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Abstract
This paper develops a model to evaluate the potential role of the global forest as an option
to reduce climate change. The approach is to assess the forest as both a source of renewable
energy and a potential storage of carbon together with non-carbon energy. The analysis
shows that the global forest plays a signicant part in the carbon cycle and should be used
together with non-carbon energy strategies. The tropical forest carbon storage proves to be
especially important and the emphasis from a climate perspective is to enlarge the growing
stock, rather than vastly increase the use of forest bioenergy. The positive dynamic eects
of increasing bioenergy harvest is too weak to overpower the instant and future benets of
increasing the growing forest biomass. Reducing tropical deforestation in the near future
proves to be important for reducing climate change.
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Introduction
The purpose of this paper is to assess the potential role of the global forest resource as a car-

bon abatement strategy. Forests are receiving increasing attention by policy makers as an option
to reduce greenhouse gases. Several studies provide evidence that forest carbon sequestration
can reduce a signicant amount of atmospheric carbon and is a cost ecient way to curb the
prevailing climate change (e.g. Tavoni et al., 2007 ; Bosetti et al., 2011). The International Panel
on Climate Change (IPCC) estimates that approximately 5.8

GtCO2

emissions per year were

caused by deforestation during the 1990s, mainly caused by conversion of forest to agricultural
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land in tropical regions. Research shows that reducing the tropical deforestation can be one of
the least costly available mitigation policies (Gullison et al., 2007). Kindermann et al. (2008)
uses three dierent economic land use models to evaluate the carbon reduction potential of avoided deforestation. Their results show that reducing deforestation could be a cost-ecient way of
controlling greenhouse gases. Sohngen and Mendelson (2003) derive the optimal control of forest
carbon sequestration by solving iteratively between a global timber model (Sohngen et al., 1999)
and the DICE model (Nordhaus and Boyer, 2000). They use three forest actions : adding forestland, increasing management intensity and lengthening rotation periods. Their results show that
land-use change and longer rotation periods can potentially sequestrate a considerable amount
of carbon, but large carbon sequestration programs may also be costly due to the eects on price
of land and timber.
Beside forest policy regarding conserving or increasing the biomass, policy attention is also
dedicated to the forest as a source of energy. Growing interest in biofuels are driven both by the
increasing demand for energy and the aim to reduce greenhouse gases. However, when evaluating
the total eects of bioenergy as a climate policy tool, it is important to account for the emissions
from incineration. Even if all bioenergy in the long run may be viewed as carbon neutral, the
release and sequestration of carbon is not instant and it is important to incorporate carbon
emissions released when burned. If we do not account for the carbon cycle in use of biofuels may
the positive eects of biofuels be overestimated since the overall stock and growth eects of the
biomass is not captured (Lundgren et al., 2008 ; Lundgren and Marklund, 2011).
The aim of this paper is to facilitate the analysis of optimal carbon management by constructing a basic framework that includes the global forest as both a source of renewable energy
and storage of carbon. The emphasis is to simultaneously evaluate these forest carbon management options whilst considering stock and growth eects. This is done by incorporating boreal,
temperate and topical forest biomass in an integrated assessment model of the climate and the
economy, the DICE-2007 model, created by Nordhaus (2008).
The rest of this paper is outlined as follows. First the theoretical model is described. Then
the model set-up and numerical results of the model are presented. Finally ndings are discussed
and we conclude.
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The Model
The model in this paper is based on a widely known model linking the climate system to the

economy, the DICE model. It was rst developed and described in Nordhaus (1994) but has been
updated in Nordhaus and Boyer (2000), Nordhaus (2008) and furthermore engaged many other
researchers. The DICE model is constructed as a neoclassical economic growth model where
greenhouse gases leads to a temperature rise that aects the economic output through a damage
function. It is a global one decision maker optimization model that maximizes the present value
of the social welfare by choosing optimal levels of investment and abatement.
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The DICE-2007 model does not account for how dierent uses of forests aect the carbon
cycle. However, in order to correctly choose an optimal climate policy pathway it is necessary
to explicitly integrate the forest resource as a carbon sink and a source of emissions in integrated assessment modelling. This paper incorporates three types of forest biomass as endogenous state variables into the DICE-2007 model. The forest biomass type is denoted by

n = (BOR, T EM, T RO)

n

where

represents boreal, temperate and tropical forest biomass respectively.

Boreal and temperate forest biomass are solely aected by roundwood and bioenergy harvest,
while tropical forest biomass also is controlled by deforestation. The optimization problem in
this model is solved by also choosing the level of bioenergy harvest and the level of tropical
deforestation. A summarizing table of all variables and parameters of the model can be found in
Appendix A.

2.1

Forest Growth, Harvest and Deforestation

The biomass in the model follows the logistic growth equation described by Clark (1990) as a
population growth model. The growth rate is at its upper limit when the stock is at its minimum
and slows down as the size of the biomass approaches its carrying capacity. Harvest decreases
the stock at the same time it increases the growth rate. Deforestation on the other hand does
not change the growth rate but leads to a smaller stock of biomass is subject to that growth.
Note that deforestation is formulated in terms of forest biomass volume and not in land area.
The maximum forest biomass carrying capacity is modeled to decrease with deforestation in the
following way :

1. There are several other well-established policy optimization models such as PAGE (Hope, 2006), FUND
(Tol, 2006) and MERGE (Manne et al., 1995)
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M AX
M AX
Fn,t+1
= Fn,t
−

where

Dn,t

is deforestation and the fraction

M AX
Fn,t
Dn,t ,
Fn,t

(1)

M AX
Fn,t
Fn,t is a rescaling to convert biomass defores-

tation into biomass carrying capacity. Hence, deforestation aects the biomass carrying capacity
such that removing forest land does not change the dynamics of the remaining biomass. However,
deforestation still aects the stock both directly by removal of forest biomass and indirectly via
future growth restrictions. The dynamics of forest biomass is written as :

"
Fn,t+1 = Fn,t + ψn Fn,t
where

Fn,t

is the stock of forest biomass,

Fn,t
1 − M AX
Fn,t

ψn

#
− Hn,t − Dn,t

is the maximum intrinsic growth rate

(2)

2 and

Hn,t

is biomass harvest.
Most of the current deforestation takes place in South America, Africa, South and Southeast
Asia (Murray et al., 2009). Due to the fact that ongoing deforestation mainly consists of reduction
of tropical forest, only tropical biomass is subject to deforestation in this model. Hence, maximum
carrying capacity is only a variable for tropical biomass and simplied to be constant for boreal
biomass and temperate biomass.
The exogenous time pattern of carbon emissions arising from land of the DICE-2007 model
is used as an approximation of the carbon emissions arising from baseline deforestation. This
DICE-2007 model baseline carbon emission from land is written as :

ΓT RO,t = λ1 (1 − λ2 )t .
where the parameter

λ2

λ1

(3)

represents carbon emission in the rst time period and the parameter

generates a declining carbon emission over time. These baseline emissions from land are

converted to tropical biomass deforestation by the tropical carbon intensity parameter,

θT RO .

The tropical carbon intensity parameter represents the average amount of carbon per volume of
growing tropical forest biomass. The total biomass deforestation in any time period is then given
by :

2. The intrinsic growth rates in this model are assumed to be a constant but can be modelled as a function
of, for example, fertilizers and temperature. A warmer climate is generally predicted to have positive eects in
colder biomes because of location changes and higher growth rates, while inducing negative eects as a result of
increased risk for insect outbreaks and wildre. The net eect is expected to be positive in colder regions and
negative in warmer regions (IPCC 2007). The dynamics of the forest in this model is however not aected by
feedbacks from a temperature increase due to the uncertainty of the net magnitude of this eect.
4

DT RO,t =
where

ΓT RO,t
(1 − RDt ) ,
θT RO

ΓT RO,t
θT RO represents the baseline deforestation in terms of forest biomass and

(4)

RDt

is the

deforestation control rate as a fraction of this baseline deforestation. The control rate can either
reduce or increase the baseline deforestation when net deforestation is prevailing if
and, aorestation or reforestation is prevailing if

DT RO > 0

DT RO < 0 3 .

The cost of changing ongoing deforestation is dicult to estimate mainly due to the complexity in estimating the value of the economic activity underlying the deforestation. Estimating
the opportunity cost of land is conditional on numerous variables and the cost estimates are highly
dependent on the size of the area (Grieg-Gran, 2008). All existing cost estimates of emission reduction by avoiding deforestation shows upward sloping marginal cost curves. Initial reduction
of deforestation can cut carbon emissions at a very low cost whereas increasing the range progressively gets more expensive as a result of comparatively cheap alternatives are initially used
(Murray et al., 2009). Forest land with relatively low productivity possibilities in other economic
activities are rstly hindered from conversion. The cost of reducing emissions by avoiding deforestation is approximately modelled to follow the marginal cost curves presented in Kindermann
et al., (2008). Appendix B provides further information on the marginal cost estimation and
functional form. The rental cost

4 of avoiding direct release of carbon in one time period is given

by the marginal cost function :

h
i
M Ct = φ1 REtφ2 + (φ3 + φ4 t)(φ5 REt ) − 1 ,
where the

φs

(5)

are the estimated cost parameters and the reduction of direct carbon emission

from deforestation is given by :

REt = ΓT RO,t RDt .

(6)

The marginal cost increases with the level of reduction of carbon emission due to land with
low opportunity cost are assumed to be adopted primarily. The opportunity cost of land furthermore increases the marginal cost over time because deforestation decline and the highest cost
opportunities are assumed to remain. The total cost of avoiding deforestation,

3. Aorestation and reforestation control is not considered in this model, i.e DT RO ≥ 0
4. The rental cost can be understood as the rental payment to the landowner to hinder conversion of forest
land.
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REt+1

Z
T Ct+1 = T Ct +

M Ct+1 (x)dx,

(7)

0
is the sum of the rental payment to previously hindered conversion and the marginal costs
up to a chosen level of carbon emission reduction,

REt+1 .

Rental payment occurs each time

period and forest land saved from conversion will not be deforested future time periods. The
most common way in the literature is to estimate the cost in terms of lost production. Another
possibility is as a change in the size of the capital stock. We may think of of forest conversion,
for example to agricultural land, as an investment in the primary input land, viewing land in
the capital stock as a representative for the capital value of land devoted to production of nonforest goods. The capital stock is hence assumed to grow with investment in land, i.e. conversion
of land to agricultural land and urbanization or infrastructure. Since deforestation is mainly
caused by those types of conversions, the capital stock hence increases with deforestation. The
accumulated investment in land is here assumed to be implicit in the total capital stock and does
not aect the development of the total capital stock when following the baseline deforestation
pattern. Reducing the baseline deforestation is here equivalent to a disinvestment of land capital
resulting in a smaller net investment in the total capital stock. The total capital accumulation
equation can then be written as :

Kt+1 = (1 − δK )Kt + It − T Ct
where

δK

is the rate of depreciation of capital,

cost of avoided deforestation. Hence,

It − T Ct

It

(8)

is investment and

T Ct

is net investment in period

is the total capital

t.

The forest biomass harvest plays an essential role in the productive function. Wood for goods
and services and wood for energy production are the two main components of the global harvest.
The total harvest of biomass in each region :

Hn,t = HBn,t + HSn,t ,
is the sum of harvest dedicated to bioenergy production,
harvest,

HSn,t .

(9)

HBn,t ,

and industrial roundwood

Global demand for wood products is gradually increasing due to higher income

and a growing population. However, the global industrial roundwood harvest has been quite
stable during the last decade and is expected to increase quite moderately (FAO, 2010). The
relationship between increased production and increased roundwood demand diminishes over
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time due to eciency increases in production. To maintain model simplicity, harvest is assumed
to grow linearly with labour. The total industrial roundwood harvest is then :

HSt+1 =

X
n




Lt+1
χn HSt η
,
Lt

which is simply the sum of dierent forest biomass harvest,
total harvest for forest biomass type

2.2

n, η

(10)

HSn,t ,

is preference parameter

where

χn

is the share of

5 and Lt+1 is labour growth.
L
t

Energy

Energy is in this model a perfect complement to the constant return to scale Cobb-Douglas
production function of labour and physical capital. The energy eciency increases over time as
a result of the DICE-2007 model exogenous technology change. Energy can be of either carbon
based types or non-carbon based types. The non-carbon energy technology is represented by the
emission control and the carbon based energy sources are in this model represented by fossil fuels
and forest biomass.
The DICE-2007 model carbon emissions from production is :

Πt = Yt σt [1 − µt ]
where the production,

Yt ,

(11)

leads to carbon emissions by the carbon ratio,

σt .

The carbon

emission-output is declining over time due to increase in carbon eciency. The carbon emissions
from production is further reduced by the emission control rate,

µt , which represents non-carbon

based technologies to produce energy. The DICE-2007 model carbon emissions from production
is here converted back to energy units by the energy emission parameter,

ξ.

The energy from

carbon based sources in this model is hence :

Ξt = Πt ξ.

(12)

This carbon based energy is further modelled as a constant return to scale Cobb-Douglas
function :

Ξt = ζ ∗ F Otβ ∗ BIt1−β ,

(13)

5. The preference parameter is here assumed to be a constant but can represent changes in demand over time
due to consumer taste.

7

where

ζ

is a scale parameter,

F Ot

is fossil fuel carbon,

BIt

is a Cobb-Douglas function of

harvest from the three types of forest biomass dedicated to bioenergy and

β

and

(1 − β)

are the

energy elasticities of fossil fuel carbon and the bioenergy function, respectively. Both the carbon
based energy and the bioenergy harvest is modeled as constant returns to scale Cobb-Douglas
functions to induce non-perfect substitution and avoid unrealistic corner solutions.

6 The

BIt

function follows :

Φ
BIt = ω ∗ HBTκ RO,t ∗ HBBOR,t
∗ HBT1−κ−Φ
EM,t ,
where

ω

production.

is a bioenergy scale parameter and

HBn,t

(14)

is biomass harvest intended for bioenergy

Φ, κ and (1 − Φ − κ) are the bioenergy elasticities of the three types of forest biomass

dedicated to bioenergy. Fossil fuel is subject to a resource constraint and consumption of fossil
energy is allocated over time producing Hotelling rents. The constraint on fossil fuel carbon is :

F OM AX ≥

T
X

F Ot

(15)

t=0
where

2.3

F OM AX

is estimated available world fossil fuel carbon reserve.

Carbon emissions

The total carbon emissions are here assumed to come from three main sources : emissions
from energy conversion,

EEt ,

emissions from harvest and decay of wood products,

emissions from the change of the forest biomass stock,

EFt .

ESt ,

and

The carbon emission from carbon

based energy conversion can be written as :

EEt = F Ot +

X

HBn,t θn ,

(16)

n
where

F Ot

is emissions from fossil fuel and

HBn,t θn

is emissions from forest biofuel.

Both fossil fuels and biofuels immediately releases carbon while forest biomass dedicated to
wood products still is capable of storing carbon for a considerable amount of time. The carbon
storage time will depend upon the nal use of the biomass and the associated lifetime that type
of product will have. The half-life for wood products,

HL,

namely the number of time periods

6. One obvious general disadvantage of this functional form is the requirement that each type of input have
to be strictly positive. However, this restriction is not considered to be unrealistic during at least the early time
periods of the model.
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it takes for half of the initial amount of carbon to be released, is frequently used to describe at
what rate the wood product will be discarded. The decay equation :

δCH =

Ln(2)
,
HL

(17)

reects the fraction of the carbon stock lost per time period. This release of carbon from
products at a constant percentage rate is equivalent to the rst order decay equation, one of the
methods suggested by IPCC to estimate the amount of carbon to leave the pool (IPCC, 2006).
The stock of carbon in wood products,

δCH ,

CHt ,

and increase with carbon content inow,

is modelled to decrease with the decay equation,

Inf lowt ,

in the following way :

CHt+1 = [ 1 − δCH ] CHt + Inf lowt+1 .

(18)

The inow of carbon to the stock is :

Inf lowt = υ

X

HSn,t θn ,

(19)

n
where

υ

reects the share of the carbon content in the harvested biomass that goes into

long-lived wood products. Most of the biomass volume of harvested wood and hence, carbon,
is lost in the processing chain (Ingerson, 2009). The release of carbon from the carbon stock in
wood products and the direct release of carbon from the harvest process is written as :

ESt = CHt δCH + [ 1 − υ]

X

HSn,t θn .

(20)

n
The carbon sequestration or emission from the forest biomass stock can be written as :

EFn,t = [Fn,t−1 − Fn,t − Hn,t ] θn

(21)

which is the change in biomass multiplied by a forest carbon intensity parameter,

θn . Hn,t

is

subtracted to avoid double counting of the emissions from harvest. Total carbon emissions during
each time period contains industrial emissions from energy use,
stored wood products,

EFn,t .

ESt ,

EEt ,

emissions from carbon

and emissions or sequestration from change in forest biomasses,

The total carbon emissions is then :

Et = EEt + ESt +

X
n

9

EFn,t .

(22)

Finally, equation (22) is used in the unchanged geophysical equations of the DICE-2007 model
causing temperature to change. The reader is referred to Nordhaus (2008) for the geophysical
equations of the DICE-2007 model. The change in temperature aects economic output through
the polynomial damage function stated in DICE-2007. The output, net of abatement and damages
is given by :

Qt =
where

T At

Λt

[1 − Λt ] Yt
,
[1 + π1 T Aπt 2 ]

(23)

is the abatement cost function as a fraction of world output,

is the global mean surface temperature and

π1 , π2

Yt

is production and

are damage scalars. The production

function is written as :

(1−γ)

Yt = At Lt
where

At

is the total factor productivity,

γ

capital and the output elasticity of labour is

Ktγ ,

(24)

is the output elasticity with respect to physical

(1 − γ).

Consumption per capita in any period

equals output net of abatement and damages minus investment divided by labour,

ct =

Qt − It
.
Lt

(25)

Social welfare is dened as the present value of current and future utility from consumption,
where the utility function is a standard constant relative risk aversion function discounted with
the pure rate of time preference,

ρ.

The welfare function is hence written as :

W =

T
X
t=1


Lt


c1−α
t
(1 + ρ)−t ,
1−α

implying a constant elasticity of the marginal utility of per capita consumption,
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(26)

α.

Numerical Analysis
This section numerically develops the theoretical model described in section 2.

3.1

Model setup

The objective is to maximize the present value of the social welfare function from year 2005
and 60 time periods ahead, each period being 10 years. The optimization problem is solved with
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the CONOPT solver in the GAMS software. The freely available GAMS code for the DICE-2007
model is used as a base structure. Parameter values used in the additional equations originate
from various sources. The parameters regarding the forest biomass stocks and carbon are primarily based on data from the Food and Agriculture Organization of the United Nations. Cost
estimates of avoided deforestation are approximately calibrated to match the mean global marginal cost estimates of emission reduction from avoided deforestation done by Kindermann et
al., (2008). Further information regarding the cost estimates can be found in Appendix B. A
summarizing table of parameters and variables can be found in Appendix A.

3.2

Results

The Optimal Control scenario represents utility maximization when all control variables are
determined simultaneously, i.e. savings rate, carbon energy emission control rate and the forest
controls (bioenergy harvest and tropical deforestation control rate) are optimally chosen. The
baseline scenario represents the case when no considerations of climate damages on the economy
are made, the deforestation control rate is zero and the bioenergy harvest follows the labour
growth rate. Hence, only the fossil fuel resource constraint motivates energy abatement through
the Hotelling rent.
Under the No Forest Control scenario, the deforestation control rate is assumed to be zero and
the bioenergy harvest is assumed to grow at the same rate as the industrial roundwood harvest
and the labour.

7 Only one of the forest controls is allowed to be choosen in the Deforestation

Control scenario and the Bioenergy Control scenario. The

2◦ C

Optimal Control and

2◦ C

No

Forest Control represent the Optimal Control and the No Forest Control, respectively, when
imposing a

2◦ C

global mean temperature increase limit suggested by the Copenhagen United

Nations Climate Change Conference. Results from the

2◦ C

Optimal Control scenario is described

in Appendix D. Table 1 display a summary of the dierent types of scenarios discussed in the
results.

7. This exogenous harvest grows initially at 5.7 percent per decade, declining over time reaching 3.8 percent
per decade by 2205 and approximately zero percent per decade by 2505.
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Table 1  Scenarios
Scenario

Control

Optimal Control

Savings, carbon energy emission and forest control

Baseline

No climate damages considerations and no forest control

N o F orest Control

No bioenergy harvest or tropical deforestation control

Def orestation Control

No bioenergy harvest control

Bioenergy Harvest Control

No deforestation control

N o Damage Bioenergy Harvest Control

No climate damages considerations and no deforestation control

2◦ C Optimal Control

Savings, carbon energy emission and forest control,

2◦ C N o F orest Control

No bioenergy harvest or tropical deforestation control,

Results for the Optimal Control and the No Forest Control on the size of the biomass stocks
are shown in Figure 1. The growing boreal and temperate forest display no signicant dierences
between the two scenarios while the optimal path for the growing tropical forest deviates from
the uncontrolled path.

500
450
400
350
300
250
200
150
100
50
0
2005 2015 2025 2035 2045 2055 2065 2075 2085 2095 2105

Tropical Optimal Control

Boreal Optimal Control

Temperate Optimal Control

No Forest Control

Figure 1  Growing stock, billion m3
The reason for the close development of the stock levels between these two scenarios for the
boreal and the temperate forests is the bioenergy harvest levels. Since bioenergy harvest is the
only control variable of boreal and temperate forest biomass, and the optimal bioenergy harvest
levels of those stocks approximately follow the baseline harvest levels, these are close to the No
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2◦ C

limit

2◦ C

limit

Forest Control scenario. The tropical forest biomass however is subject to both deforestation
control and bioenergy harvest control. The increase in forest biomass originates from avoided
deforestation while the eect is lessened by the increase in bioenergy harvest. Results for the
optimal bioenergy harvest and baseline harvest, shown in Figure 2, clearly demonstrate that the
optimal path for the tropical forest biomass deviates from the motion of the baseline harvest.

2,5
2
1,5
1
0,5
0
2005 2015 2025 2035 2045 2055 2065 2075 2085 2095 2105
Tropical Opimal Control

Boreal Optimal Control

Temperate Optimal Control

Baseline

Figure 2  Bioenergy harvest, billion m3 year
The initial bioenergy harvest in tropical regions is quite high due to extensive use of wood
fuel. The optimal bioenergy harvest for the tropical forest is higher than the baseline harvest and
gradually increases until year 2105, and then starts to decline. By 2105 the tropical bioenergy
harvest is approximately

85%

higher than the initial level but only

40%

higher than the baseline

prediction. The optimal temperate and boreal bioenergy harvest show no signicant deviation
from the baseline paths. The explanation to this originates from lower growth rates and lower
bioenergy harvest elasticities.
Reduction of deforestation cause the increase of the tropical biomass compared to the baseline path. Table 2 shows the deforestation and the energy emission control rates for the Optimal
Control and the No Forest Control scenario. It is optimal to reduce

11.64%

of the baseline de-

forestation during the next decade and increasingly reduce a higher percentage of the baseline
deforestation until reaching

100%

by 2115, taking into consideration that the baseline deforesta-

tion level is declining over time. The optimal energy carbon emission control rate of
the next decade is increasing almost linearly over time until it reaches
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96.47%

16.13%

by

by 2195. Results

show that the energy emission control rate is slightly higher in the absence of forest controls.

Table 2  Emission control rates
2015

2035

2055

2115

Deforestation emission control rate Optimal Control

0.1164

0.2690

0.4676

1

Energy emission control rate Optimal Control

0.1613

0.2139

0.2730

0.4978

Energy emission control rate No Forest Control

0.1617

0.2160

0.2767

0.5054

The direct carbon emission reduction of the high deforestation control rate is shown in Figure 3 together with the baseline deforestation emissions.

12
10

8
6
4
2
0
2015 2025 2035 2045 2055 2065 2075 2085 2095 2105 2115
Avoided deforestation emissions Optimal Control
Baseline deforestation emissions

Figure 3  Emissions from baseline deforestation and avoided emissions by optimal deforestation
control, GtC per decade

However, the reduction in deforestation does not only reduce the emissions instantly released
when removing forest land, but also reduces future emissions by maintaining biomass and growth
potential. Hence, even though the actual amount of biomass saved through reducing deforestation
is low compared to the growing stock, the overall eect is potentially high due to a relatively
high growth rate and a reduced eect on the carrying capacity allowing further growth. Figure 4
displays carbon emissions for four scenarios : No Forest Control, Deforestation Control, Bioenergy
Harvest Control and Optimal Control. The gure clearly shows that reduced of deforestation is
the main contributor to the total emission reduction of the forest controls. Emissions are just
marginally higher when only deforestation control is allowed in comparison to the scenario when

14

also bioenergy harvest is subject to control.

120
110
100

90
80
70
60
50
40
2015 2025 2035 2045 2055 2065 2075 2085 2095 2105 2115

Optimal Control

Bioenergy Harvest Control

Deforestaion Control

No Forest Control

Figure 4  Total carbon emission, GtC per decade
The forest has a role to play even though the carbon emission control rate unquestionably
is the major contributor to lower emissions. The carbon emission control rate is free to vary in
all scenarios discussed in the results. If the carbon emission control rate is subject to an upper
restriction at for example
next decade will exceed

70%,

then the optimal deforestation emission control rate during the

40% and reach 100% by 2075. Since a restriction on the emission control

rate means a higher dependence on carbon based energy we will also see an increase in the use
of bioenergy.
The total carbon emissions consist of emissions from energy conversion, forest sequestration
and emissions from harvest and decay of wood products. The carbon emissions under the optimal control scenario are displayed by source in Figure 5. Emissions from energy conversion
are increasing over the the next 100 years while sequestration by forest growth are decreasing.
Emissions from harvest and decay of wood products are fairly constant.
Explicitly including the forest biomass in the global carbon cycle leads to lower total global
carbon emission in comparison to the original DICE-2007 model results. The global mean temperature increase under optimal control of this model peaks at
run of the DICE-2007 model shows a peak at

3.47◦ C

2.8◦ C

by 2185, while the optimal

one decade later. When forest biomass is

considered, however, the dierence in temperature between the Optimal Control scenario and
the No Forest Control scenario is small. This is partly due to the fact that the optimal bioenergy
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150
100
50

0
2015 2025 2035 2045 2055 2065 2075 2085 2095 2105 2115
-50
-100
Harvest and wood product carbon emission
Net forest carbon emission and sequestration
Energy conversion carbon emissions

Figure 5  Carbon emissions and sequestration under Optimal Control, GtC per decade
harvest is quite similar to the baseline harvest and that deforestation control is limited to the
tropical forest.

Table 3  Mean temperature increase, ◦ C
2015

2035

2055

2115

Optimal Control

0.921

1.213

1.529

2.583

No Forest Control

0.921

1.214

1.535

2.624

Baseline

0.932

1.296

1.731

3.337

DICE-2007 model Optimal Control

0.951

1.376

1.783

2.840

DICE-2007 model Baseline

0.960

1.445

1.945

3.437

Table 4 shows the price attached to emissions of carbon for dierent scenarios. The rst column represents the social cost of carbon in 2005. The social cost of carbon is the discounted
change in utility caused by an additional ton of carbon emission in the rst time period. The
next three columns represent the optimal carbon price in 2025, 2045, 2105. The optimal carbon
price is the market price that balances the marginal cost of reducing emissions with the marginal
benet of reducing damages. In accordance with previous discussion, the DICE-2007 model optimal run display highest carbon prices because forest carbon sequestration is not accounted for.
Furthermore, the Optimal Control scenario shows that we can reach a slightly lower carbon price
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if the forest is used optimally. If we impose a

2◦ C

global mean temperature target the benet of

an optimal forest control is even larger due to higher carbon prices.

Table 4  Carbon prices, 2005 U.S. dollar per tC
2005

2025

2045

2105

Optimal Control

25.93

50.73

77.52

209.90

No Forest Control

25.99

50.87

77.76

210.27

DICE-2007 model

27.27

53.18

80.73

212.64

Optimal Control

31.54

65.74

117.20

684.87

No Forest Control

33.97

72.23

134.12

872.25

DICE-2007 model

45.30

101.87

208.45

797.94

2◦ C

Temperature limit

Bioenergy appears to be an inecient control to vastly reduce carbon emissions in the near
future. Figure 6 displays the optimal bioenergy harvest decision together with the optimal bioenergy harvest decision when climate damages on the economy is not under consideration. The
bioenergy harvest levels are substantially higher when the negative eects of emissions are not
considered due to higher dependence of carbon based energy. The cost of using bioenergy is
increasing when we internalizing the eect of carbon.

6
5
4
3
2

1
0
2005 2015 2025 2035 2045 2055 2065 2075 2085 2095 2105
Tropical Optimal Control
Boreal Optimal Control

Temperate Optimal Control
No Damage Bioenergy Harvest Control

Figure

6  Bioenergy harvest under Optimal Control and No Damage Bioenergy Harvest

Control, billion m3 per year
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A sensitivity analysis is conducted in Appendix C to understand the robustness of the results
and to what degree they depend on the level of the discount rate, intrinsic growth rate, carrying
capacity, cost of avoiding deforestation and energy elasticity.

4

Concluding remarks
The forest biomass unquestionably plays a vital part in the global carbon cycle. The question

is how the global forest resource could be used as a carbon abatement instrument. One frequently
discussed issue for policy makers is whether the society should focus on preserving or using the
forest biomass. This paper integrates the forest biomass in a model of the climate and the economy
with the aim of capturing this resource problem. Bioenergy harvest can substitute fossil fuels and
increase the biomass growth rate, but the net eect of both is not instantly benecial. The time
dimension proves to be of great importance when evaluating bioenergy as an emission reduction
instrument. When internalizing the eect of carbon, the cost of using bioenergy is increasing
and results of this model emphasize that we should increase the forest biomass stock rather than
sharply increase the use of forest bioenergy. The tropical forest activities prove to be especially
important in this model due to the large biomass stock size, high growth rate and prevailing
deforestation. In line with previous studies, the reduction of tropical deforestation is established
to be a cost ecient instrument to reduce climate change. The deforestation emission control
rate does furthermore not compete considerably with the energy carbon emission control rate
and using deforestation control should not reduce the importance of other abatement strategies.
The framework developed in this paper analyse the forest carbon policy problem in a one
region global model with the aim to understand the dynamic eects of dierent forest carbon
strategies. To be able to draw more applicable policy recommendations is it important to account
for regional disparities, one essential development left to future research.
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Appendix A : Parameters and Variables of the Model
Table 5  Variables

Variable

Description

Fn,t
M AX
Fn,t
Hn,t
Dn,t
ΓT RO,t
RDn,t
REt
M Ct
T Ct
HBn,t
BIt
HSn,t
CHt
It
Kt
Inf lowt
σt
µt
Yt
Πt
Ξt
F Ot
EEt
ESt
EFt
Et
Qt
Λt
T At
Lt
ct

Forest biomass (billions of m3)

1

Forest biomass carrying capacity (billions of m3)

2

3
Total forest biomass harvest (billions of m3)
Forest biomass deforestation (billions of m3)

Baseline carbon emission from land (billions of tc)

4

Deforestation control rate (fraction of uncontrolled deforestation,

0 ≤ RDn,t ≤ 1

Reduced carbon emission through deforestation control (billions of tc)

5

)

6

Marginal cost of reduced carbon emission through deforestation [7](trillions of U.S dollars)
Total capital stock cost of reduced carbon emission through deforestation (trillions of U.S dollars)
Forest biomass harvest for bioenergy (billions of m3)

8
Forest bioenergy harvest function

Forest biomass round wood harvest (billions of m3)
Stock of carbon in wood products (billions of tc)

7

9

10

Investment (trillions of U.S dollars)
Capital stock (trillions of U.S dollars)
Inow of carbon to the carbon pool wood products (billions of tc)
Carbon emission per output (tc per output)
Carbon emission control rate (fraction of uncontrolled carbon emission,

0 ≤ µt ≤ 1)

Output (trillions of U.S dollars)
Carbon emission from production (billions of tc)
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Carbon based energy function
Fossil fuel carbon (billions of tc)
Energy production carbon emissions (billions of tc)
Carbon emission from forest harvested biomass (billions of tc)
Carbon emission from change in stock of forest biomass (billions of tc)
Total carbon emission (billions of tc)
Output net of abatement and damages (trillions of U.S dollars)
Abatement cost function as fraction of world output
◦
Global mean surface temperature ( C increase from year1900)
Labour (millions)
Per capita consumption (trillions of U.S dollars)

1. Year 2005 total growing forest biomass was approximately 434 billion m3. Year 2005 boreal,
temperate and tropical forests biomass stocks are derived from region/subregion data FAO 2010.

FBOR,t=0 = 142, FT EM,t=0 = 69, FT RO,t=0 = 318
2. Year 2005 boreal, temperate and tropical forests biomass carrying capacity. The carrying
capacity is a constant for the boreal and temperate forests, since no deforestation is assumed
to be prevailing. However, in reality can the carrying capacity, besides by changing the forest
area i.e. aorestation, reforestation or deforestation, also be aected by forest management. The
existing literature lack estimates of general carrying capacity in m3 per hectares for the global
boreal, temperate and tropical forest. Hence, assumption regarding the carrying capacity is made
in this paper. The current stock of forest biomass for the respective biomass type is assumed
to represent

50%

of the carrying capacity.

FBOR,t=0 = 284, FT EM,t=0 = 138, FT RO,t=0 = 636.
22

See note 12 for further discussion regarding the carrying capacity and the intrinsic growth rate
relation.
3. Billion m3 biomass removed for production of both energy and goods and services, i.e.

Hn,t = HBn,t + HSn,t .
4. Baseline carbon emission from deforestation is determined by the exogenous carbon emission equation from land of the DICE-2007 model.
5.Avoided direct release of carbon stored in forest biomass.
6. See Appendix B.
7. Year 2005 total wood removal for energy production for industrial, commercial and domestic use was estimated to 1.45 billion m3 by FAO, 2010. Year 2005 boreal, temperate and tropical
forests removals for energy are derived from region/subregion data FAO 2010.

0.098, HBT EM,t=0 = 0.204, HBT RO,t=0 = 1.148.

HBBOR,t=0 =

The actual removals are however unquestiona-

bly higher due to the fact that informally and illegally removed wood rarely are included in the
data (FAO 2010).
8. The forest bioenergy harvest function is a Cobb-Douglas constant return to scale function
with boreal, temperate and tropical forests bioenergy harvest inputs. The rst year value of the
function corresponds to year 2005 total bioenergy harvest (1.45 billion m3).
9. Year 2005 total wood removal for for production of goods and services was estimated to
1.762 billion m3 by FAO, 2010. Year 2005 boreal, temperate and tropical forests industrial wood
removals are derived from region/subregion data FAO 2010.

HSBOR,t=0 = 0.7285, HST EM,t=0 =

0.6285, HST RO,t=0 = 0.4050.
10. Year 2005 stock of carbon in forest products is assumed to be 4.2 GtC. This amount
equivalent to the one decade older estimate reported by IPCC due to lack of more recent estimate.
There is large uncertainty about the amount of carbon storage in forest products ; however there
is a consensus that the sink potential is relatively small compared to existing carbon storage in
living forest biomass (IPCC, 2001).
11. The carbon based energy function is a Cobb-Douglas constant return to scale function
with fossilfuels and forest input, ie. total carbon energy is assumed to solely consist of fossilfuels
and forest harvest. The rst year value of the function corresponds to year 2005 global energy
from fossil fuel and forest biomass (424 exajoules).
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Table 6  Parameters

Parameter

Description

ψBOR
ψT EM
ψT RO
θBOR
θT EM
θT RO
λ1
λ2
φ1
φ2
φ3
φ4
φ5
ξ
β
ζ
ω
Φ
κ
δk
HL
δCH
υ
F OM AX
χBOR
χT EM
χT RO
η
π1
π2
γ
α
ρ

Intrinsic growth rate of boreal forest biomass
Intrinsic growth rate of temerate forest biomass
Intrinsic growth rate of tropical forest biomass

0.1479
0.3997
0.4996

Carbon intensity in boreal forest biomass (carbon per m3 biomass)
Carbon intensity in temparete forest biomass (carbon per m3 biomass)
Carbon intensity in tropical forest biomass (carbon per m3 biomass)

0.409
0.524
0.611

First decade carbon emission from deforestation (billions of tc)
Deforestation decrease parameter

11.0
0.1

Cost
Cost
Cost
Cost
Cost

14.46
0.26
1.022
0.03
20

parameter
parameter
parameter
parameter
parameter

of
of
of
of
of

reducing
reducing
reducing
reducing
reducing

emissions
emissions
emissions
emissions
emissions

from
from
from
from
from

avoided
avoided
avoided
avoided
avoided

Value

deforestation
deforestation
deforestation
deforestation
deforestation

12

13

14
15

16
17
18
65.047
19
1.928
20
0.073

Carbon emission energy parameter (exajoules per billions of tc)

57.297

Fossil fuel carbon elasticity

0.92217

Energy parameter
Bioenergy parameter
Bioenergy harvest elasticity boreal forest biomass
Bioenergy harvest elasticity tropical forest biomass
Rate of depreciation of capital

0.7862
0.1

Half-life years for carbon in wood products

40

Fraction of carbon lost from the carboon stock in wood product per year

0.0173287
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Share of carbon in roundwood harvest to wood products

23
0.18

Maximum consumption fossil fuels (billions of tc)

6000

Boreal biomass share of total roundwood harvest
Temperate biomass share of total roundwood harvest
Tropical biomass share of total roundwood harvest
Preference parameter
Damage parameter
Damage exponent
Capital elasticity
Elasticity of marginal utility of consumption
Pure rate of social time preference

0.41
0.36
0.23
1
0.0028388
2
0.3
2.0
0.015
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12. The intrinsic growth rates are calibrated by using FAO 2010 data for forest biomass,
removals and hectares in the logistic growth equation with decade time steps. The weighted
growth rates of the forest in the Russian Federation, Norway, Sweden, Finland, Canada and
partly the United States of America provide the intrinsic growth rate for the boreal forest.
Weighted growth rates of the European temperate forest and the East Asian forest are used as a
proxy for the intrinsic growth rate of the temperate forest. There is large uncertainty regarding
the growth of the tropical forest because of decient data. The unrecorded wood removals in the
tropical regions are expected to be very high. The intrinsic growth rate for the tropical forest is
here assumed to be

25% higher than the rate for the temperate forest. The intrinsic growth rate is

an average of the intrinsic growth rate resulting from calculating the logistic growth function for
the decades 1990-2000 and 2000-2010. Due to lack of carrying capacity estimates are respectively
initial biomass stock assumed to represent

50% of its carrying capacity. The intrinsic growth rates

derived with the logistic growth function obviously depend on the size of the carrying capacity ;

24
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a lower carrying capacity relative to the current stock size leads to a higher intrinsic growth
rate and vice versa. The eects of changing the carrying capacity and the intrinsic growth rate
assumptions are shown in the sensitivity analysis in Appendix C.
13.

Carbon in living biomass ; tC/m3 (carbon in soil is not included). Year 2005 carbon in

boreal, temperate and tropical biomass are derived from region/subregion data FAO 2010.
14. First decade GtC emission from deforestation from the carbon emission equation from
land of the DICE-2007 model. The amount corresponds well to estimates done by i.e. FAO 2006.
15. See Appendix B.
16. Year 2005 carbon energy emissions in the DICE-2007 model is approximately 7.4 GtC
and the total carbon energy is assumed to solely consist of fossil fuels and forest harvest. Year
2005 world energy supply from the main fossil energy sources ; oil, natural gas, coal and coke,
amounted to 391 EJ (108651 TWh) according to Swedish Energy Agency 2010 and the energy
from fuel wood and forest residuals approximately 33 EJ (9167 TWh) according to FAO 2007.
Hence, total energy amounts to 424 EJ energy.

ξ = 424/7.4 ≈ 57.297.

17. The carbon based energy function is a Cobb-Douglas constant return to scale function with
elasticities calculated from year 2005 forest bioenergy and fossil energy shares. Year 2005 world
energy supply from the main fossil energy sources ; oil, natural gas, coal and coke, amounted to 391
EJ (108651 TWh)according to Swedish Energy Agency 2010 and the energy from fuel wood and
forest residuals approximately 33 EJ (9167 TWh) according to FAO 2007.

β = 391/(391 + 33) ≈

0.92217.
18. This parameter is calibrated in the Cobb-Douglas constant return to scale energy equation
with year 2005 extraction of fossil fuels approximately 7.4 GtC from the DICE-2007 model and
the total removal of forest biomass harvest function is approximately 1.45 billion m3 from FAO
2010.

ζ = 424/[7.4β 1.451−β ] ≈ 65.047.

19. This parameter is calibrated in the Cobb-Douglas constant return to scale bioenergy
equation with year 2005 bioenergy harvest for tropical, boreal and temperate biomass 1.148,
0.098 and 0.204 billion m3 respectively.

ω = 1.45/[1.148κ ∗ 0.098Φ ∗ 0.2041−κ−Φ ] ≈ 1.928.

20. The forest bioenergy harvest function is a Cobb-Douglas constant return to scale function
with elasticities calculated from year 2005 boreal, temperate and tropical forests bioenergy harvest shares. The bioenergy harvest for tropical, boreal and temperate biomass was 1.148, 0.098
and 0.204 billion m3 respectively. The relatively high amount of tropical bioenergy harvest originate from large fuelwood dependence in tropical regions.

0.204/(1.148 + 0.098 + 0.204) = 0.1407.

21. A weighted average of half-life years duration of carbon sequestration in dierent wood
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products, including products like paper that are discarded rapidly and buildings that have a
signicantly longer life cycle. There is a grate variation in duration of carbon sequestration in
harvested wood products from e.g. 1 year half-life carbon in paper up to 100 years for family
houses (Skog and Nicholson, 1998). There is great uncertainty about the fraction of wood dedicated to long life and short life products and this is just a very approximate average.
22. Decay rate for a weighted average of carbon duration in dierent of wood product types
of forest products

δCH = Ln(2)/υ .

23. Share of total carbon in the forest removals that goes into the wood product carbon pool.
Ingerson, 2009.
24. Year 2005 total industrial roundwood harvest were 1.762 billion m3. The shares for
the boreal, temperate and tropical harvest are derived from industrial roundwood harvest region/subregion data for 2005, FAO 2010.HBBOR,t=0

1.148.
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= 0.098, HBT EM,t=0 = 0.204, HBT RO,t=0 =

Appendix B : Cost of reducing deforestation
The functional form of the marginal cost of emission reduction from avoided tropical forest
deforestation is modelled to approximately follow the marginal cost curves presented in Kindermann et al. (2008). They use three land use and management models, the Dynamic Integrated
Model of Forestry and Alternative Land Use (DIMA), the Generalized Comprehensive Mitigation Assessment Process Model (GCOMAP) and the Global Timber Model (GTM) to examine
the carbon emission reduction potential and marginal cost of avoiding deforestation. The article
present marginal cost results for the tree dierent models and a mean for the years 2010, 2020
and 2030. The functional form of Equation (5) is an approximation of their mean marginal cost
curves of avoiding deforestation. Figure 7 illustrate this estimated marginal cost function of avoiding deforestation for three decades of the model.
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Figure 7  Marginal cost of Emission Reduction with Avoided Deforestation, US$ per TC
As in line with most of the previous literature, the Kindermann et al. (2008) marginal cost
estimates is in terms of lost production. Yet, we argue that avoiding deforestation aects the
production possibilities and the cost should be in terms of production input. However, numerical
modeling shows that the main conclusions of the model are not sensitive to whether the cost of
avoiding deforestation is modeled as lost production or capital stock disinvestment.
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Appendix C : Sensitivity analysis
A sensitivity analysis is conducted here to understand the robustness of the results and
to what degree they depend on the level of the discount rate, intrinsic growth rate, carrying
capacity, cost of avoiding deforestation and energy elasticity. All gures in the sensitivity analysis
represents the Optimal Control scenario. The solid line represents the parameter value of this
model and the dashed lines represent two alternative values.

Discount rate
The optimal scenario is run with three alternative pure rate of time preference and unchanged
elasticity of marginal utility of consumption. Figure 8 shows the energy emission control rate and
Figure 9 shows the deforestation emission control rate. The low rate is
rate of time preference and the high rate is

150%

50%

of the original pure

of the original pure rate of time preference,

ρ = {0.0075, 0.015, 0.0225}.

0,7
0,6
0,5
0,4
0,3
0,2
0,1
0
2015 2025 2035 2045 2055 2065 2075 2085 2095 2105 2115
Low discount rate

High discount rate

Figure 8  Energy emission control rate
The gures show that a higher pure rate of time preference results in an increasing eort to
reduce emissions and vice versa. The bioenergy harvest decision is insensitive to variations in the
pure rate of time preference.
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Figure 9  Deforestation emission control rate
Intrinsic growth rate
Figure 10 displays the optimal tropical bioenergy harvest decisions for three dierent intrinsic growth rates and unchanged carrying capacity. The low rate is
original growth rate and the high rate is

20%

20%

lower than the

higher than the original growth rate,

ψT RO =

{0.1842, 0.2303, 0.2764}.
2,5

2
1,5
1
0,5
0

2005

2015

2025

2035

2045

2055

Low growth rate

2065

2075

2085

2095

2105

High growth rate

Figure 10  Tropical bioenergy harvest, billion m3 year
A higher intrinsic growth rate infers a higher level of bioenergy harvest and a lower intrinsic
growth rate infers a lower level of bioenergy harvest, but the shape of the optimal paths are
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similar.

Carrying capacity
Figure 11 displays the optimal tropical bioenergy harvest decisions for three dierent carrying
capacities and intrinsic growth rates. Under the alternative carrying capacities are the intrinsic
growth rates recalculated to maintain the initial net growth rate of the forest biomass. The low
carrying capacity assumes that the initial forest biomass represents

75%

of its carrying capacity

and the high carrying capacity assume that the initial initial forest biomass represents only

25%

of its carrying capacity.

ψT RO = {0.9992, 0.4996, 0.3331}, ψBOR = {0.2958, 0.1479, 0.0986},

ψT EM = {0.7994, 0.3997, 0.26466}.

3
2,5
2
1,5
1
0,5
0
2005 2015 2025 2035 2045 2055 2065 2075 2085 2095 2105
High carrying capacity

Low carrying capacity

Figure 11  Tropical bioenergy harvest, billion m3 year
As Figure 11 displays, the assumption regarding carrying capacity determines whether it is
optimal to increase or decrease the bioenergy harvest. It If the carrying capacity is low, i.e.
the stock of biomass is close to its maximum capacity, it is optimal to increase the harvest
and analogously if the initial stock is small compared to its maximum capacity, it is optimal to
decrease the harvest in order to increase the stock. This eect is also valid for temperate and
boreal bioenergy harvest decisions.

Cost of reducing deforestation
There are large uncertainties associated with the cost of reducing prevailing deforestation.
Figure 12 displays the optimal tropical bioenergy harvest decisions for three dierent cost levels.
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The low cost is
is

20%

20%

lower than the integrated original marginal cost function and the high cost

higher than the integrated original marginal cost function.

1
0,8
0,6
0,4
0,2
0
2015 2025 2035 2045 2055 2065 2075 2085 2095 2105 2115
Low cost

High cost

Figure 12  Deforestation emission control rate
Naturally a higher cost results in a higher level of reduction of deforestation and vice versa.

Energy elasticity
The energy elasticities of fossil fuel carbon in the constant return to scale Cobb-Douglas
carbon energy function derived from year 2005 levels of bioenergy and fossil energy. Figure 13
shows the tropical bioenergy harvest for three dierent initial bioenergy and fossil energy values.
In the high fossil fuel carbon elasticity is the bioenergy harvest generating

20%

lower amount of

energy and in the low fossil fuel carbon elasticity is the bioenergy harvest generating
amount of energy.

β = {0.93774, 0.92217, 0.90660}, ζ = {64.12, 65.95, 67.84}.
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20% higher
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High bioenergy harvest elasticity

Low bioenergy harvest elasticity

Figure 13  Tropical bioenergy harvest, billion m3 year

Appendix D : The 2◦ C global mean temperature target
The Copenhagen United Nations Climate Change Conference formed an agreement in December 2009 to reduce global emissions so the increase in global temperature increase to no more
than

2◦ C

(UNFCCC, 2010). Meeting this global mean temperature target in this model imply

lower temperature than under the optimal control scenario which peaks at
show how the emission control rates are aected of an

◦

2 C

3.18◦ C .

Figure 14

mean temperature goal.

1
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Energy emission control rate Optimal Control
Energy emission control rate 2°C Optimal Control
Deforestation emission control rate Optimal Control
Deforestation emission control rate 2°C Optimal Control

Figure 14  Emission Control rates
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The goal infers a higher deforestation emission control reaching

100%

earlier and a steeper

increase of the energy carbon emission control over time. Figure 15 shows how the optimal
bioenergy harvest decision is aected of an

2◦ C

mean temperature goal. The tropical bioenergy

harvest is especially aected of the goal and displays an increase during the rst half century
and then decrease as the carbon energy dependence decline.
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Tropical Optimal Control

Boreal Optimal Control

Temperate Optimal Control

Tropical 2°C Optimal Control

Boreal 2°C Optimal Control

Temperate 2°C Optimal Control

Figure 15  Bioenergy harvest, billion m3 year
Figure 16 shows the carbon emissions from energy conversion and forest carbon sequestration
for the Optimal Control and the

2◦ C

Optimal Control scenario.

130
80
30
-20

2015 2025 2035 2045 2055 2065 2075 2085 2095 2105 2115

-70

Net forest carbon emission and sequestration
Energy conversion carbon emissions
2°C Optimal Control

Figure 16  Carbon emissions and sequestration, GtC per decade
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The carbon energy emissions for the

2◦ C

Optimal Control scenario display a vast decrease due

to a higher energy emission control. As a consequence of higher bioenergy harvest and reduced
deforestation, the forest growth sequestration is partially higher under the
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2◦ C

temperature goal.

