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EFFECTS OF FOREST CARBON SEQUEST-
RATION ON OPTIMUM PLANTING DENSITY

WENCHAO ZHOU*

ABSTRACT
In this study, the effects of the benefit of forest carbon sequestration on the
optimal planting density for Scots pine plantation are analyzed. Analyses are
performed by integrating the carbon benefit into the Faustmann framework,
and then so lv ing the  integrated  formulat ion .  The  bene f i t  o f  carbon
sequestration is measured by the Swedish CO2 tax. Numerical results suggest
that 1) forest owners prefer a high planting density as the benefit of carbon
sequestration is included into forest management, and the increase in optimal
planting density depends on the level of the CO2 price; 2) the effect of carbon
benefits on the optimal planting density is relatively greater on low productive
sites than on high productive sites, others being equal. This is also true with
respect to benefit gains in present value; and 3) the forest carbon benefit has
a relatively larger effect when the interest rate is high than when it is low,
others being equal. This is true with respect to benefit gains in present value
as well.
Keywords: Carbon dioxide tax, carbon sequestration, planting density.

~
INTRODUCTION

Forest carbon sequestration has been considering as one
potential source of benefit to forest management. This may
lead to adaptation of forest management schemes and poli-
cies in order to utilize fully the capacity of the forest for
joint timber production and carbon sequestration. The rea-
son for this adaptation is that their aggregate benefit de-
pends to some extent on how the forests are managed. Hoen
& Solberg (1994) showed that, if the management schemes
were changed on the productive Norway spruce area, there
would be a significant improvement in the present value
of the flow of net carbon storage at a cost of a moderate
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decrease in the net present value of the flow of timber cash.
Concern about the optimal time to harvest a forest stand,
which is managed for joint timber and carbon benefit, has
been examined by a number of researchers, through inte-
grating the carbon benefit into the Faustmann framework.
Studies indicated that the carbon benefit might have an
effect on the optimal time to harvest trees. The optimal
rotation that maximizes the joint timber and carbon ben-
efit is longer than the optimal rotation that maximizes the
single timber benefit. However, it is shorter than the opti-
mal rotation that maximizes the single carbon benefit
(Plantinga & Birdsey, 1994; van Kooten et al., 1995; Hoen &
Solberg, 1997). This study deals with how the planting den-
sity changes, as carbon benefits are included into forest
management.

The planting density is one of the most decisive factors
that determine the stock level of an established stand. In
general, the planting density affects not only the total stock
of a forest stand but also its growth patterns over time.
Compared to a low planting density, a high planting den-
sity results in greater volume yield but smaller mean di-
ameter  at  a  certa in  dominant  height  (Chang,  1983;
Pettesson, 1992; Petti, 1995, etc.). For a stand with a high
planting density, its current annual growth is greater and
reaches maximum at an earlier age. Furthermore, stands
with different planting densities will eventually merge to
a same level of stand volume (Chang, 1983). It seems there-
fore reasonable to understand that more carbon can be
stored at an earlier time in a stand with a high planting
density since the amount of carbon stored in forest biomass
is positively related to the timber growth. Because the car-
bon sequestration offers, unlike timber, earlier and continu-
ing benefits while the forest grows, additional carbon ben-
efits may drive the optimal planting density up to a higher
level than that when only timber is valued. Although a high
planting density may bring additional benefit from carbon
sequestration, it does have costs that must be balanced out
against this benefit. Those costs include a direct cost of more
trees being planted and indirect costs like smaller trees in
diameter and more carbon being released to the atmosphere
after harvest. Thus, a trade-off exists between losses caused
by planting more trees and gains from additional carbon
benefit.
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METHOD

Suppose that a forest investor could receive a carbon-sub-
sidy annually while the standing trees grow because these
standing trees sequester carbon dioxide from the atmos-
phere. On the other hand, the investor has to pay a carbon-
tax when he harvests that forest because a portion of carbon
in the harvested trees is released into the atmosphere in
the forms of carbon dioxide. We assume that the carbon-
subsidy is equal to the carbon-tax at any point in time, and
name them CO2 price, denoted by Pc. Assume further that
the investment criterion is to maximize the net present
value (NPV), denoted by π, of both timber and carbon
benefit. For a given planting density, N, the associated
maximum NPV can be obtained through solving the
Faustmann formulation that is extended to include the car-
bon benefit. There are a number of available variants of
Faustmann formulation in the literature. They are in, among
others, Englin & Callawy (1993), Plantinga & Birdsey (1994),
van Kooten et al. (1995), and Hoen & Solberg (1997). The
extended Faustmann formulation in this study is written
as
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where Ptm denotes the net timber price per m3. T is the rota-
tion length; V(⋅) is the timber volume at time t; α  is a con-
stant, defining the amount of CO2 that 1 m3 stem growth
could sequester or release; β( ⋅) measures the proportion of
the harvested timber that is decomposed into the atmos-
phere in the forms of CO2 at time t; r is the discount rate.

The numerator in Equation (1) consists of four compo-
nents. The first,
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measures the carbon benefit that is the summation of a dis-
counted flow of carbon payment over one rotation. The
third,

( ) ( ) ,rT
cP T V T eαβ −

accounts for the cost because a portion of carbon in the
harvested timber is released into the atmosphere in the
forms of CO2. The final term, C(⋅), indicates the regenera-
tion cost which is a function of the planting density.

The model described above is then applied to Scots pine
plantation on three productive sites: site index T16 (Scots
pine trees reach a dominant height of 16m when the age is
100 years.), T20 and T24 in northern Sweden. We assume
that, when the established stand reaches a dominant height
of 6m, a pre-commercial thinning is made; thereafter, no
treatments are performed until final harvest.

Two growth functions are combined to estimate the tim-
ber growth and the amount of the carbon fixed over the
period from planting to final harvest. First, the function of
Pettersson (see, Petterson, 1992; Gong, 1995; Zhou, 1998) is
used to project the state of the established stand at a
dominant height of 10m. One of the inputs to this function
is the planting density. Dividing the estimated volume by
the age then gives the mean annual timber growth, which
is used to approximate the annual increment of carbon stor-
age before the stand reaches a dominant height of 10m.
Thereafter, the growth simulator of Persson (see, Persson,
1992; Gong, 1995; Zhou, 1998) is employed to project the
dynamics of the stand. The inputs to this simulator come
from the outputs of the first function. It is worth mention-
ing that the simulator of Persson (1992) has two applica-
tion restrictions important in this context. First, the simu-
lator requires that the valid stand density should be be-
tween 400 and 4,500 trees/ha. Considering the mortality
of the trees before they reach a dominant height of 10m,
we define the feasible planting densities between 500 and
4,500 trees/ha. The second restriction is on the age of the
stand. The simulator requires it should be below 120 years.
We arbitrarily extend it up to 200 years.

The amount of carbon that 1m3 of stem timber can se-
quester is estimated through converting the stem volume
first into stem biomass and further to carbon content using
four specific conversion factors. Several authors have used
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different factors related to Scots pine. Karjalainen et al.
(1994) assumed that the dry weight density is 390 kg/m3

and carbon comprises 52 % of the dry biomass. Kauppi &
Posch (1997) assumed that the dry weight density is 480
kg/m3 and 50 % of the dry biomass is carbon. In this study,
it is conservatively assumed that the dry weight density is
390 kg/m3 and carbon accounts for 50 % of the biomass by
weight. Referring to Solberg (1997), the ration between the
total tree biomass (i.e. including roots, branches, bark, and
stump) and the biomass in the stem for Norway spruce is
about 2.0. Applying it arbitrarily to Scots pine, the product
of those three figures gives 390 kg/m3; that is, the carbon
content that is fixed by 1m3 stem timber growth. Further,
multiplying it with a constant 44/12 gives (α =) 1430 kg/
m3, the amount of carbon dioxide sequestered by or emit-
ted from 1 m3 stem timber. In 44/12, the numerator, 44, is
the molecular weight of carbon dioxide, and the denomi-
nator, 12, is the weight of carbon atom.

An important factor in Equation (1) that has to be deter-
mined is β. As stated before, it indicates the proportion of
the harvested timber that releases back into the atmosphere
in the forms of CO2. This study relates β to the yield of
sawtimber and assumes that all yields other than sawtimber
release back into the atmosphere when the stand is har-
vested at time T.

Sweden has introduced a tax on carbon dioxide since
1991. Such a tax provides a monetary measure of the value
of carbon sequestration. Currently, the level of the tax dif-
fers in the sources of CO2 emission. The tax is 0.09 SEK/
kg×CO2 on emissions from the manufacturing industry, or
0.37 SEK/kg×CO2 otherwise (see, Kriström, 1997). This
study assumes that the CO2 price, Pc, is equal to the cur-
rent levels of CO2 tax.

Numerical solutions are based on the following economic
data. Regeneration cost includes a fixed cost, 1,150 SEK/
ha, and a variable cost, 2.0 SEK/seedling. Pre-commercial
thinning costs 1,530 SEK/ha. The cost of final harvest is 90
SEK/m3. Timber products at final harvest include saw-tim-
ber and pulpwood. The distribution of sawtimber and pulp-
wood per m3 yield at a certain age is estimated using the
function of Gong (1995). The net price of sawtimber is 460
SEK/m3 and pulpwood 290 SEK/m3 (Johansson, 1997).
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RESULTS AND DISCUSSION

Define as a timber production (TP) stand a forest stand that
is managed for single timber production, and as a timber-
carbon (TC) stand a forest stand that is managed for joint
timber production and carbon sequestration. Equation (1)
is used to estimate the optimal planting density and the
corresponding optimal rotation and present value for each
of these two stands. We obtain the optimal solution to a TP
stand simply by setting the CO2 price, Pc, in Equation (1)
being zero. Table 1 presents the optimal solutions for site
index T16, T20 and T24 at three levels of interest rate and
two levels of the CO2 price. In Table 1, the optimal plant-
ing density, optimal rotation and the corresponding present
value are denoted by Ntp, Ttp and NPVtp, respectively, to a
TP stand and by Ntc, Ttc and NPVtc to a TC stand.

Pc repKES0.0
OCgk 2

gkrepKES90.0
OC 2

gkrepKES73.0
OC 2

N mt T mt VPN mt N ct T ct VPN ct N ct T ct VPN ct

%2=etartseretnI

61T 0911 68 8664 0112 %77 821 83361 %052 0054 %872 002 64577 %1651

02T 0841 27 74331 0822 %45 801 88213 %431 0054 %402 002 682621 %648

42T 0181 36 09652 0442 %53 29 59705 %89 0054 %941 002 612381 %316

%3=etartseretnI

61T 016 67 − 941 0961 %771 801 4046 / 0734 %616 002 95044 /

02T 0311 16 0153 0891 %57 29 45241 %603 0054 %892 002 78247 %6102

42T 0531 35 7549 0122 %46 18 26052 %561 0054 %332 002 563111 %8701

%4=etartseretnI

61T 005 96 − 6041 0531 %071 69 1362 / 0193 %286 002 91972 /

02T 076 65 222 0771 %461 28 8627 %4713 0054 %275 002 12384 %66612

42T 0101 74 5433 0802 %601 37 78931 %813 0054 %643 002 71347 %2212

TABLE 1. OPTIMAL SOLUTIONS TO THE STANDS WHEN FOREST CARBON

SEQUESTRATION IS VALUED OR NOT.
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Table 1 shows that the inclusion of carbon sequestration
benefits into forest management encourages forest owners
to use a high planting density, compared to the optimal
planting density that maximizes only timber value. In the
case where the site index = T20 and the interest rate = 3%,
for example, the Ntm is 1,130 trees/ha. However, when the
carbon benefit is included and optimized together with the
timber value, the optimal planting density (Ntc) goes up to
1,980 trees/ha at 0.09 SEK/kg×CO2 and 4,500 trees/ha at
0.37 SEK/kg×CO2. The increase in the optimal planting
density is 75% (Table 1, column 6) and 298% (Table 1, col-
umn 11), respectively. Figure 1 shows that the percentage
increase of the optimal planting density increases as the
CO2 price increases. In some cases, the optimal planting
density is bounded at 4,500 trees/ha when the CO2 price is
at 0.37 SEK/kg×CO2. The main reason for this is the restric-
tion of the growth simulator on the stand density as stated
before.

Figure 1 shows that the percentage increase in the opti-
mal planting density increases with the increase of the in-
terest rate, others being equal. This implies that the effect
of carbon benefits on the optimal planting density is rela-
tively larger when the interest rate is high than when it is
low. Let us consider an extreme situation when the inter-
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est rate is zero, at which the discount coefficient to the ben-
efit of carbon sequestration and the cost of carbon releases
is equal to 1.0 at any point in time. In this case, the total
benefit of carbon sequestration over time should be almost
completely balanced out by the total cost of the carbon re-
lease, and the net benefit of forest carbon sequestration
would be close to zero. Consequently, the carbon seques-
tration only slightly affects the optimal planting density.
In the case where the interest rate is high, the benefits of
carbon sequestration will dominate the total profits, espe-
cially when the carbon price is high, and the optimal plant-
ing density is determined mainly by the benefit from car-
bon sequestration. Therefore, the effects of carbon seques-
tration benefits on the optimal planting density are rela-
tively high when the interest rate is high.

Figure 2 shows that the percentage increase in the opti-
mal planting density increases with the decrease of the site
index, others being equal. It implies that, the inclusion of
carbon benefit into forest management has a relatively
greater impact on the optimal planting density on high
productive sites than on low productive sites. Compared
to high productive sites, the benefits of carbon sequestra-
tion on low productive sites contribute a dominant part to
the total profits, and the optimal planting density on low
productive site is mainly determined by the carbon seques-
tration benefit. Therefore, the effect of carbon benefit is
relatively larger on the low productive site than on the high
productive site.
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Carbon sequestration benefits may make an unprofitable
investment switch to profitable (Table 1). In the case where
the site index = T16 and the interest rate = 3%, for exam-
ple, the optimal Ntm is 610 trees/ha and the optimal NPVtm
is negative (−149 SEK/ha). This investment is not profit-
able. When the value of carbon sequestration is included
and optimized, however, the optimal planting density (Ntc)
moves up to 1,690 trees/ha and the optimal NPVtc is 6,404
SEK/ha at 0.09 SEK/kg×CO2. In this case, the investment
is profitable.

The optimal rotation of a TC stand is longer than the
one of a TP stand (Table 1). Moreover, the optimal rotation
increases as the CO2 price increases. This is consistent with
the results of other researchers (Plantinga & Birdsey, 1994;
van Kooten, Binkley & Delcourt, 1995; Hone & Solberg,
1997). It should be noted that the maximum optimal rota-
tion obtained in the study is 200 years as shown in the ta-
bles. It has been mentioned in the proceeding section that
the growth simulator employed restricts the longest stand
age to be at 120 years and we arbitrarily extend it up to 200
years. If this restriction is further relaxed, the optimal ro-
tation may exceed 200 years, and possibly, it might be never
optimal to harvest a stand at all when the CO2 price is very
high. However, a further relaxation to the restricted stand
age might bring about the numerical results much unreli-
able. Growth simulators that cover a long period are needed
for forest management when carbon sequestration benefits
are included.

The NPVtps of the TP stands that we present in Table 1
are calculated without counting the benefits of carbon se-
questration. Consider that the carbon benefits are still avail-
able even in the TP stands, the NPV of the TP stand includ-
ing the carbon benefit is recalculated. Table 2 shows the
new NPV, denoted by NPVtp+c, and the benefit gain of NPVtc
compared to NPVtp+c.  I t  is  shown that the benefit  is
significantly less when the investment is optimized only
for timber production than when it is optimized for joint
timber production and carbon sequestration. In other
words, the benefits of forest management could be signifi-
cantly improved through adjusting the planting density if
the forest carbon sequestration provides benefits. Figure 3
shows that both NPVtc and NPVtp+c increases as the CO2 price
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VPN c+mt niaG VPN c+mt niaG

%2=etartseretnI

61T 0911 68 66531 %02 64214 %88

02T 0841 27 35372 %41 62907 %87

42T 0181 36 28954 %01 311901 %86

%3=etartseretnI

61T 016 67 1604 %85 06171 %751

02T 0311 16 89511 %32 16763 %201

42T 0531 35 29212 %81 31185 %29

%4=etartseretnI

61T 005 96 3231 %99 8189 %481

02T 076 65 8884 %94 40491 %941

42T 0101 74 64901 %82 79543 %511

TABLE 2. THE PRESENT VALUES WHEN FOREST CARBON BENEFITS ARE

COUNTED.
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increases, but the distance between NPVtc and NPVtp+c also
increases with the increase of the CO2 price.

Similar as the effects of carbon benefits on optimal plant-
ing density, Figure 4 shows that the percentage gain in
present value increases as the interest rate increases, oth-
ers being equal. This implies that the benefit gains are rela-
tively larger when the interest rate is high than when it is
low if carbon benefits are included into forest management.
Figure 5 shows that the percentage gain in present value
decreases as the site index increases, others being equal. It
implies that the benefit gains are relatively larger on low
productive sites than on high productive sites.
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CONCLUSIONS

This study analyzes the effects of the benefit of forest car-
bon sequestration on the optimal planting density of Scots
pine. Numerical results obtained are to a large extent spe-
cific to what has been in the context, but they do have gen-
eral implications important to investments in forest plan-
tations in which forest carbon sequestration are considered
to have benefits.

The main conclusion is that, first, when carbon seques-
tration benefits are included into forest management, for-
est owners prefer to establish denser forest stands. Mean-
while, forest owners may extend their investments on some
of low productive sites. Investments on these sites are un-
profitable when carbon benefits are not counted. Since the
additional benefit of carbon sequestration, the profitabil-
ity has been increased.

Second, the effect of carbon benefits on the optimal plant-
ing density is relatively greater on low productive sites than
on high productive sites, others being equal. This is also
true with respect to the benefit gain in present value. Third,
the effect of carbon benefits on the optimal planting den-
sity is relatively greater when the interest rate is high than
when it is low, others being equal. This is also true with
respect to the benefit gain in present value.

It is assumed in the study that a tax would be imposed
on carbon released at the end of the rotation. The tax the
forest owner should pay is calculated simply based on the
amount of the non-sawtimber. The tax imposed in this way
is to some extent arbitary. In the real forestry world, the
carbon fixed in the timber would release in the normal case
back into the atmosphere gradually. It is more reasonable
to calculate the tax based on the specific patterns of the
carbon release process. In this case the amount of the tax
should be the summation of the discounted flow of the car-
bon tax over the whole process of the carbon release. This
should not incease the amount of tax significantly because
of the discount.If this is true, our general implications
should not change.

This study applies an age-limited stand growth function
to the estimation of both timber growth and the amount of
carbon stored. This limitation results in a number of bind-
ing optimal rotations being obtained. It would thus be of
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applied interest to develop growth functions that covers a
long period. If so, it is expected that the approximation of
at least the optimal rotation may be improved. In addition,
we use the mean annual growth of timber in stead of the
current annual growth of timber to approximate the amount
of the carbon flow from planting to the time at which the
stand reaches a dominant height of 10m. To better the esti-
mation of the amount of the carbon stored during the ear-
lier stage of an established stand, it is necessary to build
growth functions that are able to estimate the annual
growth at earlier stages in the stand development.

The optimal planting density that maximizes the profit
of joint timber production and carbon sequestration may
be much higher than the one that maximizes only the profit
of timber production. Meanwhile, the gain in present value
through adjusting the planting density is very large when
the carbon price is high. It must be noted that a gain in the
carbon benefit is at a cost of a reduction in the timber ben-
efit when the planting density is above the planting den-
sity that optimizes the profit of timber production. This
brings about a question of how to subsidize private forest
owners so that they would like to adjust the privately opti-
mal planting density to the socially optimal level. It would
be of interest to include this issue in future research. One
possible alternative is to pay the forest owner in a way that
the forest investment in carbon sequestration is as profit-
able as timber management. In other words, we should pay
the forest owners the economic loss in the timber value if
they adjust the planting density above the level that maxi-
mizes only the timber value. This would leave the inves-
tors indifferent between the two alternatives. However, the
forest owner would prefer the management of carbon se-
questration forest, if they can get the subsidy. The forest
owner would prefer to get an annual flow of economic re-
turn other than get a return in 60–70 years future, which
are in full of uncertainty.
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