is because by-products cover the majority of industrial
woody biomass use for energy until 2080 (Figure 5a). After 2080 roundwood use for energy
starts to increase reaching about 30% share of total woody biomass energy use in 2100,
which tends to increase the competition effect.
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Figure 6a: Woody biomass material use. The left hand chart display development in the RCPref scenario using
Gm?® while the right hand chart the difference between RCP2.6 and RCPref scenarios using Mm@,

The higher woody biomass use for energy needed to reach the 2°C target increases woody
biomass use for sawnwood, plywood and chemical pulp and decreases its use for mechanical
pulp, fiberboard and other industrial roundwood (Figure 6b). Sawnwood, plywood, and
chemical pulp production increase, because they provide large amounts of by-products
(woodchips, sawdust, bark, black liquor). Fiberboard, mechanical pulp and other industrial
roundwood productions decrease, because they provide small amounts of by-products (only
bark).
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The higher biomass use for energy needed to reach the 2°C target increases woody biomass
material use in Russia, North-America and EU28 and decreases it in Africa, Asia and, South-
America (Figure 6c). In general, woody biomass use for energy needed to reach the 2°C
target has a positive effect on boreal zone material use and a negative effect on tropical zone
material use. This is because by-products are used relatively more for energy in the boreal
zone (Figure 5c), which increases the by-product effect there, while the roundwood is used
relatively more for energy in the tropical zone, which increases the competition effect there.
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Figure 6¢ Regional division of woody biomass material use. The left hand chart displays development in the
RCPref scenario using Gm? while the right hand chart the difference between RCP2.6 and RCPref scenarios
using Mm2.

% In Figure 6b we use the roundwood equivalent units (RWeq) to final products comparable to each other. This
means that final products are measured in terms of their raw material consumption instead of their actual
volume.
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The turning point of material use expansion occurs at the global level in around 2080 (Figure
6a) while in the tropical zone it occurs in around 2070. In the boreal zone the turning point is
outside of the considered time horizon (Figure 6¢). Figure 4 shows that the turning point
occurs when roundwood use for energy exceeds 10% of total woody biomass use for energy.
Accordingly, we can conclude that an inverted u-shaped effect requires roundwood use for
energy to exceed 10% share of total woody biomass use for energy. If roundwood use for
energy stays sufficiently low (below 10% of total woody biomass use for energy) then the by-
product effect tends to dominate the competition effect and we do not observe the inverted u-
shaped effect.

3.4 Woody biomass prices

The higher biomass use for energy needed to reach the 2°C target increases woody biomass
prices significantly compared to the non-mitigation scenario (Figure 7). In the RCP2.6
scenario, pulplogs and sawlogs prices start to increase in 2080 while in the RCPref scenario
they starts to decrease. The reason for the increase is the competition effect and higher
biomass use for energy while the reason for the decrease is the decreasing trend of material
use expansion, which decreases the land-use change costs and leads to lower pulplog and
sawlog prices. In the RCP2.6 scenario, the price of by-products and logging residues starts to
increase in 2060. This is because the by-product and logging residue prices react to higher
biomass use for energy earlier than the roundwood prices.
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Figure 7: World woody biomass prices calculated as a weighted average over regional prices in the RCPref and
RCP2.6 scenarios.

3.5 Roundwood harvest volumes and the intensity of use of forest resources

The higher biomass use for energy needed to reach the 2°C target increases the roundwood
harvest volumes significatly compared to the non-mitigation scenario (Figure 8a). The main
reason for this is increased roundwood use for energy in the RCP2.6 scenario. In 2100, the
harvest volume in the RCP2.6 scenario is 2.5 Gm? 0.b. higher than in the RCPref scenario, of
which 2.4 Gm?® o.b. is caused by increased roundwood use for energy and 0.1 Gm? o0.b. by
increased roundwood material use.

13



25 25
3 RCPref = RCP2.6
p 2
o 20 1 g 20 A
= =
e <)
< 15 A < 15 A
< =
(] ]
9 g
=10 - = 10 A
I o
© R
< 5 B
o
Q o)
o
[e) Q QO O QO O O OO0 N N & x O O X O O S OO O N O
N $o) 0 \3) o Q 9 ) S W O » » o Q & O O
A S S S S RS S
Unharvested roundwood potential Unharvested roundwood potential
m Harvested roundwood for material use m Harvested roundwood for material use
m Harvested roundwood for fuelwood m Harvested roundwood for fuelwood
Harvested roundwood for industrial energy use

Figure 8a: Roundwood harvest volumes and harvest potential in the RCPref and RCP2.6 scenarios.

The development of harvest volumes over time depends on roundwood material use as well
as on roundwood use for energy. In the RCPref scenario, roundwood material use increases
from 1.9 Gm?® 0.b. in 2010 to 4.5 Gm?® 0.b. in 2100 and energy use decreases from 2.1 Gm?®
0.b. iIn 2010 to 0 in 2100, leading to an overall increase in roundwood harvest volumes from
4.0 Gm? 0.b. in 2010 to 4.5 Gm® 0.b. in 2100. Thus, the increase in roundwood material use is
compensated for by the decrease in fuelwood use, and the overall increase in harvest volumes
remains small.

In the RCP2.6 scenario, roundwood material use increases from 1.9 Gm? o.b. in 2010 to 4.6
Gm3 o.b. in 2100 and energy use decreases first from 2.1 Gm? 0.b. in 2010 to 0.4 Gm? 0.b. in
2070 and then increases to 2.4 Gm?® 0.b. in 2100, leading to an overall increase in harvest
volumes from 4.0 Gm?3 0.b. in 2010 to 7.0 Gm?® 0.b. in 2100. Thus, the increase in roundwood
material use is compensated for by the decrease in fuelwood use, but harvest volumes
increase due to industrial sector roundwood use for energy.

If we compare the projected harvest volumes to the roundwood harvest potential, the increase
seems less dramatic as significant amounts of forest resources will remain unused. One way
to describe this relationship is to consider the intensity of use of forest resources, which can
be measured by the ratio of roundwood harvest volume to roundwood harvest potential
(OECD, 2015). In 2010 the intensity of use of forest resources was about 21%~100 x
4.0/19.1, where 4.0 Gm?® 0.b. is the global roundwood harvest volume in 2010 and 19.1 Gm?®
0.b. is the global roundwood harvest potential. In the RCPref scenario, the intensity increases
to 24% and in the RCP2.6 scenario to 32% by 2100. Note that the roundwood harvest
potential stays almost constant in the RCPref scenario while in the RCP2.6 scenario it
increases by 15% during 2010-2100. This is because forest area increase in the RCP2.6
scenario from 3893 Mha in 2010 to 4479 Mha in 2100. Forest area increases in the RCP2.6
scenario due to higher carbon prices, which increase the value of forest land relative to other
land use options and lead to lower levels of deforestation and higher levels of afforestation
than in the RCPref scenario.
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At the regional level, the 2°C target increases harvest volumes the most in the tropical regions
(Figure 8b), because 90% of roundwood use for energy occurs there. Therefore, the 2°C
target is expected to have largest effect on the tropical zone forest resources use. However,
the
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Figure 8b: Regional division of roundwood harvest volumes in the RCPref and RCP2.6 scenarios.

intensity of use of forest resources increases the most in the EU28, where 95% of forest
resources are in production use, in the RCP2.6 scenario in 2100 (Figure 8c). In the tropical
regions, the intensity of use of forest resources increases only modestly so that in South-
America 23%, in Africa 28%, and in Asia 48% of forest resources are in production use in
the RCP2.6 scenario in 2100. Thus, even if harvest volumes increase significantly in the
tropical regions, most of the forest resources remain still unused in those regions.
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Figure 8c: The intensity of use of forest resources for different regions in the RCPref and RCP2.6 scenarios.
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4. Discussion and conclusions

We have shown that the impact of the 2°C target on woody biomass material use is not
trivial, because the higher woody biomass use for energy needed to reach the 2°C target
causes an inverted u-shaped effect on woody biomass material use depending on the trade-off
between the by-product and competition effects. Our results suggest that the 2°C target can
be achieved without significant distortions to woody biomass material use and can even
benefit some forest industries and regions. Even if the 2°C target increases harvest volumes
in the tropical regions significantly compared to the non-mitigation scenario, the intensity of
use of forest resources in these regions is expected to remain at a relative low level.

The impact of the 2°C target on woody biomass material use and prices is smaller than in
previous studies on the subject (Table 1), as we have included forest industry by-products and
logging residues in our analysis. The forest industry by-products and logging residues
increase the availability of woody biomass and make material production more profitable,
which tends to decrease competition over woody biomass resources and lower woody
biomass prices.

Table 1
Comparison of model assumptions and results with previous studies: 2

GLOBIOM GFPM GTM
Auvailable forest area 2010 (Mha) 3893 3900 3500
Available forest area 2100 (Mha) 3877-4479 3900 3200-5000
Average roundwood yield (m3/haly) 4.9 44 2¢
Roundwood harvest potential (Gm3 0.b.) 19.1-22.0 15.6 ¢ 7.0-10.0¢
Roundwood production costs ® ($/m3) 20-100 - -
Price elasticity of supply - 0.1-1 0.3-1.1
Woody biomass energy use 2010 (Gm3) 3.2 1.9 o¢
Woody biomass energy use 2100 (Gm3) 2.7-7.8 4.9-9.9 0-5.2
Woody biomass material use 2010 (Gm3) 2.1 1.7 2.0
Woody biomass material use 2100 (Gm3) 4.7 1.3-1.2 2.6-0.2
Roundwood harvest volume 2010 (Gm3 0.b.) 4.0 3.6¢ 2.0¢
Roundwood harvest volume 2100 (Gm3 0.b.) 45-7.0 6.2-11.1¢ 2.6-5.4¢
Roundwood prices 2010 ($/m3) 60 70 100
Roundwood prices 2100 ($/m3) 80-120 150-400 100-1830

2 The range of results represents the difference between the low and high mitigation scenarios.
GLOBIOM=model used in this study [low mitigation scenario=RCPref, high mitigation scenario=RCP2.6].
GFPM=model in Raunikar et al. (2010) [low mitigation scenario=A2, high mitigation scenario=A1B;
increments and elasticities from Buongirno et al. (2003); woody biomass material use from Buongiorno et al.
(2012); due to different time horizon 2006 represents 2010 and 2060 represents 2100]. GTM=model in Favero
and Mendelsohn (2017) [low mitigation scenario=radiative forcing 6.6 W/m2; high mitigation
scenario=radiative forcing 3.4 W/m?; increments and elasticites from Sohngen et al. (1999); price elasticity of
management interpreted as price elasticity of supply].

b Roundwood production costs are long run costs, i.e., they include harvest and transport costs, but not land-use
change costs.

¢ Woody biomass energy use in GTM is zero in 2010, because the model does not consider fuelwood, by-
products or logging residues use for energy.
dUnder bark.

The results of this study depend not only on the availability of woody biomass, but also on

other model assumptions. First, the price elasticities of demand are assumed to be relatively
inelastic based on Boungiorno et al. (2003. The final products demand might become more
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elastic in the future, because woody biomass can potentially replace other materials, such as
concrete, plastic or cotton (Menon and Rao 2012, Mallo and Espinoza 2014). More elastic
demand increases the by-product effect, as it facilitates material production expansion.
Second, we do not assume any limitations on roundwood use for energy. For example, in the
EU there is an ongoing discussion concerning restrictions on roundwood use for energy to
promote the cascading use of wood (Vis et al. 2016). Restricting roundwood use for energy
increases the by-product effect, because by-products demand for energy increases. Third,
there are several uncertainties connected with large scale production of energy crops and it is
unclear if energy crops can achieve their expected potential (Evans 1997, Searle and Malins
2014). Lower availability of energy crops increases the competition effect, as it leads to
higher woody biomass use for energy.*

In this study, woody biomass use for energy is assumed to be carbon neutral in the sense that
the temporary asymmetry between carbon emissions of burning biomass and carbon uptake
by regrowth is ignored. Consequently, woody biomass use for energy only affects the carbon
balance of forests through the rotation length and permanent carbon stock changes.
Moreover, the harvest potential of the model is determined by forest growth estimates from
G4M, which are based on the static Net Primary Productivity (NPP) map (Kindermann et al.
2008). It is thus possible that we overestimate the climate benefits of woody biomass use for
energy and underestimate the climate benefits of carbon sequestration in forests. There is
ongoing scientific debate regarding how to manage forests to maximize mitigation effort
[e.g., Lippke et al. (2011), Schulze et al. (2012), Sedjo and Tian (2012), Agostini et al.
(2014), Bellassen and Luyssaert (2014), Johnston and van Kooten (2015), Berndes et al.
(2016)]. While our model offers a good starting point for analyzing the impact of climate
change mitigation on woody biomass use at the global level, considering possible changes in
the forest growth and biomass decomposition processes provides an important subject for
future research. One possible solution would be to couple G4M with a process based forest
growth model and a soil carbon model, which take account changes in NPP and heterotrophic
respiration (Kindermann et al. 2013, Zhou et al. 2013, Cherubini et al. 2016).

Another subject for future study would be to analyze the impact of climate change mitigation
jointly with the impact of climate change on forest growth and mortality. The combined
effect of climate change and climate change mitigation on woody biomass use has been
studied, e.g., by Perez Garcia et al. (2002), Sohngen and Tian (2016) and Tian et al. (2016).
Higher temperatures and CO2 concentration not only increase harvest potential, but they also
increases the risk for natural disturbances such as storms, pests, and droughts. However, the
impact of climate change on forest growth and mortality is not yet completely understood and
includes large uncertainties (e.g., Lindner et al. 2014, Sleen et al. 2015). Moreover, in the 2°C
target scenario the temperature and CO> concentration changes are expected to be lower than
in the non-mitigation scenario, which would decrease the climate effect on forest growth and
mortality considerably compared to the non-mitigation scenario with almost 4 °C temperature
increase.
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SUPPLEMENT
1. Formal description of the forest sector module

This chapter includes a formal description of the forest sector module in GLOBIOM. The
formal description of the full model (including agriculture sector and carbon emissions
accounting) can be found in Havlik et al. (2011) and Havlik et al. (2014). The forest sector
module is also described in Lauri et al. (2014) including a more detailed discussion on the
assumptions of the model.

1.1 Model structure
Indexes

I, ] =economic regions

k= product

f=forest industry production activity

h=nharvest activity

r=roundwood harvest activity (r c h)

I=logging residues harvest activity (I c h)

m,n= land-use types

o=land-use unit

t=time (not used if same for all variables of the equation)

Variables

W=welfare
X=consumption quantity
y=production quantity
e=trade quantity

z=area of land-use change
K=capacity
I=investments

L=land area

Parameters
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¢! = transport costs

cP'°¢ = process costs

¢ = harvest costs

¢'"v = investment costs
d=depreciation rate
a=input-output coefficient
b=increment per area
d=biomass expansion factor
d=recovery ratio

Functions
D(x) = inverse demand function
CU(g) = trade cost function

C"“c(z)=land-use change cost function

Obijective function
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Equation (1) is the sum of consumers’ and producers’ surpluses. The first term of equation
(1) is the area underneath the demand curve, which represents the value of final products
consumption to the consumers. The remaining terms of equation (1) are the areas underneath
the marginal cost curves, which represent the compensations paid to the producers. The
second term is the transport costs of woody biomass from forest to the mill gate with in each
region. The third term is the harvest costs of woody biomass. The fourth term is the process
costs of woody biomass. The fifth term is the investment costs. The sixth term is the trade
costs between the regions. The last term is the land-use change costs. Transport, harvest and
land-use change costs are spatial explicit, i.e., they are indexed with regions i and land-use
units o. Process, investment and trade costs are not spatially explicit, i.e., they are indexed
with just with regions i (or i and j in case of trade costs).

Equation (2) is the material balance. It guarantees that products are not consumed or used as
inputs in the production activities more than they are produced and traded. A production
activity f uses product k as input if air<0 and produces product k as output if ain>0. A harvest
activity h produces just outputs, i.e., ain>0.

Equations (3) and (4) determine the relationship between primary woody biomass supply and
forest resources. Equation (3) is the roundwood harvest constraint. This equation ensures that
roundwood harvests volumes do not exceed their harvest potential for each land-use unit. The
harvest potential is based on the increment and forest area data from G4M. Equation (4) is the
logging residues harvest constraint. This equation connects logging residues harvest volumes
to roundwood harvest volumes and limit logging residues extraction to some share of their
total volume in each land-use unit. The total volume of logging residues is based on the
biomass expansion factors while the share of logging residues that is allowed to be extracted
is on recovery ratio (Lauri et al. 2014). In the current version of the model the recovery ratio
of logging residues is assumed to be 0.5.

Equations (5) and (6) determine the relationship between production technologies and capital
stock. Equation (5) is the capacity constraint. Equation (6) is capital accumulation constraint.
Investments are undertaken as long as income of increasing capital stock is higher than the
investment costs within each period. In the current version of the model the depreciation rate
is assumed to be 0.3 in 10-year period and is same for all final products.

Equation (7) is the land-use balance. Forestland decreases due to deforestation, i.e., changing
forestland to cropland or grassland, and increases due to afforestation, i.e., changing
cropland, grassland or other natural vegetation land to forestland. For sustainability reasons
forestland is not allowed to be changed energy crops plantations. Within the forestland there
are two land-use types: managed forests and unmanaged forests. In the forestland is used for
production use then it is changed from unmanaged forest to managed forest.

Equation (8) limits recycled wood supply to a certain fraction of sawnwood, plywood and
fiberboard consumption.

The one period social welfare maximization problem (1)-(8) is first calibrated and solved for
the base year. Then it is solved repeatedly for the desired number of periods by assuming
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some exogenous or model history dependent changes in the state variables. The model period
is 10 years. However, because the data are usually based on the one year periods, the state
variables of the model are adapted to correspond one-year period.

Because the model is solved as a social welfare maximization problem, the objective function
does not include any market prices or market clearing mechanism. Market prices for products
k are obtained from the shadow prices of the material balance.

The model is solved using the GMS programming language and linear programming. Non-
linear functions are linearized using the piecewise-linear approximation.

1.2 Final products inverse demand function

Final products have constant elasticity inverse demand function

Dy (X ) = X (@)ak a, <0 (9a)
ik

where Xxik=quantity of demand for product k at region i in year t, x;,=reference quantity of
demand for product k at region i in year t, pik is price for product k at region i in year t,
pi=reference price for product k at region i and ax=price elasticity for product k.

In the current version of the model price elasticities and reference prices are based on
Buongiorno et al. (2003). Price elasticities vary in the range -0.1 to -0.5 depending on the
product category. The reference price for exporting regions is the world export price and for
importing regions the world export price plus transport costs. The world export price vary in
the range 20 to 500 $/m3. For simplicity the reference prices stay constant over time

Base year reference quantities are based on FAOSTAT data. After the base year reference
quantities are shifted by population and GDP growth:

pOp(Hl)i )( gdp(t+1)i )ﬁikgdp ﬁ'k do = 0
1kgdp

Xeovie = X
(t+1)ik tlk( popti gdpti

(9b)

where popt=population at region i in year t, gdpt=per capita gross domestic product (GDP) at
region i in year t and Ptigip=GDP elasticity for product k at region i in year t.

In the current version of the model GDP elasticities are assumed to be in the range 0.2 to 1
depending on the region, the product and the level of GDP. GDP elasticity depends on the
level of GDP so that Biowincome > Bmiddieincome > Bhighincome Where income classes are based on
World Bank classification. It follows that GDP elasticities of low income regions decrease
over time, because their GDP increases and eventually they move to the higher income class.

In the SSP-RCP scenario calculations fuelwood demand phases out over time, which is

modeled by decreasing reference quantity over time rather than of shifting it by population
and GDP growth.
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Total biomass demand for energy is assumed to be perfectly inelastic (¢=0), which means
that total biomass demand for energy wood depends only on the reference quantity (=fixed
guantity demand). The reference quantities for total biomass demand for energy are taken
from SSP-RCP scenario calculations.

1.3 Trade cost function
Trade costs are modeled using a constant elasticity trade cost function

tijk

e.
trad = ¢ tijk
Cn}ﬁ ¢ (etijk) =C (=)° 20 (10a)

where esijk=trade quantity for product k from region i to region j in year t, &, =reference

trade quantity for product k from region i to region j in year t, ¢, =reference trade costs for
product k and e=trade elasticity.

In the current version of the model trade elasticity is assumed to be 0.5, which is same for all
products and regions. Reference trade costs are based on Buongiorno et al. (2003) and they
vary in the range 20 to 80 $/m3 or ton depending on the product. For simplicity the reference
trade costs stay constant over time and they are same for all regions.

The base year reference trade quantities for based on BACI bilateral trade database (Gaulier
and Zignago 2010). After the base year the reference trade quantity is assumed to be previous
period trade quantity:

§(t+1) ik = Cij (10b)

If there is no trade in the previous year then it is assumed that trade costs are linearly
increasing function of the periodic trade quantity (similar to the land-use change cost
function).

1.4 Land-use change cost function

Land-use change costs are modeled using a linearly increasing cost function

Cilrlrjl(rzl (Ztimn) = Eimn + nimn Ztimn 77imn > O (11)

where ziimn=area of land-use change from land type m to land type n at region i in period t,
Cimn=Tixed cost land-use change from land type m to land type n at region i and nimn=slope
of land-use change cost function from land type m to land type n at region i.

The parameters of land-use change cost function are based on historical land-use change
patterns. In the current version of the model the fixed costs of changing unmanaged forest to
managed forest is 80%/ha and the slope 0.05 $/ha, the fixed costs of changing unmanaged
forest to crop land is zero and the slope varies in range 0.01 to 0.2 $/ha and the fixed costs of
changing unmanaged forest to grass land is zero and the slope varies in range 0.005 to 0.02
$/ha.
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Remark that land-use change costs are an increasing function of accumulated land-use change
during the whole 10 year period.

1.5 Calibration of the model and consistency checks

The current version of the forest sector module uses the following calibration and consistency
check methods. First, the consistency between harvest potentials and FAOSTAT harvest
volumes is checked. If the FAOSTAT harvest volumes exceeds the harvest potential in some
region, then the harvest potential is increased in this region. Second, the consistence between
model production technologies and FAOSTAT production/consumption quantities is
checked. If the regional and global material balances based on the model production
technologies and FAOSTAT production/consumption quantities do not match, then
FAOSTAT production/consumption quantities is changed so that the material balances hold.
The changes are based on the goal programming, which minimize the weighted sum of
deviations. Remark that the consistency check chances FAOSTAT production/consumption
quantities instead of production technology parameters. Hence, the model
production/consumption quantities might differ slightly from the FAOSTAT
production/consumption quantities. This is because the model uses representative best
available technologies (BAT), which are same for all regions and which stay unchanged over
time. Third, the consistency between BACI bilateral trade quantities and FAOSTAT net trade
quantities is checked. If BACI bilateral trade quantities do not sum up to FAOSTAT net trade
quantities at regional and global level, the BACI bilateral trade quantities are changed so that
they sum up to FAOSTAT net trade quantities. The changes are based on the goal
programming, which minimize the weighted sum of deviations. Fourth, final products
production quantities is forced to FAOSTAT production quantities by setting the base year
capacities are equal to FAOSTAT production quantities. Fifth, final products demand
quantities are forced to FAOSTAT consumption quantities by setting the base year reference
quantities in demand functions equal to FAOSTAT consumption quantities. Sixth, bilateral
trade quantities are forced to BACI bilateral trade quantities by setting the base year reference
quantities in trade cost functions equal to BACI bilateral trade quantities. Seventh, production
technology parameters that define the shares of pulplogs and by-products in pulp and
fiberboard production are calibrated so that they are consistent with FAOSTAT pulplogs
consumption quantities.

The base year of the model is usually 2000. In this study, we extend to base-year to 2010 by
assuming that period 2010 capacities and references quantities of demand functions are based
on the FAOSTAT data.

2. Numerical results for figures 3-8
2.1 Figure 3: Cost-supply curves

The global cost-supply curves in Figure 3 are calculated by assuming that all regions face a
same fixed price demand function, which eliminates the trade motive. In the actual scenario
calculations each region faces separate demand functions and trade costs, which tends to
increase prices compared to the global cost-supply curve. Moreover, it is assumed that fixed
prices demand functions stay unchanged over time. In actual scenario calculations demand
increases over time. That is why woody biomass prices in Figure 7 are not directly
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comparable to the cost-supply curves in Figure 3. In cost-supply curves roundwood is
measured as over bark (0.b.).

Figure 3
Cost-supply curve 2010 (Gm3, $/m3)

0O 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200
roundwood 0.0 00 00 16 32 38 45 50 55 59 62 67 70 73 75 79 81 83 86 88 9.1
loggingresidues 00 00 00 06 12 14 17 19 20 22 23 25 26 27 28 29 30 3.1 32 33 34

Cost-supply curve 2100 (Gm3, $/m3)

0O 10 20 30 40 50 60 70 &80 90 100 110 120 130 140 150 160 170 180 190 200
roundwood 0.0 00 00 16 44 6.0 79 93102 11.2 11.9 12.8 13.3 13.8 14.4 14.8 15.1 15.3 15.5 15.6 15.9
loggingresidues 0.0 00 00 06 16 22 29 35 38 42 44 47 49 51 54 55 56 57 58 58 59

2.2 Figure 4: Total biomass use for energy

The total biomass use for energy in terms of primary energy is taken as given from SSP-RCP
scenarios runs while the division between energy crops, other biomass and woody biomass is
based on GLOBIOM model outcome. Woody biomass volumes are converted to energy units
using factor 1 GJ=7.2 m3, which is based on net heating value 16 GJ/t and basic density 0.45
t/m3. The net heating value of oven dry (0% moisture) wood is about 19 GJ/t and decreases
to 8 GJ/t for fresh (50% moisture) wood (IEA 2005, VTT 2016). As woody biomass used for
energy is usually air-dried, we chose to use the net heating value of air-dry (10-20%
moisture) wood of 16 GJ/t. The basic density of woody biomass varies in the range of 0.2-1.0
t/m3 across tree species, tree parts and regions (IPCC 2006, VTT 2016). For simplicity and
transparency, we used the same average density of 0.45 t/m3 for all woody biomass in the
energy conversion, as it would be extremely complicated to keep track of different tree
species and woody biomass types along the woody biomass transformation path from forest
to energy.

Figure 4
Total biomass use for energy RCPref (EJ)
2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

energy crops and other biomass 31.0 34.9 36.6 38.2 39.9 41.7 43.6 45.1 46.0 46.9
woody biomass 23.0 225 22.1 21.5 20.9 20.1 19.2 18.6 18.8 19.5
total 54.0 57.4 58.6 59.6 60.9 61.8 62.8 63.7 64.7 66.4

Total biomass use for energy RCP2.6 (EJ)
2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

energy crops and other biomass 31.0 41.8 47.6 53.5 62.9 76.0 98.0 120.8 138.9 150.6
woody biomass 23.0 22.7 22.7 22.6 25.1 27.7 31.3 36.6 45.8 56.3
total 54.0 64.5 70.3 76.1 88.0 103.7 129.3 157.5 184.7 206.9

2.3 Figure 5: Woody biomass use for energy

Woody biomass use for energy is measured by the amount of primary products and by-
products that is used for energy production in terms of primary energy. Thus, we do not
consider explicitly liquid biofuels, pellets and char coal production in this version of the
model. Roundwood includes pulplogs and sawlogs that are used for industrial sector energy
production. In woody biomass energy use fuelwood and roundwood are measured as over
bark, because bark is not removed from roundwood when it is used for energy. By-products
include bark (from roundwood material use), sawdust, woodchips, black liquor and recycled
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wood. All woody biomass use for energy is measured in terms of oven dry wood m?. Black

liquor is measured on its woody biomass content.

2020

1.77
1.26
0.10
0.00

2030

1.48
1.49
0.10
0.00

Figure 5a

Woody biomass use for energy RCPref (Gm3)
2010

fuelwood 2.13

by-products 1.00

loggingresidues 0.07

roundwood 0.00

total 3.20

Woody biomass use for energy RCP2.6 (Gm3 0.b.)

3.13

2020

1.77
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0.12
0.00
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2020
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2030

1.47
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fuelwood 2.13
by-products 1.00
loggingresidues 0.07
roundwood 0.00
total 3.20
Figure 5b
Woody biomass use for energy RCPref (Gm3)

2010
Russia 0.20
EU28 0.32
North-America 0.30
South-America 0.49
Asia 1.13
Africa 0.76
World 3.19

3.13

3.06

Woody biomass use for energy RCP2.6 (Gm3)

2010
Russia 0.20
EU28 0.32
North-America 0.30
South-America 0.49
Asia 1.13
Africa 0.76
World 3.19
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0.49
1.14
0.69
3.15

2030
0.22
0.32
0.31
0.54
1.12
0.66
3.17

2040

1.16
1.72
0.11
0.00
2.98

2040

1.16
1.74
0.24
0.00
3.14

2040
0.21
0.31
0.31
0.47
1.08
0.61
2.98

2040
0.22
0.31
0.31
0.59
1.09
0.64
3.15

2050

0.87
1.92
0.12
0.00
291

2050

0.86
1.95
0.68
0.00
3.49

2050
0.21
0.30
0.31
0.46
1.04
0.58
291

2050
0.21
0.34
0.32
0.65
1.33
0.64
3.49

2060

0.55
2.08
0.17
0.00
2.80

2060

0.54
2.15
1.16
0.00
3.85

2060
0.20
0.30
0.32
0.49
0.95
0.55
2.80

2060
0.21
0.42
0.37
0.67
1.43
0.74
3.84

2070

0.22
2.25
0.20
0.00
2.66

2070

0.22
2.38
1.60
0.15
4.35

2070
0.19
0.29
0.32
0.48
0.86
0.53
2.66

2070
0.23
0.50
0.56
0.75
1.46
0.86
4.34

2080

0.00
2.39
0.20
0.00
2.58

2080

0.00
2.57
1.88
0.64
5.09

2080
0.19
0.29
0.33
0.48
0.79
0.52
2.58

2080
0.27
0.53
0.62
0.99
1.61
1.07
5.08

2090

0.00
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Figure 5c
Woody biomass use for energy in boreal zone RCP2.6 (Gm3)
2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

fuelwood 0.22 0.19 0.16 0.12 0.09 0.06 0.02 0.00 0.00 0.00
by-products 0.53 0.56 0.60 0.62 0.65 0.68 0.73 0.80 0.85 0.87
loggingresidues 0.07 0.08 0.09 0.09 0.13 0.27 0.53 0.58 0.64 0.70
roundwood 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.10 0.22
total 0.82 0.83 0.85 0.84 0.87 1.00 1.28 1.42 1.58 1.79

Woody biomass use for energy in tropical zone RCP2.6 (Gm3)
2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

fuelwood 1.91 1.58 1.32 1.03 0.77 0.48 0.20 0.00 0.00 0.00
by-products 0.47 0.71 0.91 1.12 1.30 1.47 1.65 1.77 1.84 1.88
loggingresidues 0.00 0.03 0.08 0.15 0.54 0.88 1.07 1.30 1.60 1.94
roundwood 0.00 0.00 0.00 0.00 0.00 0.00 0.15 0.61 1.34 2.21
total 2.38 2.32 2.31 2.30 2.61 2.84 3.06 3.67 4.77 6.03

2.4 Figure 6: Woody biomass material use

In Figure 6a woody biomass material use is measured by the amount of primary products and
by-products that is used for final material products production. In Figure 6b woody biomass
material use is measured in terms of final material products production. Final material
products are usually measured in different units (sawnwood, plywood, fibreboard and other
industrial roundwood by m® and chemical pulp and mechanical pulp by ton). In Figure 6b we
use the roundwood equivalent units (RWeq) to make them comparable to each other. This
means that final material products are measured in terms of their raw material consumption
instead of their actual volume. The conversion between these units is based on the production
technologies that the model uses. Sawlogs, pulplogs and other industrial roundwood is
measured as under bark, because bark is removed when they are used for material production.
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Figure 6a
Woody biomass material use RCPref (Gm3)
2010 2020 2030 2040 2050 2060

sawlogs 0.95 1.24 1.51 1.76 1.98 2.17
pulplogs 0.63 0.72 0.81 0.87 0.93 0.97
by-products 0.33 0.42 0.49 0.55 0.60 0.64
otherind rw 0.15 0.14 0.14 0.14 0.14 0.14
total 2.05 2.52 2.95 3.33 3.64 3.91

Woody biomass material use RCP2.6 (Gm3)
2010 2020 2030 2040 2050 2060

sawlogs 0.95 1.25 1.52 1.77 2.00 2.22
pulplogs 0.63 0.72 0.81 0.88 0.94 0.99
by-products 0.33 0.41 0.49 0.55 0.59 0.62
otherind rw 0.15 0.14 0.14 0.14 0.14 0.14
total 2.05 2.53 2.96 3.34 3.67 3.97

Woody biomass material use difference between RCP2.6 and RCpref (Mm3)
2010 2020 2030 2040 2050 2060

sawlogs 0 8 10 15 25 54
pulplogs 0 4 6 9 10 19
by-products 0 -3 -5 -6 -10 -15
otherind rw 0 0 0 0 0 1
total material use 0 9 11 18 25 59

Figure 6b
Woody biomass material use RCPref (Gm3 RWeq)
2010 2020 2030 2040 2050 2060

Sawnwood 0.76 0.99 1.19 1.39 1.56 171
Plywood 0.18 0.25 0.31 0.37 0.42 0.45
Fiberboard 0.27 0.35 0.42 0.47 0.51 0.54
ChemPulp 0.62 0.71 0.80 0.87 0.92 0.96
MechPulp 0.07 0.07 0.08 0.09 0.10 0.10
Otherind rw 0.15 0.14 0.14 0.14 0.14 0.14
total 2.05 2.52 2.95 3.33 3.64 3.91

Woody biomass material use RCP2.6 (Gm3 RWeq)
2010 2020 2030 2040 2050 2060

Sawnwood 0.76 1.00 1.20 1.40 1.58 1.76
Plywood 0.18 0.26 0.32 0.37 0.42 0.46
Fiberboard 0.27 0.35 0.42 0.47 0.50 0.53
ChemPulp 0.62 0.72 0.80 0.87 0.93 0.97
MechPulp 0.07 0.07 0.08 0.09 0.10 0.10
Otherind rw 0.15 0.14 0.14 0.14 0.14 0.14
total 2.05 2.53 2.96 3.34 3.67 3.97

Woody biomass material use difference between RCP2.6 and RCpref (Mm3 RWeq)
2010 2020 2030 2040 2050 2060

Sawnwood 0 7 9 12 23 47
ChemPulp 0 1 1 3 2 7
MechPulp 0 -2 -2 -3 -5 -8
Plywood 0 3 4 6 5 13
Fiberboard 0 0 0

Otherind rw 0 0 0 0 0 1
total material use 0 10 12 17 26 59
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Figure 6¢
Woody biomass material use RCPref (Gm3)
2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

Russia 0.16 0.17 0.20 0.20 0.21 0.21 0.22 0.22 0.23 0.23
EU28 0.45 0.48 0.51 0.54 0.56 0.59 0.61 0.63 0.65 0.66
North-America 0.57 0.61 0.65 0.69 0.72 0.76 0.79 0.82 0.85 0.86
South-America 0.22 0.31 0.38 0.44 0.49 0.55 0.61 0.67 0.72 0.76
Asia 0.59 0.81 1.00 1.16 1.27 1.34 1.40 1.44 1.46 1.47
Africa 0.07 0.14 0.21 0.30 0.39 0.46 0.54 0.60 0.66 0.70
World 2.05 2.52 2.95 3.33 3.64 391 4.17 4.39 4.55 4.67

Woody biomass material use RCP2.6 (Gm3)
2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

Russia 0.16 0.17 0.20 0.21 0.21 0.22 0.24 0.26 0.26 0.27
EU28 0.45 0.48 0.51 0.54 0.56 0.59 0.62 0.65 0.67 0.69
North-America 0.57 0.61 0.65 0.68 0.72 0.75 0.79 0.84 0.89 0.90
South-America 0.22 0.32 0.39 0.45 0.51 0.58 0.64 0.68 0.70 0.73
Asia 0.59 0.81 1.00 1.17 1.28 1.36 1.45 1.49 1.49 1.47
Africa 0.07 0.14 0.21 0.30 0.40 0.48 0.55 0.60 0.64 0.67
World 2.05 2.53 2.96 3.34 3.67 3.97 4.28 4.52 4.65 4.72

Woody biomass material use difference between RCP2.6 and RCpref (Mm3)
2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

Russia 0 0 3 4 5 4 16 33 38 41
South-America 0 3 3 6 15 25 29 8 -14 -31
North-America 0 1 0 -2 -5 -6 -4 23 41 47
EU27 0 2 1 2 1 2 10 19 26 29
Asia 0 4 4 5 4 18 51 49 26 -7
Africa 0 1 -2 2 7 17 16 -1 -19 -36
World 0 11 9 17 27 60 118 131 98 43

2.5 Figure 7: Woody biomass prices

Woody biomass prices RCPref ($/m3)
2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

sawlogs 64 80 81 78 81 84 86 85 81 78
pulplogs 46 60 65 66 68 70 71 68 66 64
By-products and Ic 19 21 19 20 20 20 21 21 20 20

Woody biomass prices RCP2.6 ($/m3)
2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

sawlogs 64 80 81 78 80 81 84 90 102 117
pulplogs 46 60 65 65 67 68 69 74 85 100
By-products and Ic 19 24 23 24 27 32 46 60 73 88
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2.6 Figure 8: Harvest volumes and intensity of use of forest resources

Roundwood harvest volume is sum over sawlogs, pulplogs, fuelwood and other industrial
roundwood production and it is measured over bark.

Figure 8a
Roundwood harvest volumes and harvest potential RCPref (Gm3o0.b.)
2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

Harvested roundwood for fuelwood 2.03 1.77 1.48 1.16 0.87 0.55 0.22 0.00 0.00 0.00
Harvested roundwood for material use 1.96 2.39 2.79 3.15 3.46 3.72 3.97 4.18 4.35 4.47
Unharvested roundwood potential 15.09 14.82 14.64 14.52 14.46 14.53 14.63 14.66 14.53 14.53
Roundwood harvest potential 19.08 18.98 18.90 18.83 18.79 18.80 18.82 18.84 18.88 19.00

Roundwood harvest volumes and harvest potential RCP2.6 (Gm3 o0.b.)
2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

Harvested roundwood for industrial energy 0.00 0.00 0.00 0.00 0.00 0.00 0.15 0.64 1.44 2.43
Harvested roundwood for fuelwood 2.03 1.77 1.48 1.16 0.87 0.55 0.22 0.00 0.00 0.00
Harvested roundwood for material use 1.96 2.40 2.82 3.19 3.50 3.79 4.13 4.39 4.53 4.61
Unharvested roundwood potential 15.09 14.96 14.92 15.07 15.47 15.99 16.28 16.19 15.63 14.91
Roundwood harvest potential 19.08 19.13 19.21 19.42 19.84 20.33 20.78 21.22 21.60 21.95
Figure 8b

Roundwood harvest volumes RCPref (Gm3 0.b.)
2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

Russia 0.26 0.27 0.28 0.27 0.26 0.26 0.25 0.25 0.25 0.25
EU28 0.49 0.51 0.52 0.52 0.52 0.53 0.54 0.54 0.55 0.56
North-America 0.56 0.58 0.6 0.62 0.63 0.65 0.67 0.68 0.7 0.71
South-America 0.55 0.61 0.65 0.66 0.68 0.69 0.71 0.75 0.8 0.85
Asia 1.36 1.43 1.47 1.49 1.47 1.4 131 1.25 1.27 1.28
Africa 0.76 0.76 0.75 0.75 0.76 0.74 0.71 0.71 0.77 0.82
World 3.98 4.16 4.27 4.31 4.32 4.27 4.19 4.18 4.34 4.47

Roundwood harvest volumes RCP2.6 (Gm3 0.b.)
2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

Russia 0.26 0.27 0.28 0.27 0.27 0.26 0.27 0.31 0.35 0.39
EU28 0.49 0.51 0.52 0.52 0.53 0.53 0.55 0.58 0.62 0.64
North-America 0.56 0.58 0.6 0.62 0.63 0.65 0.68 0.73 0.79 0.89
South-America 0.55 0.62 0.66 0.67 0.69 0.72 0.79 0.97 1.27 1.62
Asia 1.36 1.44 1.47 1.5 1.48 1.42 1.39 1.47 171 1.99
Africa 0.76 0.76 0.76 0.77 0.77 0.76 0.82 0.97 1.22 1.52
World 3.98 4.18 4.29 4.35 4.37 4.34 4.5 5.03 5.96 7.05
Figure 8c

Intensity of use of forest resources RCPref (%)
2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

Russia 12 12 12 12 12 12 11 11 11 11
EU28 73 76 77 77 77 79 80 80 82 83
North-America 17 18 19 19 20 20 21 21 22 22
South-America 10 11 12 12 12 13 13 14 15 16
Asia 43 45 47 48 48 46 43 42 42 43
Africa 18 18 19 19 20 20 20 20 22 24
World 21 22 23 23 23 23 22 22 23 24

Intensity of use of forest resources RCP2.6 (%)
2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

Russia 12 12 12 12 12 12 12 14 16 17
EU28 73 76 77 77 78 78 81 86 92 95
North-America 17 18 19 19 20 20 21 23 25 28
South-America 10 11 11 11 11 12 12 15 19 23
Asia 43 45 46 46 44 40 38 38 43 48
Africa 18 18 18 18 17 16 17 19 23 28
World 21 22 22 22 22 21 22 24 28 32
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3. Sensitivity analysis

The higher woody biomass use for energy has a relatively small effect on woody biomass
material use in the baseline model, because the by-products and competition effects are small
and they tend to cancel each other. The by-product effect is small, because the demand for
final products is inelastic and roundwood can be used directly to energy without any
limiations. The competition effect is small, because high availability of energy crops keeps
the forest resources use low compared to their harvest potential.

To consider the sensitivity of by-products and competition effects we analyze three
sensitivity scenarios, which are called sensitivity analysis 1, 2 and 3.

In the sensitivity analysis 1, we increase the price-elasticity of final products demand from
the baseline level (-0.1..-0.5 based on Boungiorno et al. 2003) up to -oo. The final products
demand might become more elastic in the future, because woody biomass can potentially
replace other materials, such as concrete, plastic or cotton (Menon and Rao 2012, Mallo and
Espinoza 2014). More elastic demand increases the by-product effect, as it facilitates
material production expansion.

In the sensitivity analysis 2, roundwood use for energy is decreased 0-100% relative to
baseline. Limiting roundwood use for energy is a subject that often arises in the debates
around bioenergy. For example, in the EU there is an ongoing discussion concerning
restrictions on roundwood use for energy to promote the cascading use of wood (Vis et al.
2016). Restricting roundwood use for energy increases the by-product effect, because by-
products demand for energy increases.

In the sensitivity analysis 3, the availability of energy crops is decreased 0-80% relative to
baseline. There are several uncertainties connected with large scale production of energy
crops and it is unclear if energy crops can achieve their expected potential (Evans 1997,
Searle and Malins 2014). Lower availability of energy crops increases the competition effect,
as it leads to higher woody biomass use for energy.

For simplicity we keep the total biomass use for energy unchanged during the sensitivity
analysis (Figure s1). Alternatively we could calculate new biomass use levels for the
changed biomass availability by MESSAGE, but this would complicate the sensitivity
analysis significantly, as chances in total biomass use for energy affect the substitution
between fossil fuels and biomass.
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Figure s1: Biomass use for energy (EJ) in 2100 RCP2.6 for different sensitivity scenarios.

3.1 Sensitivity analysis 1: More elastic demand for final products

More elastic demand for final products demand leads to higher woody biomass material use
(Figure s2). As consequence, there will be more by-products available for energy use, which
decreases roundwood use for energy. If the price elasticity of final products is infinitely high
(=fixed price demand) then the material use increases by 45% compared to baseline level in

2100.
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Figure s2: Woody biomass use for energy and material products, forest area and prices in 2100 RCP2.6 when
the price elasticity of final products demand vary from -0.1 to -oo.

3.2 Sensitivity analysis 2: Restrictions on roundwood use for energy

Restricting roundwood use for energy increases energy crops and by-products use for energy.
The latter increases the by-products effect and leads to higher woody biomass material use
(Figure s3). If roundwood use for energy is totally excluded then the material use increases
by 15% compared to baseline in 2100.
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Figure s3: Woody biomass use for energy and material products, forest area and prices in 2100 RCP2.6 when
roundwood use for energy is decreased 0-100% from the baseline level.

In Figure s3 we see that by-products and logging residues prices exceed rounwood prices
when roundwood use for energy is restricted. The reason for low roundwood prices is the
inelastic demand for final products, which allows the expansion of material production only if
material final product prices and raw material costs are decreased. It is possible to maintain
high by-products and logging residues prices, because roundwood control separates
roundwood markets from energy markets and thereby eliminates arbitrage trading between
the markets. In practise, it would be difficult to control roundwood use for energy if by-
products and logging residues prices exceed roundwood prices, because forest owners can
transform roundwood to loggingresidues by chipping roundwood in the forest. For this
reason, restricting roundwood use for energy would require sufficiently elastic demand for
final products so that roundwood control would not lead to situation where by-products and
logging residues prices exceed rounwood prices.

3.3 Sensitivity analysis 3: Lower energy crops availability
Lower energy crops availability increases roundwood use for energy (Figure s4). This leads

to higher competition effect and lower woody biomass material use. If 80% of energy crops
potential is excluded then the material use decreases by 20% compared to baseline in 2100.

37



25

20 A

15 A

10 4

0

Woody biomass use for energy (Gm3)

0% 20% 40% 60%

mby-products  mloggingresidues mroundwood

Woody bioamass material use (Gm3)

msawlogs mpulplogs mby-products mother ind rw

0% 20% 40% 60% 80%

25

20 A
15 +

10 A

0

Roundwood harvest potential (Gm3 0.b.)

0% 20% 40% 60%

Unharvested roundwood potential
m Harvested roundwood for material use

m Harvested roundwood for industrial energy use

700 ~
600 -
500 -
)
£ 400
3
]
.2 300 +
[N
200 A
100 -
0 T v v |
0% 20% 40% 60% 80%
sawlogs
= = pulplogs
--------- By-products and logging residues

Figure s4: Woody biomass use for energy and material products, forest area and prices in 2100 for RCP2.6
when energy crops are decreased 0-100% from the baseline level.
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