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a b s t r a c t

The purpose of this paper is to investigate cost-effective climate policy instruments for bioenergy and
timber, adapted to the impacts on interdependent forest carbon pools, and applied in the EU climate
policy to 2050. We develop a discrete time dynamic model including forest carbon pools in biomass, soil,
and products, as well as fossil fuel consumption. The analytical results show that the optimal taxes on
forest products depend on the growth in the respective carbon pool. The application to the EU 2050
climate policy for emission trading shows that total costs for target achievement can be reduced by 33
percent if all carbon pools are included, and the carbon tax on fossil fuel can be reduced by 50 percent.
Optimal taxes on forest products differ among countries and over time depending on the potential for
increased carbon sequestration over the planning period.
© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Terrestrial carbon pools1 have received attention for their
climate change mitigation potential and the comparatively low
associated costs. Increased carbon pools in natural ecosystems
could thus be an alternative and complement to other measures,
such as reduced fossil fuel use and increases in renewable energy
(Bosetti et al., 2009; Murray et al., 2009; Sohngen, 2009). It can be
costly to ignore forest carbon flows and stocks when developing
strategies against climate change. In Europe, the sequestration of
carbon in forest biomass and soils corresponds to 8e10 percent of
the total emissions (Kuikman et al., 2011; Lal, 2005), and seques-
tration tends to increase over time (Kauppi et al., 1992; Liski et al.,
2002). Consideration of the risk for future carbon losses and the
potential for targeted increases in carbon sequestration could thus
be of importance for economic and environmental reasons.
on).
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ural carbon pools against the CO2 burden allocation is not allowed
in spite of the substantial cost savings it could entail (Gren et al.,
2012; Michetti and Rosa, 2012; Münnich-Vass and Elofsson,
2016). Arguments against the introduction of policies to enhance
carbon sinks in the EU include the complexity and mutual inter-
dependence of forest carbon pools, and the difficulties of designing
appropriate incentive structures (Kuikman et al., 2011). Forest
carbon consists of twomain natural pools; above-ground carbon in
the biomass and below-ground carbon in the soil (Lal, 2005). Forest
harvesting decisions affect the stock of carbon in growing biomass,
but also indirectly influence the stock of soil carbon (Jandl et al.,
2007; Kuikman et al., 2011; Lal, 2005). Neglect of this de-
pendency will lead to false conclusions about the impact of forest
management on total forest carbon sequestration. The dependency
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2 The growing stock is typically defined as the volume of all living trees in a
certain area of forest with a minimum diameter at breast height, and includes the
stem from ground level or stump height up to a given top diameter, and may also
include branches above a certain diameter. Here, the growing stock is assumed
equal the merchantable tree volume.

3 The choice of timing of the harvest (in the beginning rather than in the end of
each time period) is made because this, later, facilitates the interpretation equations
(15) and (16).
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carbon sink enhancement. Even if only a single carbon pool is
considered, there are challenges concerning monitoring of carbon
stock changes and verification of the additionality and permanence
of such changes (cf., Bento et al., 2015; Engel et al., 2015; Mason and
Plantinga, 2013). Much of the literature on policy instruments for
carbon sequestration deals with instruments directed towards in-
dividual forest owners which requiremeasurement andmonitoring
of changes in each forest owner's carbon pool (Guthrie and
Kumareswaran, 2009; Latta et al., 2011; Lecocq et al., 2011;
Updegraff et al., 2010; van Kooten et al., 1995). Policies targeting
forest products could then have an advantage because of the
comparatively lower costs to measure and monitor these products
(Hoel and Sletten, 2016). Additionality can still be a concern, but the
issuewould be reduced to evaluation of the aggregate additionality,
rather than the additionality of sequestration achieved by each
forest owner.

The purpose of this paper is to analyze the design of policies on
forest products to enhance carbon sequestration in interdependent
carbon pools as a complement to reductions in emissions from
fossil fuels. The analysis is applied to carbon sequestration in forest
biomass and soils, and carbon storage in forest products, in the EU
climate policy from 2010 to 2050. Within the EU, inclusion of a
single carbon pool can be seen as a feasible alternative if, for
example, there is disagreement about the advantages of including
several carbon pools. We therefore compare separate and complete
inclusion of biomass, soil, and forest product pools in the policy
decision, in order to assess whether separate inclusion is a step in
the right direction, or even counterproductive. In addition, we
investigate the cost-efficient economic incentives for achieving
increased carbon sequestration. This is done with an aim to eval-
uate the potential for common policy instruments at the EU level to
promote carbon sinks.

For these purposes, we construct a discrete dynamic model for
cost-efficient attainment of future targets on carbon emission as
suggested by the EU 2050 climate policy (EUCOM, 2012) by means
of reduced combustion of fossil fuels and forest products and
enhanced carbon sequestration. The interlinked carbon pools are
managed by taxes targeting timber and bioenergy, which differ
with respect to the displacement of fossil fuel. It is shown analyt-
ically that the cost efficient carbon taxes on timber and bioenergy
can either increase or decrease when both biomass and soil pools
are considered, instead of only one of these pools. The direction of
impact depends on the effect of harvesting on the growth rate in
the respective pool. It is also shown that the tax on timber de-
creases for a delayed combustion of wood products because of the
larger discounting of future costs of carbon emissions. The empir-
ical results show that inclusion of carbon sequestration reduces
overall costs for reaching EU 2050 climate targets by 33 percent,
and the optimal carbon tax on fossil fuel by up to 50 percent. If only
a single carbon pool is included, the choice of pool to include
matters, not only for the cost savings achieved, but also for the net
impact on carbon emissions. The optimal tax on fossil fuels is
increasing over time for all countries but the carbon tax on wood
products can either increase or decrease depending on the forest
growth rate and the time path of reduction targets.

Our study belongs to two main strands of the literature; eco-
nomics of carbon regulation by forest management and design of
policy instruments for carbon sink enhancement. Several earlier
economic studies on forest management include more than one
forest carbon pool in the analysis, such as Lubowski et al. (2006),
Newell and Stavins (2000), Sohngen and Mendelsohn (2003), van
Kooten et al. (1999), and Wise and Cacho (2005). However, we
have not found any study which compares a second-best policy,
including only a single carbon pool, with the first best policy, where
several interlinked pools are included. A number of studies analyze
policy instruments applied to a single (biomass) carbon pool. Using
a national forest sector model, Caurla et al. (2013) and Lecocq et al.
(2011) compare the impact of alternative combinations of climate
policy instruments on the forest sector and resources. van Kooten
et al. (1995) show that a combination of carbon taxes and sub-
sidies can be used to achieve socially optimal forest rotation, and
Latta et al. (2011) investigate the consequences of a tax/subsidy
scheme, voluntary or mandatory, in a forest sector model.

With respect to the literature on policies for carbon sink
enhancement, Mason and Plantinga (2013) conclude that a uniform
carbon subsidy scheme implies higher costs for achieving seques-
tration than a contract design system. Bento et al. (2015) analyze
the role of the additionality problem and monitoring costs for the
design of carbon offset contracts. Using a real options model with
uncertain future timber prices, Guthrie and Kumareswaran (2009)
compare subsidies paid in proportion to the actual amount of car-
bon sequestered to credits that are allocated according to the long-
run potential to sequester carbon, showing that the former gener-
ates more sequestration. Using a globally aggregated model, Hoel
and Sletten (2016) analyze optimal taxes on energy consumption,
differentiated between fossil fuel energy and bioenergy to account
for the impact on forest sequestration. Compared to those, our
study contributes through analysis and empirical calculation of
cost-efficient, nationally differentiated taxes on timber, bioenergy
and fossil fuels for reaching politically determined targets on car-
bon dioxide emissions, while accounting for the role of carbon pool
interdependence.

The paper is organized as follows; first, the numerical model is
described, followed by the derivation of the cost-efficient policy
instruments. Then, data are described and results are presented.
The paper ends with a discussion and conclusions.
2. Numerical model

Consider the EU, with i¼ 1, …, 27 different countries. Together,
the countries have agreed on a CO2 emissions reduction path until
2050, which they wish to implement at least cost. The emission
reductions can be achieved by either reduced consumption of fossil
fuels within the EU Emission Trading Scheme, or by implementing
changes in forest management. The potential to use forests for
different purposes is, ultimately, determined by the existing forest
biomass and its development over time. The development of the
growing stock of trees2 on an average hectare of land is defined by:

Vi
tþ1 ¼ Vi

t þ Gi
t

�
Vi
t

�
� Hi

tþ1 (1)

Vi
0 ¼ Vi

0;

where variables are measured in cubic meters: Hi
tþ1 is the harvest

in country i, which is assumed to take place in the beginning of the
year,3 Vi

t is the growing stock measured directly after the harvest,

and Gi
tðVi

tÞ is the annual growth. Total stem wood volume in a
country is AiVi

t , where Ai is the area of forest land, measured in
hectares. It is assumed that Gi

tðVi
tÞis positive, differentiable and
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increasing up to a given, intermediate volume level, thereafter it
successively declines towards zero as the forest approaches car-
rying capacity.

The use of a representative hectare of forest land is a simplifi-
cation compared to large scale age class forestry models such as
Sohngen and Sedjo (2006), which has global coverage, and
Moiseyev et al. (2011), which includes the European countries. This
simplification is motivated by our aim to describe the optimal time
dynamics of carbon sequestration both analytically and numeri-
cally in relation to reductions in CO2 emissions from fossil fuel. The
use of a representative hectare is reasonable if the distribution of
forest across different age classes is relatively even: it works less
well if, for example, there is a (disproportionally) large area of
forest near economic maturity, which typically implies high
growth. When such a forest is harvested, and replaced by young
forest, the average growth could fall more than is accounted for by
equation (1). The approach is therefore more reasonable on a
higher level of aggregation, such as the national level, as storm
felling and fires could lead to considerable local variations in the
age-class distribution, while having little impact on the aggregate
national level.

Forest carbon sequestration occurs in growing trees and in for-
est soil. Net annual carbon sequestration in trees,Wi

t , is assumed to
be defined by:

Wi
tþ1 ¼ hbiAi

�
Vi
tþ1 � Vi

t

�
; (2)

where bi is the ratio of total wood volume to stemvolume and h is a
parameter for conversion of tree volume to ton CO2-equivalents
removed from the atmosphere.

The development of the soil carbon stock on a representative
hectare of land, Pit , is mainly determined by the wood volume,
which adds to the soil carbon stock as litter falls to the ground, by
forest harvest, and natural carbon release. Following Liski et al.
(2002) we assume that litter from the growing stock adds to the
soil carbon stock, and that the decomposed litter added is a con-
stant share, ki, of the total wood volume in a given year. Harvesting
can cause a release of soil carbon on the harvested area due to
disturbances in the soil structure, shifts in abundance of woody and
herbaceous vegetation, and altered soil, water and temperature
conditions which increase decomposition (Jandl et al., 2007;
Kuikman et al., 2011). It is here assumed that the release of soil
carbon depends on the area of final felling and carbon content in
the soil. The harvested share of the forest land area is then
described by giHi

tþ1=ðVi
t þ Gi

tðVi
tÞÞ, where gi is a constant converting

the share of volume harvested, Hi
tþ1=ðVi

t þ Gi
tðVi

tÞÞ, into the share of

harvested area.4 We have gi <1 since forest is harvested at an old
age when the growing stock per hectare is relatively large. The
carbon release from a representative hectare of forest land due to
final felling is then assumed to equal the harvested share of the area
times a constant fraction, ni, of the carbon soil pool, Pit . This gives
release5 in period tþ1 as a share, 0 � nigiHi

tþ1=ðVi
t þ Gi

tðVi
tÞÞ � 1, of

Pit . In addition, soil carbon is assumed to be continuously released
4 Recall that Hi
tþ1 occurs in the beginning of period tþ1, whereas ðVi

t þ Gi
tðVi

t ÞÞ is
the volume measured in the end of period t.

5 We make a simplification by assuming that all of the loss occurs within a single
time period albeit a net decline in soil carbon might continue over 10e15 years
(Covington, 1981; Federer, 1984). This simplification is only motivated by conve-
nience of modelling.

6 Detailed soil carbon models such as that in Liski et al. (2002) divide soil carbon
into several, interdependent sub-pools, while assuming a constant rate of decay for
each of these sub-pools.
due to natural processes. We follow Liski et al. (2002) by assuming
that the carbon pool Pit decays at constant rate, wi, in each time
period.6 The development of the soil carbon stock7 on an average
hectare of forest land, Pit , is then defined by:

Pitþ1 ¼ Pit � nPitg
Hi
tþ1�

Vi
t þ Gi

t

�
Vi
t

��þ kihbiVi
t � wiPit ; (3)

The second term on the r.h.s. expresses soil carbon losses due to
final felling in the beginning of time tþ1.8 The third term shows the
added carbon from litter, and the fourth the natural decay of soil
carbon, accounting for the release of carbon to the atmosphere.
Total annual carbon sequestration in forest soil, Mi

t , can then be
expressed as the incremental change in the soil carbon stock:

Mi
tþ1 ¼ Ai

tþ1

�
Pitþ1 � Pit

�
: (4)

Total carbon sequestration in trees and soils, Sit , is then:

Sit ¼ Wi
t þMi

t : (5)

The harvested forest volume is used for two different purposes,
bioenergy and timber:

AiHi
t ¼ Bit þ Tit ; (6)

where Bit and Ti
t are the total volumes of bioenergy and timber,

respectively. Bioenergy and timber both affect CO2 emissions.
Following Hoel and Sletten (2016) we assume that the CO2 content
of bioenergy, hBit , is released to the atmosphere in the same time
period as it is harvested. The released CO2 is, however, partly offset
by displacement of fossil fuels. Displacement depends on the
relative efficiency of bioenergy and replaced fossil systems
(Schlamadinger and Marland, 1996). The parameter t, with
t2ð0;1Þ, expresses net CO2 emissions per unit of CO2 in bioenergy
after taking fossil fuel displacement into account, implying that net
CO2 emissions from bioenergy are equal to thBit .

When used as timber, carbon is stored in wood products, which
are assumed to have a life span of ki years (cf. Eggers, 2002), after
which they are combusted for energy purposes, and the CO2 con-
tent is released. Like bioenergy, timber that is combusted is
assumed to replace fossil fuels, hence the emissions are partially
offset, implying that the net release of CO2 after ki years is thTi

t�ki
.

The contribution of bioenergy and timber to CO2 emissions in a
given yearLit, can then be summarized as:

Lit ¼ th
�
Tit�ki

þ Bit
�
; (7)

where the first term is the release of carbon from wood products
combusted at the end of their lifetime, and the second is the net
contribution of bioenergy to CO2 emissions, given the displacement
of fossil fuels. The above formulation implies that we abstract from
carbon emissions that arise during harvesting, transporting and
processing of bioenergy and timber. This simplification is justified
by the fact that these emissions only correspond to about 2 per cent
7 Measured at the end of the time period.
8 We include the possibility for such losses here, but given the mixed empirical

evidence on such losses, as the losses typically depend on harvesting technology
(Jandl et al., 2007), we also investigate a case with zero carbon losses from final
felling in the sensitivity analysis.
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of the total carbon emissions from wood products (Petersen
Raymer, 2006). The net reduction of CO2 in the atmosphereRit ,
due to forest carbon sequestration and the different uses of forest
products, can then be summarized as:

Rit ¼ Sit � Lit : (8)

The combustion of fossil fuels in each country contributes to CO2
emissions. Emissions of CO2 from fossil fuels are determined by the

quantities of fossil fuels consumed, Xij
t , with j¼ 1, …,6, different

types of fuel,9 and emission coefficients for each fuel type, aj. Total
emissions in all countries from fossil fuels and forest man-
agementEt , are then:

Et ¼
X
i

0
@X

j

ajXij
t � ~R

i
t

1
A: (9)

There are costs associated with reduced fossil fuel consumption
and a changed supply of forest products. The cost for reducing the
consumption of a certain type of fossil fuel is defined by

CXij
t ðXij

BAU � Xij
t Þ, where Xij

BAU is the business-as-usual (BAU) con-
sumption of the fossil fuel in question. It is assumed that the cost
function is twice differentiable, decreasing and convex, and that the

consumption cannot fall below a given minimum levelXij
t ,
Min
Xij
t ;B

i
t ;T

i
t

TC ¼
X
t

X
i

rt

2
4CBi

t

�
BiBAU � Bit

�
þ CTi

t

�
TiBAU � Tit

�
þ
X
j

CXij
t

�
Xij
BAU � Xij

t

�3
5 (11)
i.e.,Xij
t � Xij

t � Xij
BAU .

The use of timber and bioenergy can, in principle, be either
reduced or increased in order to abate carbon emissions. The cost of
changing bioenergy production is defined as CBi

t ðBiBAU � BitÞ, where

BiBAU is the BAU production of forest bioenergy. It is assumed that Bit

is subject to lower and upper bounds, such that Bi � Bit � B
i
. In a

corresponding manner, changes in the production of timber give
rise to a cost, CTi

t ðTiBAU � Ti
tÞ, where TiBAU is the BAU production level,

and lower and upper bound apply, i.e. Ti � Ti
t � T

i
. The cost func-

tions for bioenergy and timber are assumed to be continuous,
convex, and decreasing (increasing) in Bit and Ti

t below (above) the
BAU level.

Costs are assumed to be separable in bioenergy, timber and
fossil fuels. Studies applied at the regional scale often assume that a
fixed share of the forest harvest is used for bioenergy, see, e.g.,
Carlsson (2012) and Trømborg and Sjølie (2011). In contrast, the
global model in Eriksson (2015) assumes bioenergy and timber are
separable in production. Notably, there is large variation in the
share of forest harvest used for bioenergy in different European
countries, see Table A1 in the Appendix; which implies that fixed
shares is not an appropriate assumption at this scale10. The
assumption about cost separability in fossil fuels and forest
9 Hard coal, lignite, natural gas, light fuel and heating oil, heavy fuel oil and jet
fuel.
10 One possible reason for variations in forest use is differences in the use of forest
residues for energy purposes. Data on the use of forest residues would be necessary
to empirically assess the degree of cost separability between timber and bioenergy,
but such data are not available for the EU countries.
products is motivated by the comparatively small role of bioenergy
and timber combustion for total energy consumption.11 A more
elaborate analysis of the substitution in production and consump-
tion, and hence cost interdependence, between bioenergy and
fossil fuels would require detailed analysis of supply and demand in
different industries, which is beyond the scope of this paper, given
its focus on sequestration time dynamics and carbon pool in-
terdependencies. Instead, the substitution is accounted for in a
simplified manner through the use of a displacement factor, see
equation (7).

It is assumed that EU policy makers want to meet a sequence of
annual emissions targetsEMAX

t , which are based on EU's roadmap
for moving to a low-carbon economy by 2050 (EUCOM, 2012). The
sequence of emission targets can be met by reductions of the
consumption of fossil fuels and changes in forest management
which affect bioenergy and timber production as well as carbon
sequestration in growing forests and soils. The emission targets are
expressed as:

Et � EMAX
t : (10)

for the targets years t¼ 1, …,40. It is assumed that policy makers
wants tomeet (10) at a minimum cost. The decision problem is then
to:
s.t. (1)e(10), and the upper and lower bounds on the decision
variables. The dynamic discrete time Lagrangian for this problem,
and the associated necessary conditions for an interior solution, are
presented in the Appendix. In the following section, we present the
cost-efficient policy instruments which are derived from the
necessary conditions.
3. Cost-efficient policy instruments

For fossil fuels, the cost efficient tax is defined by:

�vCij
t

�
Xij
BAU � Xij

t

�.
vXij

t ¼ lta
j; (12)

i.e., each fuel is taxed in proportion to the carbon emissions per unit
of fuel. Thus, we get the well-known result that all fuels can be
taxed in proportion to the carbon emissions, using a tax per ton of
carbon equal to lt , i.e. the shadow cost of the emission constraint.
The shadow cost increases over time due to increased target
stringency, and depends jointly on the costs for fossil fuel re-
ductions and changed forest management at different points in
time.

Taxes on timber and bioenergy will affect the decisions by forest
product suppliers. Assuming that there are well-functioning mar-
ket for forest products in all countries, the forest supply sectors’
decision problem will be to minimize the sum of the costs for
11 Using data for 2010 on fossil fuel consumption and bioenergy production, see
Appendix, and a factor 0.18 for conversion of biomass in m3 to toe, the bioenergy
produced in European forests corresponds to about 1 per cent of the total energy
from fossil fuels.
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producing below or above the BAU levels, i.e., the levels that would
be privately optimal in the absence of taxes, plus costs for taxation:
Min
Bi
t ;T

i
t

TC ¼
X
t

X
i

rt

h
CBi
t

�
BiBAU � Bit

�
þ CTi

t

�
TiBAU � Tit

�
þJBi

t B
i
t þJTi

t T
i
t

i
; (13)
where JBi
t and JTi

t are the unit taxes on bioenergy and timber,
respectively. Assuming an interior solution, the first order condi-
tions for the problem in (13) require that:

�
vCTi

t

�
TiBAU � Tit

�

vTit
¼ JTi

t (14)

and

�
vCBi

t

�
BiBAU � Bit

�

vBit
¼ JBi

t ; (15)

i.e., the marginal cost for adjusting timber and bioenergy supply
equals the tax on the respective products. Comparing the expres-
sions in (14) and (15) with the first-order conditions for the policy
makers' decision problem in (11), see Appendix, we find that the
efficient level of adjustment of timber supply will be induced by
setting the tax on timber such that the indirect effects on seques-
tration in trees and soils are taken into account:

JTi
t ¼ �

vCTi
t

�
TiBAU � Tit

�

vTit

¼ �mVit
1
Ai
t
� mPit ng

Pit�
Vi
t�1 þ Gi

t�1

�
Vi
t�1

��
Ai
t

þ rki�1ltþkith:

(16)

Thus, the optimal tax on timber is set such that the marginal
cost, i.e. the foregone current return due to a change in timber
production, equals the marginal benefit to society of that change.
The marginal benefit equals the value of the associated impact on
growing stock and soil carbon stock, and the discounted value of
the impact on the emission target ki periods later. The two first
terms on the r.h.s. reflect the country-specific impact of changed
timber production on the costs of future sequestration, due to the
impact on tree and soil carbon stocks. It should be noted that the
marginal user cost of the growing stock and soil carbon, mVit and mPit ,
can be positive or negative, depending on whether forest growth is
positively or negatively affected by the changed forest volume, and
harvests increase or decrease. Thus, taxes may differ across coun-
tries in both sign and magnitude.

The corresponding efficient tax on bioenergy is defined by:

JBi
t ¼ �

vCBi
t

�
BiBAU � Bit

�

vBit

¼ �mVit
1
Ai
t
� mPit ng

Pit�
Vi
t�1 þ Gi

t�1

�
Vi
t�1

��
Ai
t

þ ltth; (17)

where the interpretation of the two first terms on the r.h.s. is
similar to that in equation (16). The last term expresses the
marginal value of the impact on emission constraint in current year.
Comparing equations (16) and (17), it can be seen that the efficient
taxes on bioenergy and timber differ only due to the timing of the
release of the carbon content. The difference is then determined by
the development of the discounted shadow cost over time.

To further understand how the efficient taxes on bioenergy and
timber are determined, we can look closer at the determinants of
the marginal user costs. Using the necessary condition for the
growing stock we have that:

mVit ¼ rmVitþ1

�
1þ vGi

t

.
vVi

t

�

þ rmPitþ1

0
B@nPitg

Hi
tþ1

�
1þ vGi

t

.
vVi

t

�

�
Vi
t þ Gi

t

�
Vi
t

��2 þ kbi

1
CA

þ ðrltþ1 � ltÞhbiAi

(18)

Equation (18) shows, first, that the marginal user cost of the
growing stock, mVit , depends on the future value of the stock,
given forest growth. If an increase in stock volume leads to
increased forest growth, mVit is larger. There is then an additional
value of leaving the wood in the forest because of the higher
future sequestration that will be achieved. Second, there is a
value of the positive impact of increased forest volume on the soil
carbon stock. This impact is high if litter production, ki, and soil
carbon stocks are large, as increased forest volume reduces the
area subject to final felling, ceteris paribus. The last term ex-
presses the impact of a change in forest volume on the emission
targets at time t and tþ1. As the marginal user cost of forest
volume, mVit , is determined by the increase in the discounted
shadow cost lt , we can conclude that rapidly increasing target
stringency in combination with a low discount rate will imply a
higher marginal user cost. In such a case, it is cost-efficient to
allocate harvests over time such that high sequestration can be
obtained in the latter part of the policy period, thereby reducing
the need for costly fossil fuel reductions.

Turning to the marginal user cost of soil carbon stock, it can be
written as:

mPit ¼ rmPitþ1

0
@�

1� wi
�
� ng

Hi
tþ1�

Vi
t þ Gi

t

�
Vi
t

��
1
Aþ ðrltþ1 � ltÞAi

(19)

The marginal user cost of soil carbon, mPit , reflects the future
value of the soil carbon stock for meeting annual climate targets. It
is affected by stock development, captured in the first term on the
r.h.s of equation (19). A high decay rate wi reduces themarginal user
cost as a soil carbon stock increase in the current time period will,
to a larger extent, be lost to the atmosphere in the following time
period. Similarly, a high share of harvested volume, i.e. a high
Hi
t=ðVi

t þ Gi
tðVi

tÞÞ, implies that an increase in the carbon soil stock
will to larger extent be lost in the following time periods due to
final felling. Both a high decay rate and a high harvest share will
therefore increase user costs of soil carbon in the current time
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period. The last term in (19) carries a similar interpretation as in
equation (18).

Common to all countries is the increase in the carbon tax over
time from increased target stringency as expressed by lt.
Depending on the marginal user costs of the growing stock and soil
carbon pool, the taxes on timber and bioenergy products can in-
crease or decrease over time. The tax is relatively high when the
marginal user costs are high, i.e. when the accumulation of carbon
in trees and soil is large, which occurs for a relatively high marginal
growth in tree volume and a low rate of decay of soil carbon.
12 Calculated from data in the Appendix and Vil�en et al. (2012). Note that with our
growth functions this volume is reached earlier in central Europe, and later in the
boreal and Mediterranean regions.
13 Trømborg and Sjølie (2011) report CO2 content to be 0.7e0.92 depending on
tree species.
4. Data

Data and method for calculation of fossil fuels reduction costs
within the EU Emissions Trading System follow Gren et al. (2009),
where the costs are calculated as the decrease in consumer surplus
when fossil fuel consumption is reduced. Emission coefficients for
each type of fossil fuel have been obtained from the same source.
Cost functions for decreases and increases in bioenergy and timber
are calculated as changes in producer surplus, i.e., the cost to pro-
ducers in terms of profits foregone (in the case of a reduction) and
costs above the market price payment (in the case of an increase).
Inverted, linear supply functions for forest products were calcu-
lated based on estimates of price elasticities, price data and input
use data. These supply functions were used to calculate quadratic
cost functions. Consumer side welfare effects are not included for
forest products because for bioenergy, demand is highly politically
determined, and because trade in forest products is not easily
incorporated in a partial model. For both fossil fuels and forest
product it is assumed that BAU prices and quantities are constant
over the studied time period. This is a simplification, as techno-
logical development or changes in demand could alter these prices
and quantities. The simplification is motivated by the use of a
partial equilibrium model and the focus on the role of different
carbon pools for climate policy. Cost functions for fossil fuels and
forest products and data used for the calculations can be found in
the Appendix.

Aggregate forest growth functions on national level, suitable
for our purpose, are not available. Some earlier studies, such as
Kallio et al. (2004), use aggregate biomass and forest growth
functions, but assume a constant forest growth rate. Other
studies, such as Schulp et al. (2008), assume a constant forest
growth until a given forest age is reached, and growth shifts to
zero. None of these approaches are suitable when the focus is on
the dynamics of sequestration over a longer time period, as the
successive decline in growth, and hence sequestration, is not
accounted for. Following Amacher et al. (2009, chapter 4), we
have therefore estimated concave forest growth functions, using
data from Eurostat forestry statistics which report growing stock
and increment for commercial forests for each EU country and
four years; 1990, 2000, 2005, and 2010. This gives a panel data
set with 28 countries and 4 years. A quadratic function,
describing the relationship between growing stock per hectare,
and the associated gross increment, is estimated for commercial
forests. We take into account differences in growth rates across
regions with different climate, using dummy variables for the
(colder) boreal and (drier) Mediterranean regions, where growth
can be expected to be lower than in central Europe.

We test for random effects with a Breusch and Pagan Lagrange
multiplier test, which shows that this hypothesis cannot be rejec-
ted. However, existence of contemporaneous correlation may exist
among countries (Pesaran, 2004). Cross-sectional dependence can
occur in countries which are subjected to the same type of regu-
lations, such as the EU directives. If our independent variables do
not reflect these cross-sectional dependencies the estimated stan-
dard errors will be affected. A Pesaran test gave a value of p¼ .60
which indicates non-existence of cross-section dependence. A test
was also made for heteroscedasticity which showed no correlation
in the errors. The quadratic functions where therefore estimated
with ordinary least square estimator. Data and results of estima-
tions can be found in the Appendix.

The estimated growth functions imply that forest growth in
different countries varies depending on climatic region and
initial growing stock. The maximum forest growth occurs when
average growing stock per hectare is 266m3. Countries in the
dataset with a growing stock equal to 266 ± 30m3 have an
average age of 55 years,12 and other studies suggest that the age
of maximum sequestration should occur close to this age (Newell
and Stavins, 2000; Schulp et al., 2008). Already in the initial time
period, eight of the countries have a growing stock larger than
266m3. Hence, for several countries increased average forest age
could lead to reduced sequestration over time. Corresponding
data are not available for non-commercial forests which might, in
the future, be used as commercial ones. We therefore apply the
estimated growth function to all forest land in each country. The
ratio of total forest volume and volume of the growing stock is
calculated using the average biomass expansion factors for co-
nifers and broadleaves IPCC (2003) to obtain the above-ground

tree volume. Thereby, we get bi equal to 1.125 and 1.175 for
boreal and temperate countries, respectively. Based on data in
Trømborg and Sjølie (2011), the CO2 content per cubic meter of
wood is assumed to be 0.8 tons.13

To obtain parameter values for the soil carbon equation, we
make use of estimates of soil carbon stock and sequestration
reported in Liski et al. (2002). Their soil carbon stock estimates
apply to the tree-originating carbon in the organic soil plus the
topmost 20 cm mineral soil layer. National estimates for 1990 are
available for 14 countries of those included in this study. We
adjust these estimates for the average stock change 1990e2010 in
the region, to which the country belongs; North, Northwest,
Central or South Europe. For the 13 remaining countries in our
study, we use the average stock for the corresponding region.
Further, we use annual sequestration estimates in Liski et al.
(2002) for 1990, assuming they apply also in 2010, while for
countries not included in their study, we use the average for the
region, to which the country belongs. We assume that 50 percent
of the soil carbon is lost on forest land subject to final felling, as
suggested in early studies on the subject (Covington, 1981;
Federer, 1984; Yanai et al., 2003). Later studies have shown that
the magnitude of soil carbon loss can sometimes be much
smaller, even zero (Covington, 1981; Federer, 1984; Johnson and
Curtis, 2001; Yanai et al., 2003), and that the harvesting
method and the extent of site preparation are important for the
magnitude of the losses (Jandl et al., 2007). Therefore, a case with
zero soil carbon losses due to final felling is investigated in the
sensitivity analysis. Building on Swedish data for 2010 (Swedish
Forest Agency, 2013), g is calculated to be 0.6, which we as-
sume to apply for all countries. Decay rates are calculated from
the functions for decomposition rates for slow and fast humus
presented in Liski et al. (2002), where decomposition is modeled
as functions of annual mean temperature. We use the average of
the decomposition rates for fast and slow humus. The rate of
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Scenarios.

Scenario Abatement alternatives included in optimization

Fossil fuels Bioenergy Timber Biomass sequestration Soil sequestration

ALL X X X X X
FOSSIL X
FPRO X X X
BIO X X X X
SOIL X X X X
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litter fall, ki, is used to calibrate the functions such that the
above-mentioned sequestration is achieved in the initial year.
Calibrated values then range from 0.0011 to 0.0334 which can be
compared with Liski et al. (2002), where, e.g., the rate of litter to
growing stock is reported to be 0.0043 for coniferous forests and
0.0087 for deciduous trees. The variation in obtained litter co-
efficients seems reasonable given that the impact of tree growth
on soil carbon accumulation differs between tree species (Jandl
et al., 2007).

Production of bioenergy requires fossil fuel in the refinement
process, and this process is typically less energy efficient than for
refining fossil fuels. The carbon displacement is therefore typi-
cally less than one. Schlamadinger and Marland (1996) judge that
0.6 is a reasonable estimate of the displacement for bioenergy
given current technology, and Sathre and O'Connor (2010) argue
based on several studies that the bioenergy displacement factor
can range from less than 0.5 up to 1.0, depending on the type of
fossil fuel replaced and their relative combustion efficiencies.
Cannell (2003) estimates that biomass used to generate elec-
tricity displaces coal by a factor 1.0, oil by a factor 0.88 and
natural gas by a factor 0.56. We here assume that displacement
equal 0.75, implying that t ¼ 0:25. The average lifetime of timber
products, i.e. ki, is obtained from Eggers (2002). The BAU con-
sumption and production levels are assumed equal to the levels
in 2010. It is assumed that fossil fuel consumption and bioenergy
and timber production can, at most, be reduced by 95, 55 and 20
percent, respectively, compared to BAU. Also, it assumed that
bioenergy and timber production can at the most be increased by
75 percent, which is reasonable compared to short and long term
increases in renewables discussed by the EU Commission
(EUCOM, 2012, 2013).

The EU emissions target is interpreted as a successive reduc-
tion of CO2-emissions by 80 percent until 2050. This target is
assumed to be tightened by the same percentage each year from
2010 to 2050, taking into account that 2010 emissions are eleven
percent below those in the reference year 1990 (EUCOM, 2012).
In principle, a successive reduction of emissions is mainly moti-
vated when capital investments are necessary to achieve carbon
reductions, such as is relevant for fossil fuel reductions. However,
we do not explicitly model capital vintages for the fossil fuel
sector. Instead, we use the successive tightening of targets as a
simple way of achieving a similar overall carbon reduction path.
This makes it possible to investigate the role that carbon
sequestration can play for reducing abatement costs along that
path. A discount rate of 3 percent is applied, as suggested by
Boardman et al. (2011) to be an appropriate level for public
undertakings.
0
50,000

FOSSIL FPRO BIO SOIL ALL

Fig. 1. Minimum discounted cost in Million EUR of meeting emission target in different
scenarios.
5. Results

We calculate results for five different policy scenarios, shown
in Table 1. The first scenario, ALL, includes all abatement alter-
natives and their effects on carbon release and uptake. The ALL
scenario provides a benchmark, and corresponds to a cost-
effective policy. The second scenario, FOSSIL, is one where
emission targets have to be achieved by only reductions in fossil
fuel consumption. Forest harvests are held constant over time,
and equal to BAU levels, implying that carbon pools in trees, soil
and forest products change. The third scenario, FPRO, adds the
possibility of changing the use of forest products and accounts for
their direct impact on emissions to the decision problem (as
defined by equation (7)), but the consequential impact on
sequestration is ignored. In the fourth scenario, BIO, impacts on
sequestration and carbon pools in trees are further added (as
defined by equation (2)). The fifth scenario, SOIL, is similar to the
third, but instead of sequestration and pools in trees, soil
sequestration and soil carbon pools are included. The scenarios
thus permit comparison of costs and emission impacts under
different assumptions about the number of carbon pools that are
taken into account in the policy decision. Thereby, it becomes
possible to investigate whether a simplified policy, where only a
single carbon pool is included, is an improvement compared to
not including sequestration at all.

When carrying out the optimization, only sequestration in
addition to that with BAU harvests is considered to contribute to
the climate targets. For tractability, the model is aggregated into
5-year time periods. The model is run for 20 years beyond 2050,
requiring that emissions then remain constant and equal to those
in 2050, in order to avoid end-of-period effects.
5.1. The minimum cost

The discounted minimum cost of meeting the EU Roadmap
targets is shown in Fig. 1 for each scenario. As seen, inclusion of
more abatement options reduces the cost of meeting the targets.
The cost in the FOSSIL scenario corresponds to approximately 0.4
percent of aggregate GDP, which is within the range of costs
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estimated in Capros et al. (2014) .14 The total cost in the ALL
scenario is 33 percent lower than in the FOSSIL scenario. This can
be compared to Michetti and Rosa (2012) and Gren et al. (2012),
where cost savings from carbon sequestration are estimated to be
30 percent and 65 percent, respectively. Comparing approaches,
our analysis is applied to the more demanding 2050 target,
compared to the 2020 target analyzed in Michetti and Rosa
(2012) and Gren et al. (2012). This could imply a tendency to-
wards smaller cost savings if the potential for increased seques-
tration is limited. Moreover, the two mentioned studies allow for
afforestation, and Gren et al. (2012) include the non-trading
sector,15 which works in the same direction. On the other hand,
our inclusion of soil sequestration should increase the cost sav-
ings compared to these studies.

5.2. Emission reductions achieved

In the ALL scenario, the optimization problem captures all car-
bon effects from the measures being undertaken. In other sce-
narios, only some of the effects are taken into account. If wewish to
evaluate second-best policy scenarios, all impacts on carbon
emissions must be added to identify the total impact on carbon
emissions. In Fig. 2, we therefore compare the total emission re-
ductions in the different scenarios. In the FOSSIL scenario, a
considerable amount of sequestration occurs as a consequence of
BAU forest management. The total reduction in the figure is then
the sum of reductions due to reduced fossil fuel consumption, and
BAU sequestration.

In all other scenarios, bioenergy and timber are both reduced
in the cost-efficient solutions. In the FPRO scenario, bioenergy
and timber are reduced in order to avoid emissions from com-
bustion, but the associated impact on sequestration is not taken
into account. However, the reduction of forest products implies
that sequestration is increased. As a consequence, the total
emission reduction is larger than in the FOSSIL scenario. In the
BIO scenario, the policy maker accounts for the effects of both
reduced forest products and increased sequestration. Therefore,
14 Capros et al. (2014) compare three large-scale energy-economy models with
regard to the least-cost strategy for meeting 2050 targets, and conclude such a
strategy can reduce GDP by 0.0e0.5%. Different to this study, their calculations
include also the non-trading sector, which is larger than the trading sector and
abatement costs are higher, see e.g. B€ohringer et al. (2009).
15 The non-trading sector has higher abatement costs, so crediting carbon
sequestration against targets for the non-trading sector implies large cost savings.
fossil fuel reductions are smaller compared to the FPRO scenario.
This saves costs, but also implies that the total emission re-
ductions are smaller than under FPRO. The total emission
reduction is the highest in the SOIL scenario because increased
growing stocks are required to increase soil sequestration. The
scenario is more expensive than the BIO scenario, because
sequestration in trees is cheaper than soil sequestration as car-
bon sequestered in soils is partially lost through decay and at the
time of harvesting. The ALL scenario exactly achieves the emis-
sion targets, implying the lowest cost as well as the lowest
emission reductions.

Compared to the FOSSIL scenario, the FPRO and SOIL scenarios
imply a small or modest reduction in costs, but increases the total
emission reductions. The SOIL scenario outperforms the FPRO
scenario with respect to both emissions and costs. The BIO and ALL
scenarios significantly reduce costs, but have a minor positive and a
negative impact, respectively, on emission reductions achieved.
Hence, the preferred policy depends on the value that policy
makers attach to emission reductions in excess of the targets
defined in the Roadmap.

5.3. The fossil fuel carbon tax

Carbon taxes on fossil fuels, bioenergy and timber can be
applied to meet the climate targets for the EU, as shown in the
model section. Fig. 3 displays the cost-efficient CO2-tax on fossil
fuels in the FOSSIL and ALL scenarios. The CO2-tax increases over
time when the emission target becomes more stringent, and is
higher in the FOSSIL scenario than in the ALL scenario. In the ALL
scenario, carbon taxes increase from V20 per tCO2 in 2010 to V55
in 2050. The 2010 tax level can be compared with the actual
carbon price, which ranged between V8 and V29 per tCO2 be-
tween 2008 and 2010 (Chen et al., 2013). Our estimated carbon
tax levels can also be compared with permit prices 2020, calcu-
lated by B€ohringer et al. (2009) from three different CGE-models.
They estimate that the permit price for the EU ETS will be
V50e75/tCO2 in the absence of additional efforts to promote
renewables. Our comparable estimate in the FOSSIL scenario, V42
per tCO2 in 2020, is below their estimated price interval, which
can be explained by the fact that we do not take into account
economy-wide dispersal effects. Furthermore, Capros et al. (2014)
estimate that carbon prices will reach V243-V565 in 2050. Our
result in the FOSSIL scenario is only V108, which is likely to be
explained by their inclusion of the non-trading sector, where
abatement costs are higher than in the trading sector. Michetti
and Rosa (2012) estimate that the carbon price is reduced by
0.000

0.020

1 2 3 4 5 6 7 8

Fig. 3. Development of CO2-tax on fossil fuels in current value in FOSSIL and ALL
scenarios.



Table 2
Forest data 2010 for Germany, Finland and Spain.

Total forest and other wooded land area Growing stock Forest growth, estimated Soil C stock Soil C sequestration

1000 ha m3/ha m3/ha t CO2-eq/ha ton CO2-eq/ha

Germany 11076 315 7.6 220 0.183
Italy 10916 133 4.9 48 0.029
UK 2901 131 5.8 139 0.213
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Fig. 4. Efficient tax on timber products in the ALL and BIO scenarios, in current value.
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30 percent in 2020 when forest sequestration is included. For
that time period, we obtain almost exactly the same price
reduction.

5.4. Taxes on timber

Timber production is reduced in all countries. Seven of the 27

countries reduce timber production down to the lower bound, Ti,
during the whole time period.16 The high reductions in these
countries are explained by a high potential for increased forest
growth and, hence, increased sequestration in forests and soils, and
comparatively low costs for reducing timber production. For 18
countries, the lower bound is not binding at any point in time
during the policy period considered.17 We illustrate the results on
efficient timber taxes by comparing three countries where the
lower bound is not binding during the time period; Germany, Italy
and the UK. These countries differ with respect to initial growing
stock and forest growth, and soil carbon pools and sequestration,
see Table 2. The growing stock per hectare is the largest in Germany,
almost three times higher than the European average, whereas that
in Italy and UK is close to the European average. Forest growth is
high in Germany due to the favorable climate and large growing
stock compared to Italy and the UK. The initial soil carbon stock is
large in Germany, moderate in the UK and small in Italy, and due to
the higher rate of litter fall soil sequestration is higher in Germany
and the UK compared to Italy.

Sequestration in trees increases in Italy and the UK until the fifth
and seventh time period, respectively, and then falls. In Germany
sequestration in trees falls over the whole policy period. In spite of
this, the efficient tax on timber increases over time for all three
countries in both scenarios, except for a small decline in the last
period in the UK in the ALL scenario, see Fig. 4. The simultaneous
increase in the tax and decrease in sequestration is explained by
relatively low costs for reducing timber production and, hence,
sequestering additional carbon in the same year in order to meet
that year's environmental target, compared to the disadvantage of
having the future potential for sequestration reduced.

In both the UK and Germany the timber taxes are higher in
the ALL scenario than in the BIO scenario during the whole policy
period. This is explained by the large positive impact of increased
forest volume on soil carbon sequestration due to high litter fall
in these countries, an effect which is accounted for in the ALL
scenario but not in the BIO scenario. The highest rate of litter fall
is found in the UK, and hence also the highest difference in the
tax between the two scenarios. In contrast, the timber tax in Italy
is similar in both scenarios, due to the small rate of litter fall and,
hence, small soil sequestration. The development of the tax over
time in the three countries is more similar in the ALL scenario;
the tax increases between 1.3 and 2.6 times over the whole time
period. The rate of increase varies more in the BIO scenario,
16 Spain, Finland, Greece, Sweden, Ireland, Portugal and Cyprus.
17 Two countries; Estonia and Latvia, have a binding lower bound in the two or
three last time periods.
between 1.9 and 8.8 times. In both scenarios, the highest increase
occurs in Germany and the lowest in the UK. The high increase in
the German tax in the BIO scenario is a consequence of the low
cost efficiency of timber reductions in early time periods, as the
large growing stock implies that there is no potential for
increased forest growth, while in later time periods reductions
become cost-efficient in order to meet the stringent carbon tar-
gets in the shorter run.

In both scenarios, the timber tax is the highest in the UK. This is
explained by a relatively high potential for increased forest growth
in combination with high litter fall and soil sequestration. In the
ALL scenario, Germany has the lowest timber tax over the first half
of the policy period, and Italy over the latter. After half of the policy
period, forest growth in Italy has become small, and the rate of litter
fall is not large enough to motivate further increases in the growing
stock. In Germany, forest growth falls over the whole time period,
but the successive growth of forest volume implies increased
amounts of litter and hence increased soil sequestration, which
explains this outcome.

As seen in Fig. 4, cost-efficient timber taxes differ substantially
between countries, suggesting that uniform timber taxes at the EU
level would not be optimal, in particular, in the shorter run. To-
wards the end of the policy period, taxes tend to converge as the
growing stock and soil carbon stocks saturate and become more
similar across countries.

Corresponding taxes on bioenergy follow a similar increasing
pattern over time as those on timber. The level of the tax is lower
because of the earlier release of the carbon, as predicted in the
theoretical section.

5.5. Sensitivity analysis

In the sensitivity analysis, we first investigate the impact of
assumptions about forest growth, as changed growth is a possible



Table 3
Sensitivity analysis in the ALL scenario. Figures refer to the relative level of the variable, compared to that in the reference scenario. A figure below (above) 1 thus implies a
reduction (increase).

Net present
cost

Aggregate sequestration
in trees

Aggregate soil carbon
sequestration

Timber tax at t¼ 1,
Germany

Timber tax at t¼ 1,
Italy

Timber tax at t¼ 1,
the UK

Changed forest growth by 10% 0.91 1.08 1.07 0.72 1.03 0.81
No soil carbon losses from

harvesting
1.60 1.01 0.63 1.22 1.34 1.04
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consequence of climate change. Increased growth is a likely
consequence of higher temperatures in north and east Europe,
whereas decreased growth due to drier climate can be expected in
the Mediterranean area (Lindner et al., 2010). Here, we assume that
forest growth increases by 10 percent in all countries, and for all
time periods, except in the Mediterranean countries where,
instead, it decreases by the same rate.

Second, we analyze the role of assumptions made about soil
carbon sequestration, given differing conclusions in the literature
regarding the magnitude of soil carbon losses at the time of har-
vesting. Here, we therefore recalibrate the soil carbon stock func-
tion, assuming that losses from harvesting are zero. The
recalibration implies that the litter coefficient, which is the cali-
brated parameter, is reduced to be compatible with the same
sequestration given the smaller soil carbon losses. Results from the
sensitivity analysis, calculated for the ALL scenario, are shown in
Table 3.

With changed forest growth, aggregate sequestration in-
creases and, hence, costs fall. The relative impact on tree and soil
sequestration is similar. Larger forest growth on the aggregate
level implies that there is less need for policy efforts towards
fossil fuels and sequestration in order to meet targets. Hence
timber taxes fall in most countries, such as is the case for Ger-
many and the UK. However, for a few countries (Italy and France)
taxes increase because the additional growth increases the value
of leaving the wood in the forest as this implies that significantly
more sequestration can be achieved in the country during
the policy period at a given cost. It can be noted that the impact
on timber taxes in a given country is not proportional to the
size of the assumed change in forest growth, but is determined
by the country's forest growth function and costs of timber
reductions.

When the soil stock function is calibrated for zero losses from
final felling, the net present cost increases and soil sequestration
falls, while sequestration in trees is almost unaffected. Timber taxes
are increased in all countries, because further efforts are made to
increase biomass sequestration to compensate for the lower soil
sequestration in this scenario. Fossil fuel taxes are increased even
further, in the first period by about 60 per cent.
6. Discussion and conclusions

The aim of this paper is to evaluate policy instruments applied
to forest products as a means to achieve carbon sequestration in a
cost-efficient manner. We also compare the economic and envi-
ronmental consequences of separate inclusion of one carbon pool
in the EU's climate policy to that of including three interdepen-
dent pools. The theoretical analysis shows that biomass, soil, and
forest product pools could be included in a policy by means of
differentiated taxes on bioenergy and timber. The optimal taxes
account for the impact of direct emissions from bioenergy and
timber, displacement of fossil fuels, and the consequences for
current and future sequestration in trees and in soils. A numerical
model is developed, which includes cost functions for fossil fuels
and forest products, and functions which describe the develop-
ment of forest biomass and soil carbon stocks.

Our analysis suggests that the cost-efficient taxes on forest
products couldbe relativelyhigh in countrieswith largepotential for
increased sequestration over the policy period. Given the wide
variation in tree and soil carbon stocks and forest growth, the effi-
cient level and time path of subsidies and taxes varies substantially
across countries. Therefore, a systemwithuniformEU-wide taxes on
forest products is not a cost-efficient policy over the next decades.
Instead, a coordinated approach with differentiated tax levels could
work better. Uniform EU-wide policy instruments for forest prod-
uctsmight be justifiedon cost-efficiencygrounds closer to the target
year 2050, provided that national policies to increase sequestration
are introduced within the near future.

The model is used to analyze separate and combined inclusion
of different carbon pools compared to a policy where fossil fuel
reductions are the only means to meet the EU Roadmap targets.
Different to most earlier studies on dynamic forest sequestration,
applied at small (Updegraff et al., 2010; van Kooten et al., 1995;
Wise and Cacho, 2005) and large (e.g., Latta et al., 2011; Lecocq
et al., 2011; Sohngen and Sedjo, 2006; Moiseyev et al., 2011)
spatial scale, we treat the carbon price as endogenous, and show
empirically that inclusion of forest carbon sequestration at EU
scale can lead to a considerable reduction in carbon price when
climate targets are ambitious. Further, lop-sided consideration of
fossil fuel displacement resulting from the use of bioenergy and
timber can be detrimental as increased forest harvests over time
reduces the potential for sequestration. Our results show that
successively increased reductions in harvest can be a cost-
efficient ways to meet carbon targets. In this regard, our results
support conclusions drawn in Eriksson (2015) and Münnich-Vass
and Elofsson (2016), which suggest that sequestration in forest
biomass is a cheaper abatement method than bioenergy at global
and EU scales, respectively. Similar conclusions are drawn by
Schulze et al. (2012) when evaluating the consequences for
greenhouse gases emissions from an increase of the share of
forest biomass in global primary energy supply. It can be noted
that the EU's policy against greenhouse gas emissions is focused
on CO2 emission trading for fossil fuel use, in combination with a
target to have 20 percent renewable energy by 2020. Our results
suggest that the latter can have a negative effect on overall car-
bon sequestration if bioenergy and used timber make up a large
share of the renewable energy and the consequences for
sequestration are ignored.

The results further suggest that a separate inclusion of either
biomass or soil carbon pools to the EU's climate policy will lead to
improvements compared to both a strictly fossil fuel based policy
and a policy which combines fossil fuel reductions with efforts to
increase carbon displacement by bioenergy and timber. However,
the improvement will be different in nature. Inclusion of biomass
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sequestration will reduce costs more, while inclusion of soil
sequestration lead to further emissions reductions. Thus, the choice
of which single pool to include in the policy is determined by the
policy makers' valuation of emission reductions in excess of the
target.

The above analysis has limitations, including the partial
approach, and the exclusion of land use change, the non-trading
sector, uncertainty, and heterogeneity in carbon sequestration
within each country. Forest growth functions are aggregated at
national level, which is a simplification. If they were replaced by
growth functions that were disaggregated over space and age
classes this would affect the level of taxes, but not conclusions
regarding the potential for uniform taxation of bioenergy and
L ¼
X
t

X
i

rt

2
66666666666666664

CBi
t

�
BiBAU � Bit

�
þ CTi

t

�
TiBAU � Tit

�
þ
X
j

CXij
t

�
Xij
BAU � Xij

t

�
þ

rmVitþ1

0
@Vi

t þ Gi
t

�
Vi
t

�
�
�
Bitþ1 þ Titþ1

�

Ai
� Vi

tþ1

1
Aþ

rmPitþ1

0
@Pit � nPitg

�
Bitþ1 þ Titþ1

�
�
Vi
t þ Gi

t

�
Vi
t

��
Ai

þ kib
iV i

t � wiPit � Pitþ1

1
A�

lt
h
EMAX
t � Et

i

3
77777777777777775

(A1)
timber or the consequences of separate inclusion of a single
carbon pool. Also important to the interpretation of results is the
exclusion of transaction costs for alternative policy instruments
for sequestration. Nevertheless our analyses and results can
contribute to the ongoing debate on carbon pools in the EU,
which mainly concerns the rules for reporting of carbon pools
(Kuikman et al., 2011). The EU Commission has recently intro-
duced harmonized rules for carbon accounting, implying that
national reports should capture all relevant effects from land use,
land management, and harvested wood products (EU, 2013). This
can be a step towards policies promoting forest carbon seques-
tration. Our results can then serve as an input in the discussion
since they point out principles for determining cost efficient
policy instruments targeting forest products under different
scenarios. It seems likely that additionality and permanence in
carbon enhancement in these products is easier, and hence
cheaper, to measure, monitor and verify compared to policies
targeting carbon pools at stand level. Also, compared to a system
with a combination of subsidies and taxes on carbon pools at
stand level as suggested by, e.g., van Kooten et al. (1995) and
Latta et al. (2011), our system implies that fewer, and in total
smaller, financial transactions take place, which could facilitate
implementation by reducing transaction costs. On the other
hand, policies directed towards products only regulate carbon
pools indirectly, which is a relative disadvantage as sequestration
heterogeneity within each country is ignored.

7. Software availability

The GAMS code used for the paper is available as Supplementary
Material on the journal homepage. Running of the code requires
installation of the software GAMS 23.9.5 or higher and the CON-
OPT2 solver, available at https://www.gams.com/download/. The
code developed for the study is not copy protected and can be
distributed freely.
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Appendix

The Lagrangian and the necessary first order conditions.
The dynamic discrete time Lagrangian is:
where r ¼ 1=ð1þ rÞ is the discount factor and, r, is the discount
rate, lt >0 is the shadow cost for the emission constraint at time t,
mVitþ1 > <0 and mPitþ1 > <0 are the shadow costs of forest biomass
and soil carbon stock.

The necessary conditions for an interior solution are:
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Table A1
Forest area, growth, fellings, forest products and prices.

Total forest and other wooded land
areaa

Growing
stocka

Gross
incrementa

Fellingsa Use of domestic foresta Pricesb Price elasticityc

Bio-
energy

Oth. forest
prod.

Bio-
energy

Other
Forest
prod.

Bio-
energy

Oth. forest
prod

1000 ha m3/ha m3/ha m3/ha % % MEUR/
1000m3

MEUR/
1000m3

EU
27

177003 137 5.8 3.2 21 79

AT 3991 286 7.5 5.3 26 74 0.0227 0.0697 0.55 0.21
BE 706 238 7.9 7.2 15 85 0.0227 0.0728 0.55 0.21
BG 3927 167 5.1 2.0 47 53 0.0227 0.0742 0.55 0.21
CY 387 27 0.9 0.2 41 59 0.0227 0.0768 0.55 0.21
CZ 2657 290 9.9 7.2 12 88 0.0227 0.0708 0.55 0.21
DE 11076 315 10.1 5.1 18 82 0.0227 0.0723 0.55 0.21
DK 635 180 10.0 4.6 40 60 0.0227 0.0767 0.55 0.21
EE 2337 191 5.6 3.6 27 73 0.016 0.0473 0.55 0.21
ES 28214 32 3.1 1.1 32 68 0.0227 0.0665 0.55 0.21
FI 23116 96 4.6 2.6 10 90 0.0235 0.0503 0.55 0.21
FR 17572 148 6.2 3.7 47 53 0.0227 0.0733 0.55 0.21
GR 6539 31 1.3 0.3 68 32 0.0227 0.0768 0.55 0.21
HU 2039 174 6.4 3.3 52 48 0.0227 0.0768 0.55 0.21
IE 788 95 9.8 5.7 7 93 0.0227 0.0768 0.55 0.21
IT 10916 133 4.0 1.0 66 34 0.0227 0.0743 0.55 0.21
LT 2249 214 5.7 3.8 27 73 0.0188 0.0453 0.55 0.21
LU 88 295 7.5 3.2 6 94 0.0227 0.0768 0.55 0.21
LV 3467 183 5.8 4.0 18 82 0.016 0.0505 0.55 0.21
MT 0 0 0.0 0.0 e e 0.0227 0.0768 0.55 0.21
NL 365 192 7.6 3.7 27 73 0.0227 0.0723 0.55 0.21
PL 9319 247 8.0 4.2 12 88 0.016 0.0487 0.55 0.21
PT 3611 52 10.5 5.3 6 94 0.0227 0.0594 0.55 0.21
RO 6733 207 6.5 2.5 20 80 0.0227 0.0768 0.55 0.21
SE 30625 106 4.7 3.5 8 92 0.0235 0.0518 0.55 0.21
SK 1938 265 7.4 5.4 5 95 0.0227 0.0687 0.55 0.21
SI 1274 327 7.8 2.5 37 63 0.0227 0.0751 0.55 0.21
UK 2901 131 8.6 4.0 14 86 0.0227 0.0746 0.55 0.21

a All forest data are for 2010 and have been obtained from Eurostat (2012).
b The price of other forest products is the weighted average price of logs and pulp in 2010 in Finnish Forest Research Institute (2011), where prices are available for Austria,

Estonia, Lithuania and Sweden. Those were extrapolated to the other countries as shown in the table. No official price statistics for bioenergy are available. Here, the price of
bioenergy is assumed to be 2/3 of the pulp price.

c Price elasticities are obtained from Geijer et al. (2011). Due to lack of elasticity estimated across the EU countries, the same elasticity is assumed for all countries.



Table A2
Soil carbon stock and sequestration.

Soil C stocka Soil C
Sequestrationa

Conversion factorb g Litter coeffc, ki Decomposition ratea, wi Harvest to volume ratiod, Harvest impact coeff, y

ton CO2/
ha

ton CO2/ha % volume to % area harvested % % % %

AT 220 0.183 0.6 0.0053 4.94E-13 0.019 0.5
BE 139 0.213 0.6 0.0066 6.07E-13 0.03 0.5
BG 220 0.183 0.6 0.0065 4.94E-13 0.012 0.5
CY 48 0.029 0.6 0.0054 7.80E-13 0.007 0.5
CZ 220 0.183 0.6 0.0067 4.94E-13 0.025 0.5
DE 220 0.183 0.6 0.0043 5.43E-13 0.016 0.5
DK 180 0.084 0.6 0.0087 4.98E-13 0.026 0.5
EE 180 0.084 0.6 0.0061 4.98E-13 0.019 0.5
ES 48 0.029 0.6 0.0174 9.24E-13 0.034 0.5
FI 180 0.084 0.6 0.0179 2.46E-13 0.027 0.5
FR 220 0.183 0.6 0.0135 6.53E-13 0.025 0.5
GR 48 0.029 0.6 0.0058 9.16E-13 0.01 0.5
HU 220 0.183 0.6 0.0093 4.94E-13 0.019 0.5
IE 139 0.213 0.6 0.0334 5.80E-13 0.06 0.5
IT 48 0.029 0.6 0.0011 7.80E-13 0.008 0.5
LT 180 0.084 0.6 0.0053 4.98E-13 0.018 0.5
LU 139 0.213 0.6 0.0024 6.07E-13 0.011 0.5
LV 180 0.084 0.6 0.0080 4.98E-13 0.022 0.5
MT 48 0.029 0.6 NA 7.80E-13 NA 0.5
NL 139 0.213 0.6 0.0056 5.90E-13 0.019 0.5
PL 220 0.183 0.6 0.0057 5.43E-13 0.017 0.5
PT 48 0.029 0.6 0.0305 9.39E-13 0.102 0.5
RO 220 0.183 0.6 0.0050 4.94E-13 0.012 0.5
SE 180 0.084 0.6 0.0196 2.95E-13 0.033 0.5
SK 220 0.183 0.6 0.0060 4.94E-13 0.02 0.5
SI 220 0.183 0.6 0.0023 4.94E-13 0.008 0.5
UK 139 0.213 0.6 0.0123 5.43E-13 0.031 0.5

a Own calculation based on Liski et al. (2002).
b Own calculation based on data from Swedish Forest Agency (2013).
c From calibration of model.
d Calculated from data in Table A1.

K. Elofsson, I.-M. Gren / Environmental Modelling & Software 101 (2018) 86e10198
Table A3
Coefficients of cost functions for fossil fuel consumption in the EU ETS sector. Cost functions are quadratic: CXij

t ¼ a� bXij
t þ cðXij

t Þ
2
. NA¼ zero consumption, the fuel type in the

country is not included in the calculations.
Sources: Method and data for calculation of cost function is obtained from Gren et al. (2009).

Hard coal & derivatives Lignite & derivatives Natural & derived gases

a b c a b c a b c

AT 540.92 0.407 7.67E-05 30.75 0.407 1.35E-03 2434.40 0.978 9.83E-05
BE 588.68 0.418 7.40E-05 31.73 0.418 1.37E-03 4160.74 0.946 5.38E-05
BG 310.65 0.283 6.45E-05 591.72 0.283 3.38E-05 346.55 0.345 8.58E-05
CY NA NA NA NA NA NA NA NA NA
CZ 665.10 0.341 4.37E-05 2240.70 0.341 1.30E-05 1530.38 0.769 9.67E-05
DE 5264.33 0.274 3.56E-06 5128.95 0.274 3.65E-06 19623.20 1.086 1.50E-05
DK 671.32 0.246 2.25E-05 NA NA NA 1150.33 0.933 1.89E-04
EE 3.68 0.283 5.44E-03 312.21 0.283 6.42E-05 63.09 0.224 1.99E-04
ES 2170.72 0.278 8.92E-06 188.85 0.278 1.03E-04 7472.50 0.648 1.41E-05
FI 646.98 0.288 3.20E-05 318.31 0.288 6.51E-05 891.63 0.422 4.99E-05
FR 2227.42 0.451 2.29E-05 NA NA NA 7775.83 1.167 4.38E-05
GR 38.38 0.269 4.73E-04 1088.60 0.269 1.67E-05 415.61 0.382 8.77E-05
HU 102.04 0.283 1.96E-04 241.58 0.283 8.29E-05 1285.97 0.534 5.55E-05
IE 171.99 0.249 9.03E-05 54.34 0.249 2.86E-04 1071.00 0.792 1.47E-04
IT 2844.17 0.398 1.39E-05 0.40 0.398 9.94E-02 17744.78 0.919 1.19E-05
LT 19.25 0.283 1.04E-03 0.42 0.283 4.72E-02 228.82 0.328 1.17E-04
LU 22.34 0.418 1.95E-03 0.63 0.418 6.96E-02 322.16 0.865 5.80E-04
LV 5.09 0.283 3.93E-03 0.14 0.283 1.42E-01 141.93 0.276 1.34E-04
MT NA NA NA NA NA NA NA NA NA
NL 1075.96 0.341 2.70E-05 NA NA NA 9892.73 1.212 3.71E-05
PL 4558.81 0.293 4.71E-06 1842.71 0.293 1.16E-05 2132.00 0.684 5.49E-05
PT 483.71 0.293 4.44E-05 NA NA NA 1034.28 0.720 1.25E-04
RO 226.02 0.283 8.86E-05 983.32 0.283 2.04E-05 1611.72 0.414 2.66E-05
SE 348.31 0.477 1.63E-04 57.97 0.477 9.82E-04 587.75 1.078 4.95E-04
SK 39.91 0.283 5.02E-04 175.35 0.283 1.14E-04 137.97 0.569 5.87E-04



Table A3 (continued )

Hard coal & derivatives Lignite & derivatives Natural & derived gases

a b c a b c a b c

SI 336.12 0.283 5.96E-05 105.29 0.283 1.90E-04 624.05 0.517 1.07E-04
UK 5255.75 0.288 3.94E-06 NA NA NA 20854.64 1.219 1.78E-05

Light fuel oil/
Heating oil

Heavy fuel oil Jet fuel

a b c a b c a b c

AT 442.04 1.713 1.66E-03 219.33 0.778 6.90E-04 3172.50 9.000 6.38E-03
BE 299.68 0.937 7.32E-04 260.00 0.444 1.90E-04 5305.50 9.000 3.82E-03
BG 113.10 0.650 9.34E-04 100.36 0.388 3.74E-04 918.00 9.000 2.21E-02
CY 5.49 1.569 1.12E-01 38.90 0.608 2.37E-03 1386.00 9.000 1.46E-02
CZ 96.25 1.100 3.14E-03 61.60 0.467 8.84E-04 1575.00 9.000 1.29E-02
DE 3412.41 1.103 8.92E-05 1060.86 0.517 6.30E-05 39343.50 9.000 5.15E-04
DK 512.23 2.277 2.53E-03 192.43 1.447 2.72E-03 4135.50 9.000 4.90E-03
EE 4.71 0.725 2.79E-02 NA NA NA 144.00 9.000 1.41E-01
ES 3422.58 1.422 1.48E-04 2218.77 0.822 7.62E-05 25105.50 9.000 8.07E-04
FI 506.79 1.190 6.98E-04 406.39 0.810 4.04E-04 2767.50 9.000 7.32E-03
FR 2151.73 1.288 1.93E-04 1815.95 0.635 5.54E-05 31837.50 9.000 6.36E-04
GR 1148.17 1.627 5.77E-04 532.59 0.706 2.34E-04 5827.50 9.000 3.47E-03
HU 158.49 1.338 2.82E-03 69.80 0.400 5.73E-04 1224.00 9.000 1.65E-02
IE 152.29 1.259 2.60E-03 238.97 0.724 5.49E-04 3915.00 9.000 5.17E-03
IT 4883.86 2.636 3.56E-04 2586.16 0.864 7.21E-05 17914.50 9.000 1.13E-03
LT 110.95 0.700 1.10E-03 48.05 0.388 7.81E-04 238.50 9.000 8.49E-02
LU 3.93 0.873 4.85E-02 NA NA NA 1822.50 9.000 1.11E-02
LV 2.44 0.813 6.77E-02 7.94 0.388 4.73E-03 301.50 9.000 6.72E-02
MT 9.01 1.386 5.33E-02 NA NA NA 346.50 9.000 5.84E-02
NL 5459.76 2.190 2.20E-04 244.17 0.833 7.11E-04 16663.50 9.000 1.22E-03
PL 857.09 1.512 6.67E-04 443.77 0.674 2.56E-04 1930.50 9.000 1.05E-02
PT 94.14 1.207 3.87E-03 429.66 0.690 2.77E-04 4158.00 9.000 4.87E-03
RO 318.83 0.650 3.31E-04 156.74 0.388 2.39E-04 625.50 9.000 3.24E-02
SE 1126.37 1.911 8.10E-04 563.57 1.429 9.05E-04 3915.00 9.000 5.17E-03
SK 14.80 0.800 1.08E-02 16.86 0.475 3.35E-03 193.50 9.000 1.05E-01
SI 202.30 0.850 8.93E-04 49.28 0.338 5.78E-04 117.00 9.000 1.73E-01
UK 2577.09 1.513 2.22E-04 1387.03 1.103 2.19E-04 58464.00 9.000 3.46E-04

Table A4
Coefficients of cost functions for forest products. Cost functions are quadratic: Timber: CTi

t ¼ a� bTi
t þ cðTitÞ

2
, Bioenergy:

CBi
t ¼ a� bBit þ cðBitÞ

2
. NA¼ zero production, and the product in the country is not included in the calculations.

Sources: Data on production volume, prices, and price elasticities are found in table A1.

Timber Bioenergy

a b c a b c

AT 2595.78 0.3317 3.75E-06 113.33 0.0412 1.06E-05
BE 748.88 0.3466 2.70E-05 15.71 0.0412 4.01E-05
BG 735.28 0.3533 5.58E-06 76.06 0.0412 4.24E-05
CY 8.35 0.3657 6.49E-04 0.65 0.0412 4.00E-03
CZ 2837.55 0.3371 8.98E-06 47.3 0.0412 1.00E-05
DE 7970.52 0.3442 2.03E-06 209.52 0.0412 3.71E-06
DK 319.96 0.3651 1.76E-05 24.08 0.0412 1.04E-04
EE 692.29 0.2254 6.40E-06 33.04 0.0291 1.84E-05
ES 3339.49 0.3165 2.07E-06 204.65 0.0412 7.50E-06
FI 6476.8 0.2395 3.56E-06 128.45 0.0427 2.21E-06
FR 6012.17 0.3489 6.74E-07 629.67 0.0412 5.06E-06
GR 114.79 0.3657 1.54E-05 27.49 0.0412 2.91E-04
HU 590.59 0.3657 5.89E-06 72.1 0.0412 5.66E-05
IE 725.26 0.3655 6.90E-05 6.15 0.0412 4.61E-05
IT 656.94 0.3540 2.86E-06 148.46 0.0412 4.77E-05
LT 672.89 0.2157 7.41E-06 39.44 0.0342 1.73E-05
LU 48.4 0.3657 1.22E-03 0.35 0.0412 6.91E-04
LV 1367.32 0.2405 5.83E-06 36.31 0.0291 1.06E-05
MT NA NA NA NA NA NA
NL 169.65 0.3442 5.65E-05 7.51 0.0412 1.75E-04
PL 3995.99 0.2320 3.10E-06 68.32 0.0291 3.37E-06
PT 1271.28 0.2827 3.59E-05 11.83 0.0412 1.57E-05
RO 2462.35 0.3657 6.12E-06 69.37 0.0412 1.36E-05
SE 12163.56 0.2467 2.49E-06 183.27 0.0427 1.25E-06
SK 328.37 0.3273 1.75E-05 24.28 0.0412 8.16E-05
SI 1777.56 0.3576 3.94E-05 10.78 0.0412 1.80E-05
UK 1772.73 0.3553 1.27E-05 33.48 0.0412 1.78E-05
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Table A5
Summary statistics.

Mean Min Max Stdev Obs

Gi Forest growth, m3/ha 6.6 0.9 12.2 0.2 109
Vi
t

Forest volume, m3/ha 211.1 47.6 459.2 7.9 109

ðVi
t Þ

2 51373.2 2265.0 210846.8 3542.5 109

SCi Dummy for SE, FI 0.1 0 1 0.025 109

MEi Dummy for PT, ES, FR, IT, GR, SI 0.2 0 1 0.040 109

Table A6
OLS estimation, dependent variable, Gi

t , forest growth in m3/ha.

Variable Parameter
Estimate

Standard
Error

t Value Pr> jtj

Vi
t

0.05881 0.00460 12.80 <.0001

ðVi
t Þ

2 �0.00011044 0.00001591 �6.94 <.0001

SCi �1.32664 0.93064 �1.43 0.1570

MEi �0.96340 0.57831 �1.67 0.0987
Prob> F¼ 0.000
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Appendix A. Supplementary data

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.envsoft.2017.12.006.

References

Amacher, G.S., Ollikainen, M., Koskela, E., 2009. Economics of Forest Resources. MIT
Press, Cambridge.

Bento, A., Ho, B., Ramirez-Basora, M., 2015. Optimal monitoring and offset prices in
voluntary emissions markets. Resour. Energ. Econ 41, 202e223.

Boardman, A., Greenberg, D., Vining, A., Weimer, D., 2011. Cost-benefit Analysis -
Concepts and Practice, fourth ed. Pearson Education, Boston, pp. 238e273.

Bosetti, V., Lubowski, R., Golub, A., Markandya, A., 2009. Linking Reduced Defor-
estation and Global Carbon Market: Impact on Costs, Financial Flows, and
Technology Innovation. Working Paper No. 2009:56. Fondazione Eni Enrico
Mattei, Milano.

B€ohringer, C., Rutherford, T.F., Tol, R.S.J., 2009. The EU 20/20/2020 targets: an
overview of the EMF22 assessment. Energ. Econ 31, 268e273.

Cannell, M.G.R., 2003. Carbon sequestration and biomass energy offset: theoretical,
potential and achievable capacities globally, in Europe and the UK. Biomass
Bioenerg 24, 97e116.

Capros, P., Paroussos, L., Fragkos, P., Tsani, S., Boitier, B., Wagner, F., Busch, S.,
Resch, G., Blesl, M., Bollen, J., 2014. European decarbonisation pathways under
alternative technological and policy choices: a multi-model analysis. Energ.
Strategy Rev. 2, 231e245.

Carlsson, M., 2012. Bioenergy from the Swedish Forest Sector. Working paper 2012:
03, Department of Economics. Swedish University of Agricultural Sciences,
Uppsala.

Caurla, S., Delacote, P., Lecocq, F., Barkaoui, A., 2013. Combining an inter-sectoral
carbon tax with sectoral mitigation policies: impacts on the French forest
sector. J. Forest Econ 19 (4), 450e461.

Chen, X., Wang, Z., Wu, D.D., 2013. Modeling the price mechanism of carbon
emission exchange in the european union emission trading system. Hum. Ecol.
Risk Assess. 19 (5), 1309e1323.

Covington, W.W., 1981. Changes in forest floor organic matter and nutrient content
following clear cutting in northern hardwoods. Ecology 62, 41e48.

Eggers, T., 2002. The Impacts of Manufacturing and Utilisation of Wood Products on
the European Carbon Budget. European Forestry Institute, Joensuu, Finland.

Engel, S., Palmer, C., Taschini, L., Urech, S., 2015. Conservation payments under
uncertainty. Land Econ. 91, 36e56.

Eriksson, M., 2015. The role of the forest in an integrated assessment model of the
climate and the economy. Clim. Change Econ 16 (3), 1e29.

EU, 2013. Decision no 529/2013/EU of the European Parliament and of the Council
of 21 May 2013 on accounting rules on greenhouse gas emissions and removals
resulting from activities relating to land use, land-use change and forestry and
on information concerning actions relating to those activities. Official Journal of
the European Union, decision no 529/2013/EU. As available July 1, 2017. http://
eur-lex.europa.eu/legal-content/EN/TXT/?uri¼celex%3A32013D0529.

EUCOM, 2012. Energy Roadmap 2050. European Commission. Luxembourg. Avail-
able at: http://ec.europa.eu/energy/publications/doc/2012_energy_roadmap_
2050_en.pdf.

EUCOM, 2013. Renewable energy progress report. COM(2013) 175 final. European
Commission, Brussels, 27.3.2013. Available at: Available at: http://ec.europa.eu/
energy/renewables/reports/doc/com_2013_0175_res_en.pdf.
Eurostat, 2012. Forestry statistics. Available 2015-03-20 at http://epp.eurostat.ec.
europa.eu/portal/page/portal/forestry/data/database. .

FAO, 2014. Forest and Climate Change. Carbon and the Greenhouse Effect. Available
2015-03-20 at http://www.fao.org/docrep/005/ac836e/AC836E03.htm.

Federer, C.A., 1984. Organic matter and nitrogen content of the forest floor in even-
aged northern hardwoods. Can. J. For. Res. 14, 763e767.

Finnish Forest Research Institute, 2011. Finnish Statistical Yearbook of Forestry.
Geijer, E., Bostedt, G., Br€annlund, R., 2011. Damned if you do, damned if you do not -

reduced climate impact vs. sustainable forests in Sweden. Resour. Energy Econ.
33, 94e106.

Gren, I.-M., Münnich, M., Carlsson, M., Elofsson, K., 2009. A Numerical Model for
Cost Effective CO2 Mitigation in the EU with Stochastic Carbon Sink. Working
Paper No. 2009:4. Department of Economics, SLU, Uppsala.

Gren, I.-M., Munnich, M., Carlsson, M., Elofsson, K., 2012. Stochastic carbon sinks for
combating carbon dioxide emissions in the EU. Energy Econ. 34 (5), 1523e1531.

Guthrie, G., Kumareswaran, D., 2009. Carbon subsidies, taxes and optimal forest
management. Environ. Resour. Econ. 43, 275e293.

Hoel, M., Sletten, T.M., 2016. Climate and forests: the tradeoff between forests as a
source for producing bioenergy and as a carbon sink. Resour. Energy Econ. 43,
112e129.

IPCC, 2003. Good Practice Guidance for Land Use, Land-use Change and Forestry.
Institute for Global Environmental Strategies, Hayama.

Jandl, R., Lindner, M., Vesterdal, L., Bauwens, B., Baritz, R., Hagedorn, F., et al., 2007.
How strongly can forest management influence soil carbon sequestration?
Geoderma 137, 253e268.

Johnson, D.W., Curtis, P.S., 2001. Effects of forest management on soil C and N
storage: meta analysis. For. Ecol. Manag. 140, 227e238.

Kallio, A.M.I., Moiseyev, A., Solberg, B., 2004. The Global Forest Sector Model
EFIGTM: the Model Structure. EFI Technical Report 15. European Forest Insti-
tute, Helsinki, Finland.

Kauppi, P.E., Mielik€auainen, K., Kuusela, K., 1992. Biomass and carbon budget of
European forests, 1971 to 1990. Science 256, 70e74.

Kuikman, P., Matthews, R., Watterson, J., Ward, J., Lesschen, J.P., Mackie, E., Webb, J.,
Oenema, O., 2011. Policy Options for Including LULUCF in the EU Reduction
Commitment and Policy Instruments for Increasing GHG Mitigation Efforts in
the LULUCF and Agriculture Sectors - Synthesis Report. Aa available July 1, 2017
at http://www.google.se/url?sa¼t&rct¼j&q¼&esrc¼s&source¼web&cd
¼1&cad¼rja&uact¼8&ved¼0ahUKEwi1iPOsmujUAhXBqxoKHbeMD4UQF
ggjMAA&url¼http%3A%2F%2Fedepot.wur.nl%
2F249623&usg¼AFQjCNFkTTzEhR7X1lNQy7GoWRDlp1Vjvw.

Lal, R., 2005. Forest soils and carbon sequestration. For. Ecol. Manag. 220, 242e258.
Latta, G., Adams, D.M., Alig, R.J., White, E., 2011. Simulated effects of mandatory

versus voluntary participation in private forest carbon offset markets in the
United States. J. Forest Econ 17 (2), 127e141.

Lecocq, F., Caurla, S., Delacote, P., Barkaoui, A., Sauquet, A., 2011. Paying for forest
carbon or stimulating fuelwood demand? Insights from the French Forest
Sector Model. J. Forest Econ 17 (2), 157e168.

Lindner, M., Maroschek, M., Netherer, S., Kremer, A., Barbati, A., Garcia-Gonzalo, J.,
Seidl, R., Delzon, S., Corona, P., Kolstr€om, M., Lexer, M.J., Marchetti, M., 2010.
Climate change impacts, adaptive capacity, and vulnerability of European forest
ecosystems. For. Ecol. Manag. 259, 698e709.

Liski, J., Perruchoud, D., Karjalainen, T., 2002. Increasing carbon stocks in the forest
soils of western Europe. For. Ecol. Manag. 169, 159e175.

Lubowski, R.N., Plantinga, A.J., Stavins, R.N., 2006. Land-use change and carbon
sinks: econometric estimation of the carbon sequestration supply function.
J. Environ. Econ. Manag. 51, 135e152.

Mason, C.F., Plantinga, A.J., 2013. The additionality problem with offsets: optimal
contracts for carbon sequestration in forests. J. Environ. Econ. Manag. 66 (1),
1e14.

Michetti, M., Rosa, R., 2012. Afforestation and timber management compliance
strategies in climate policy. A computable general equilibrium analysis. Ecol.
Econ. 77, 139e148.

Moiseyev, A., Solberg, B., Kallio, A.M.I., Lindner, M., 2011. An economic analysis of
the potential contribution of forest biomass to the EU RES target and its im-
plications for the EU forest industries. J. Forest Econ. 17, 197e213.

Murray, B., Lubowski, R., Sohngen, B., 2009. Including International Forest Carbon
Incentives in Climate Policy: Understanding the Economics. Nicholas Institute
for Environmental Policy Solutions at Duke University, USA.

Münnich-Vass, M., Elofsson, K., 2016. Is forest sequestration at the expense of
bioenergy and forest products cost-effective in EU climate policy to 2050?
J. Forest Econ 24, 82e105.

https://doi.org/10.1016/j.envsoft.2017.12.006
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref1
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref1
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref2
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref2
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref2
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref3
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref3
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref3
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref4
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref4
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref4
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref4
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref5
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref5
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref5
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref5
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref6
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref6
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref6
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref6
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref7
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref7
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref7
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref7
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref7
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref8
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref8
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref8
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref9
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref9
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref9
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref9
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref10
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref10
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref10
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref10
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref12
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref12
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref12
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref13
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref13
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref14
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref14
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref14
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref15
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref15
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref15
http://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex%253A32013D0529
http://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex%253A32013D0529
http://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex%253A32013D0529
http://ec.europa.eu/energy/publications/doc/2012_energy_roadmap_2050_en.pdf
http://ec.europa.eu/energy/publications/doc/2012_energy_roadmap_2050_en.pdf
http://ec.europa.eu/energy/renewables/reports/doc/com_2013_0175_res_en.pdf
http://ec.europa.eu/energy/renewables/reports/doc/com_2013_0175_res_en.pdf
http://epp.eurostat.ec.europa.eu/portal/page/portal/forestry/data/database
http://epp.eurostat.ec.europa.eu/portal/page/portal/forestry/data/database
http://www.fao.org/docrep/005/ac836e/AC836E03.htm
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref21
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref21
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref21
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref22
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref23
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref23
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref23
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref23
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref23
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref24
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref24
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref24
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref25
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref25
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref25
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref26
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref26
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref26
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref27
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref27
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref27
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref27
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref28
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref28
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref29
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref29
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref29
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref29
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref30
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref30
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref30
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref31
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref31
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref31
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref32
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref32
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref32
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref32
http://www.google.se/url?sa=t%26rct=j%26q=%26esrc=s%26source=web%26cd=1%26cad=rja%26uact=8%26ved=0ahUKEwi1iPOsmujUAhXBqxoKHbeMD4UQFggjMAA%26url=http%3A%2F%2Fedepot.wur.nl%2F249623%26usg=AFQjCNFkTTzEhR7X1lNQy7GoWRDlp1Vjvw
http://www.google.se/url?sa=t%26rct=j%26q=%26esrc=s%26source=web%26cd=1%26cad=rja%26uact=8%26ved=0ahUKEwi1iPOsmujUAhXBqxoKHbeMD4UQFggjMAA%26url=http%3A%2F%2Fedepot.wur.nl%2F249623%26usg=AFQjCNFkTTzEhR7X1lNQy7GoWRDlp1Vjvw
http://www.google.se/url?sa=t%26rct=j%26q=%26esrc=s%26source=web%26cd=1%26cad=rja%26uact=8%26ved=0ahUKEwi1iPOsmujUAhXBqxoKHbeMD4UQFggjMAA%26url=http%3A%2F%2Fedepot.wur.nl%2F249623%26usg=AFQjCNFkTTzEhR7X1lNQy7GoWRDlp1Vjvw
http://www.google.se/url?sa=t%26rct=j%26q=%26esrc=s%26source=web%26cd=1%26cad=rja%26uact=8%26ved=0ahUKEwi1iPOsmujUAhXBqxoKHbeMD4UQFggjMAA%26url=http%3A%2F%2Fedepot.wur.nl%2F249623%26usg=AFQjCNFkTTzEhR7X1lNQy7GoWRDlp1Vjvw
http://www.google.se/url?sa=t%26rct=j%26q=%26esrc=s%26source=web%26cd=1%26cad=rja%26uact=8%26ved=0ahUKEwi1iPOsmujUAhXBqxoKHbeMD4UQFggjMAA%26url=http%3A%2F%2Fedepot.wur.nl%2F249623%26usg=AFQjCNFkTTzEhR7X1lNQy7GoWRDlp1Vjvw
http://www.google.se/url?sa=t%26rct=j%26q=%26esrc=s%26source=web%26cd=1%26cad=rja%26uact=8%26ved=0ahUKEwi1iPOsmujUAhXBqxoKHbeMD4UQFggjMAA%26url=http%3A%2F%2Fedepot.wur.nl%2F249623%26usg=AFQjCNFkTTzEhR7X1lNQy7GoWRDlp1Vjvw
http://www.google.se/url?sa=t%26rct=j%26q=%26esrc=s%26source=web%26cd=1%26cad=rja%26uact=8%26ved=0ahUKEwi1iPOsmujUAhXBqxoKHbeMD4UQFggjMAA%26url=http%3A%2F%2Fedepot.wur.nl%2F249623%26usg=AFQjCNFkTTzEhR7X1lNQy7GoWRDlp1Vjvw
http://www.google.se/url?sa=t%26rct=j%26q=%26esrc=s%26source=web%26cd=1%26cad=rja%26uact=8%26ved=0ahUKEwi1iPOsmujUAhXBqxoKHbeMD4UQFggjMAA%26url=http%3A%2F%2Fedepot.wur.nl%2F249623%26usg=AFQjCNFkTTzEhR7X1lNQy7GoWRDlp1Vjvw
http://www.google.se/url?sa=t%26rct=j%26q=%26esrc=s%26source=web%26cd=1%26cad=rja%26uact=8%26ved=0ahUKEwi1iPOsmujUAhXBqxoKHbeMD4UQFggjMAA%26url=http%3A%2F%2Fedepot.wur.nl%2F249623%26usg=AFQjCNFkTTzEhR7X1lNQy7GoWRDlp1Vjvw
http://www.google.se/url?sa=t%26rct=j%26q=%26esrc=s%26source=web%26cd=1%26cad=rja%26uact=8%26ved=0ahUKEwi1iPOsmujUAhXBqxoKHbeMD4UQFggjMAA%26url=http%3A%2F%2Fedepot.wur.nl%2F249623%26usg=AFQjCNFkTTzEhR7X1lNQy7GoWRDlp1Vjvw
http://www.google.se/url?sa=t%26rct=j%26q=%26esrc=s%26source=web%26cd=1%26cad=rja%26uact=8%26ved=0ahUKEwi1iPOsmujUAhXBqxoKHbeMD4UQFggjMAA%26url=http%3A%2F%2Fedepot.wur.nl%2F249623%26usg=AFQjCNFkTTzEhR7X1lNQy7GoWRDlp1Vjvw
http://www.google.se/url?sa=t%26rct=j%26q=%26esrc=s%26source=web%26cd=1%26cad=rja%26uact=8%26ved=0ahUKEwi1iPOsmujUAhXBqxoKHbeMD4UQFggjMAA%26url=http%3A%2F%2Fedepot.wur.nl%2F249623%26usg=AFQjCNFkTTzEhR7X1lNQy7GoWRDlp1Vjvw
http://www.google.se/url?sa=t%26rct=j%26q=%26esrc=s%26source=web%26cd=1%26cad=rja%26uact=8%26ved=0ahUKEwi1iPOsmujUAhXBqxoKHbeMD4UQFggjMAA%26url=http%3A%2F%2Fedepot.wur.nl%2F249623%26usg=AFQjCNFkTTzEhR7X1lNQy7GoWRDlp1Vjvw
http://www.google.se/url?sa=t%26rct=j%26q=%26esrc=s%26source=web%26cd=1%26cad=rja%26uact=8%26ved=0ahUKEwi1iPOsmujUAhXBqxoKHbeMD4UQFggjMAA%26url=http%3A%2F%2Fedepot.wur.nl%2F249623%26usg=AFQjCNFkTTzEhR7X1lNQy7GoWRDlp1Vjvw
http://www.google.se/url?sa=t%26rct=j%26q=%26esrc=s%26source=web%26cd=1%26cad=rja%26uact=8%26ved=0ahUKEwi1iPOsmujUAhXBqxoKHbeMD4UQFggjMAA%26url=http%3A%2F%2Fedepot.wur.nl%2F249623%26usg=AFQjCNFkTTzEhR7X1lNQy7GoWRDlp1Vjvw
http://www.google.se/url?sa=t%26rct=j%26q=%26esrc=s%26source=web%26cd=1%26cad=rja%26uact=8%26ved=0ahUKEwi1iPOsmujUAhXBqxoKHbeMD4UQFggjMAA%26url=http%3A%2F%2Fedepot.wur.nl%2F249623%26usg=AFQjCNFkTTzEhR7X1lNQy7GoWRDlp1Vjvw
http://www.google.se/url?sa=t%26rct=j%26q=%26esrc=s%26source=web%26cd=1%26cad=rja%26uact=8%26ved=0ahUKEwi1iPOsmujUAhXBqxoKHbeMD4UQFggjMAA%26url=http%3A%2F%2Fedepot.wur.nl%2F249623%26usg=AFQjCNFkTTzEhR7X1lNQy7GoWRDlp1Vjvw
http://www.google.se/url?sa=t%26rct=j%26q=%26esrc=s%26source=web%26cd=1%26cad=rja%26uact=8%26ved=0ahUKEwi1iPOsmujUAhXBqxoKHbeMD4UQFggjMAA%26url=http%3A%2F%2Fedepot.wur.nl%2F249623%26usg=AFQjCNFkTTzEhR7X1lNQy7GoWRDlp1Vjvw
http://www.google.se/url?sa=t%26rct=j%26q=%26esrc=s%26source=web%26cd=1%26cad=rja%26uact=8%26ved=0ahUKEwi1iPOsmujUAhXBqxoKHbeMD4UQFggjMAA%26url=http%3A%2F%2Fedepot.wur.nl%2F249623%26usg=AFQjCNFkTTzEhR7X1lNQy7GoWRDlp1Vjvw
http://www.google.se/url?sa=t%26rct=j%26q=%26esrc=s%26source=web%26cd=1%26cad=rja%26uact=8%26ved=0ahUKEwi1iPOsmujUAhXBqxoKHbeMD4UQFggjMAA%26url=http%3A%2F%2Fedepot.wur.nl%2F249623%26usg=AFQjCNFkTTzEhR7X1lNQy7GoWRDlp1Vjvw
http://www.google.se/url?sa=t%26rct=j%26q=%26esrc=s%26source=web%26cd=1%26cad=rja%26uact=8%26ved=0ahUKEwi1iPOsmujUAhXBqxoKHbeMD4UQFggjMAA%26url=http%3A%2F%2Fedepot.wur.nl%2F249623%26usg=AFQjCNFkTTzEhR7X1lNQy7GoWRDlp1Vjvw
http://www.google.se/url?sa=t%26rct=j%26q=%26esrc=s%26source=web%26cd=1%26cad=rja%26uact=8%26ved=0ahUKEwi1iPOsmujUAhXBqxoKHbeMD4UQFggjMAA%26url=http%3A%2F%2Fedepot.wur.nl%2F249623%26usg=AFQjCNFkTTzEhR7X1lNQy7GoWRDlp1Vjvw
http://www.google.se/url?sa=t%26rct=j%26q=%26esrc=s%26source=web%26cd=1%26cad=rja%26uact=8%26ved=0ahUKEwi1iPOsmujUAhXBqxoKHbeMD4UQFggjMAA%26url=http%3A%2F%2Fedepot.wur.nl%2F249623%26usg=AFQjCNFkTTzEhR7X1lNQy7GoWRDlp1Vjvw
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref34
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref34
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref35
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref35
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref35
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref35
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref36
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref36
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref36
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref36
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref37
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref37
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref37
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref37
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref37
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref37
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref38
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref38
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref38
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref39
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref39
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref39
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref39
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref40
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref40
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref40
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref40
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref41
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref41
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref41
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref41
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref42
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref42
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref42
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref42
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref43
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref43
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref43
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref44
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref44
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref44
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref44


K. Elofsson, I.-M. Gren / Environmental Modelling & Software 101 (2018) 86e101 101
Newell, R.G., Stavins, R.N., 2000. Climate change and forest sinks: factors affecting
the costs of carbon sequestration. J. Environ. Econ. Manag. 40 (3), 211e235.

Pesaran, M.H., 2004. General Diagnostic Tests for Cross Section Dependence in
Panels. Cambridge Working Paper in Economics, 0435. University of Cambridge.

Petersen Raymer, A.K., 2006. A comparison of avoided greenhouse gas emissions
when using different kinds of wood energy. Biomass Bioenerg. 30, 605e617.

Sathre, R., O'Connor, J., 2010. Meta-analysis of greenhouse gas displacement factors
of wood product substitution. Environ. Sci. Pol. 13, 104e114.

Schlamadinger, B., Marland, G., 1996. The role of forest and bioenergy strategies in
the global carbon cycle. Biomass Bioenerg 10 (5/6), 275e300.

Schulp, C.J.E., Nabuurs, G.J., Verburg, P.H., 2008. Future carbon sequestration in
Europedeffects of land use change. Agric. Ecosyst. Environ. 127 (3e4),
251e264.

Schulze, E.D., K€orner, C., Law, B.E., Haberl, H., Luyssaert, S., 2012. Large-scale bio-
energy from additional harvest of forest biomass is neither sustainable nor
greenhouse gas neutral. GCB Bioenerg 4, 611e616.

Sohngen, B., Mendelsohn, R., 2003. An optimal control model of forest carbon
sequestration. Am. J. Agric. Econ. 85, 448e457.

Sohngen, B., 2009. Copenhagen. An Analysis of Forestry Carbon Sequestration as a
Response to Climate Change. Consensus Center, Copenhagen Business School,
Frederiksberg, Denmark. http://fixtheclimate.com/component-1/the-
solutionsnew-research/forestry/.

Sohngen, B., Sedjo, R., 2006. Carbon sequestration costs in global forests. Energy J.
27, 109e126.
Swedish Forest Agency, 2013. Swedish Statistical Yearbook of Forestry 2013.
Trømborg, E., Sjølie, H.K., 2011. Data Applied in the Forest Sector Models NorFor and

NTMIII. INA fagrapport 17. Department of Ecology and Natural Resource Man-
agement, Norwegian University of Life Sciences.

Updegraff, K., Zimmermann, P.R., Kozak, P., Chen, D.G., Price, M., 2010. Estimating
the uncertainty of modeled carbon sequestration: the GreeCert™ system. En-
viron. Model. Software 25, 1565e1572.

van Kooten, G.C., Binkley, C.S., Delecourt, G., 1995. Effect of carbon taxes and sub-
sidies on optimal forest rotation age and supply of carbon services. Am. J. Agric.
Econ. 77 (2), 365e374.

van Kooten, G.C., Krcmar-Nozic, E., Stennes, B., van Gorkom, R., 1999. Economics of
fossil fuel substitution and wood product sinks when trees are planted to
sequester carbon on agricultural lands in western Canada. Can. J. of Forest Res.
29 (11), 1669e1678.

Vil�en, T., Gunia, K., Verkerk, P.J., Seidl, R., Schelhaas, M.-J., Lindner, M., et al., 2012.
Reconstructed forest age structure in Europe 1950e2010. For. Ecol. Manag. 286,
203e218.

Wise, R., Cacho, O., 2005. Treeecrop interactions and their environmental and
economic implications in the presence of carbon-sequestration payments. En-
viron. Model. Software 20, 1139e1148.

Yanai, R.D., Currie, W.S., Goodale, C.L., 2003. Soil carbon dynamics after forest
harvest: an ecosystem paradigm reconsidered. Ecosystems 6, 197e212.

http://refhub.elsevier.com/S1364-8152(16)30895-7/sref45
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref45
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref45
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref46
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref46
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref47
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref47
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref47
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref62
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref62
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref62
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref48
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref48
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref48
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref49
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref49
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref49
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref49
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref49
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref49
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref50
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref50
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref50
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref50
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref50
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref51
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref51
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref51
http://fixtheclimate.com/component-1/the-solutionsnew-research/forestry/
http://fixtheclimate.com/component-1/the-solutionsnew-research/forestry/
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref53
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref53
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref53
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref54
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref55
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref55
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref55
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref55
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref55
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref56
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref56
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref56
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref56
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref57
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref57
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref57
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref57
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref58
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref58
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref58
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref58
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref58
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref59
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref59
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref59
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref59
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref59
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref59
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref60
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref60
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref60
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref60
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref60
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref61
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref61
http://refhub.elsevier.com/S1364-8152(16)30895-7/sref61

	Cost-efficient climate policies for interdependent carbon pools
	1. Introduction
	2. Numerical model
	3. Cost-efficient policy instruments
	4. Data
	5. Results
	5.1. The minimum cost
	5.2. Emission reductions achieved
	5.3. The fossil fuel carbon tax
	5.4. Taxes on timber
	5.5. Sensitivity analysis

	6. Discussion and conclusions
	7. Software availability
	Acknowledgements
	Appendix
	Appendix A. Supplementary data
	References


