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Abstract: This study investigated the potential financial benefits that private forest famers can derive
when participating in a larch carbon sink plantation project in the northwestern Chinese province of
Gansu. A decision matrix was developed to help forest farmers justify participation in forest carbon
sink projects relative to the traditional land-use goal of timber production under various carbon
trading prices, site conditions, and contract terms. The results showed that when the carbon trading
price is at the theoretically optimal carbon price (CNY 110/tCO2e, equivalent to USD 17/tCO2e),
Chinese business entities are willing to pay for forest carbon credits under the current global carbon
emissions level, and forest farmers who participate in a 25-year forest carbon sink plantation project
on high-productivity sites would generate the greatest financial benefit compared with the net
income from pure timber production forests. Thus, the government does not need to provide a
carbon sink subsidy for participating tree farmers. However, at the current average carbon trading
price (CNY 19.8/tCO2e or USD 3/tCO2e) in the domestic market, a minimum additional subsidy
of CNY 735/ha (USD 113/ha) is required upfront to motivate forest farmers to convert timber
production forests into carbon sink forests. The results of this study can help policymakers and
forest managers formulate optimal eco-compensation strategies for enrollment in forest-based carbon
sequestration programs.

Keywords: Faustmann formula; land expectation value; decision model; eco-compensation; forest
carbon sinks

1. Introduction

To mitigate the continued increases in carbon dioxide (CO2) and other greenhouse
gases (GHGs) in the atmosphere, many countries and regions worldwide have set carbon (C)
emission targets and abatement strategies to reduce their GHGs emissions. In general,
reducing CO2 emissions from the combustion of fossil fuels while concurrently seeking
ways to sequester C in long-term storage components are considered two of the most
effective ways to lower the CO2 level in the atmosphere [1,2]. Because trees and forests can
take CO2 and other GHGs from the atmosphere through photosynthesis and sequester it
in biomass and soils, forests have played an important role in mitigating global climate
deterioration [3,4].

In China, forest C sink plantation projects have been one of the main complementary
climate change-mitigation strategies promoted by government authorities in recent years to
achieve the goals of C emission peak before 2030 and C neutrality by 2060 [5]. Forest C sink
plantation projects comprise C sequestration and trading programs, in which forest farmers
can sell C credits (which is a permit allowing the holder to emit CO2 or other GHGs) to large
emitters seeking to offset their CO2 emissions [6]. In this system, both parties are committed
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to forest management activities with the main goal of increasing forest C sequestration in
designated lands within a specific contract period (e.g., 20–60 years in China) [7]. During
the contract period, forest farmers are not allowed to harvest trees and must follow a forest
management plan to ensure that the increased C stock will be above and beyond the stock
associated with current practices; in addition, farmers are responsible for the costs (i.e.,
C sink measurement, monitoring, and verification) associated with the C credits received
from the projects [8]. On the other hand, the party seeking to lower its C emissions to within
a specific limit purchases C credits from forest farmers who participate in forest C sink
plantation projects in installments or at the expiration of the project and uses the C credits
to offset the C emissions it generates in its production processes. Forest C sinks have
become an important part of the C emission trading market and are generally considered a
market-based eco-compensation mechanism in China [9].

A successful forest C sink project requires (1) that the financial benefit offered to induce
potential forest C sink suppliers (e.g., private forest farmers, tree growers, and forestry
cooperatives) to establish C sink forests must not be less than the cost of participation in
the forest C sink projects and, more importantly, (2) that the net income from managing
a C sink forest should be greater than the net income from operating a traditional timber
production forest [10]. Specifically, only when the net income generated from managing a
C sink forest is greater than the net income from managing a traditional timber production
forest do forest farmers have the economic incentive to participate in forest C sink projects.
Therefore, an economic model that quantifies the related benefits and costs from managing
timber production forests and C sink forests would provide important guidance to forest
farmers for making optimal forest management decisions.

In forestry investment analysis, there are several criteria for assessing the economic
value of a growing forest and the optimal rotation age, including maximum sustainable
yield, maximum annual average net income, single-period net present value, and land
expectation value (LEV) [11]. LEV refers to the sum of the net present values of the income
from an infinite number of rotations of continuous investment, starting from a state of
bare land or a new forest on land that was not previously forested (e.g., row crops or
pastureland). LEV is a theoretical estimate of the value of a forestland, which reflects
the present value of all cash flows produced by an infinite series of harvests at a given
rotation length under an assumed management regime [11]. In previous studies in China,
the classic Faustmann model [12] has been frequently applied to assess multi-objective
forest management from pure timber production to C sequestration benefits, including the
use of Faustmann–Hartman [13] model in the economic analysis framework (see [14–22]).
While these studies have provided valuable contributions with respect to understanding
the effects of changes in C trading prices on the optimal rotation age, LEVs, and the supply
of forest C sinks in China, the application of the classic Faustmann formula, which assumes
that stumpage prices, stand volume, regeneration cost, and interest rate remain unchanged
rotation after rotation, may not truly reflect the actual forest management regime, in which
the majority of forest farmers are small-scale tree growers. Moreover, given that most of
the forest C sink projects in China at present are in contract terms, and neither thinning
nor harvesting of trees is allowed during the contract period, there is a need to specifically
include the timber harvesting restrictions in the economic model for a better estimate of the
LEVs of forest C sink projects. Last, while forest farmers who participate in forest C sink
projects may benefit from selling the C credits on their forestlands over the use of their
forestlands as timber production forests, they also bear the additional setup costs of the
projects (e.g., C sink measurement, monitoring, and verification costs), which may be a
disincentive to forest farmers if the enrollment costs are too high [23]. These three aspects
have not been considered and discussed in previous studies.

To address the knowledge gaps that have been previously mentioned, the purpose of
this paper was to investigate (at the stand level) the potential financial benefits that forest
farmers (especially small-scale tree growers with only one stand) can realize when enrolling
in a larch (Larix kaempferi (Lamb.) Car.) C sink plantation project in the northwestern
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Chinese province of Gansu by using the generalized Faustmann model developed by
Chang [24,25]. A decision matrix was developed to help forest farmers justify participation
in forest C sink plantation projects when comparing the LEVs of a timber production
forest and a C sink forest under different biophysical and economic conditions (e.g., site
conditions, C sink project periods, and C trading prices). The results of this study can
help policymakers and forest managers formulate optimal eco-compensation strategies for
enrollment in forest-based C sequestration programs.

2. Decision Model
2.1. The Generalized Faustmann Model

Under the classic Faustmann model, the LEV is expressed as

LEV(t) =
PQ(t)− Cert

ert − 1
(1)

or

LEV(t) =
PQ(t)− Cert

ert +
LEV(t)

ert (2)

where LEV(t) represents the LEV per hectare of timber crop at age t, P is the unit stumpage
price, Q(t) represents the stand volume (m3) at age t, C is the average regeneration cost,
and r is the discount rate.

Under the classic Faustmann model, the parameters in Equation (1) remain the same
from harvest to harvest. However, in the real timberland market, this stability is unlikely,
especially for the management of nonindustrial forestlands. For example, after each harvest,
the landowner may replant a new timber crop and encounter different stumpage prices,
forest growth, regeneration costs, and discount rates. Thus, the optimal harvest is also
expected to fluctuate from timber crop to timber crop. Moreover, forest farmers may convert
forestland to other land uses, such as fruit orchards or agricultural crops, or even develop
real estate. To make the classic Faustmann formula more realistically reflect the forestland
value, Chang [24] first developed the generalized Faustmann formula, which allows the
parameters in Equation (1) to change from rotation to rotation and accommodates land-use
changes by permitting different types of crops, such as timber, fruit, or grain, for different
harvest periods. Therefore, the LEV under the generalized Faustmann formula can be
expressed as

LEV1 =

∞

∑
i=1

Pi(ti)Qi(ti) + ∑ti
si=1 Ai(si)e(ri(ti−si)) − Cieriti

e∑i
j=1 rjtj

(3)

Equation (3) can also be expressed as

LEV1 =
P1(t1)Q1(t1) + ∑t1

s1=1 A1(s1)e(r1(t1−s1)) − C1er1t1

er1t1
+

LEV2

er1t1
(4)

in a dynamic programming format with the classical recursive relation, where LEV1 repre-
sents the LEV at the beginning of the first rotation, and LEV2 is the LEV at the beginning of
the second rotation. Pi(ti) represents the stumpage price of the ith timber crop at age ti,
Qi(ti) represents the stand volume at age ti, Ai(si) represents the annual net income
from miscellaneous nontimber sources for age si (such as from a C sink), Ci represents
the regeneration cost of the ith timber crop, and ri represents the discount rate for the ith
timber crop.

Theoretically, Equation (3) indicates that the land expectation value at the beginning
of the first timber crop (LEV1) includes the summation of the net present value at the
beginning of the first timber crop and the land expectation value at the beginning of
the second timber crop (and so on). Alternatively, LEV2 represents a single value that
incorporates all of the optimal harvest age decisions for future timber crops, with the value
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obtainable from the forestland transaction market and exogenously determinable [24,25].
The Hartman [13] Model, which considers the net annual income from other miscellaneous
sources, can be treated as a special case of Equations (3) or (4).

Empirically, the generalized Faustmann model has made the management of forest-
lands (including even-aged natural stands, even-aged plantations, and uneven-aged stands)
more applicable in practice and offers much broader and richer interpretations relative to
the classic Faustmann model; additionally, it has been employed to assess the effects of
potential C benefits on optimal rotation ages of even and uneven-aged forest stands in the
southern United States (e.g., [26–28]). Thus, the LEV derived from the generalized Faust-
mann model can provide more valuable information to help forest farmers in evaluating
different management options of their forestlands.

2.2. Land Expectation Values for Timber Production Forests and C Sink Forests

In this study, we assumed that forest farmers face two alternative options for the
management of their forestlands: (1) to manage their forestlands for timber production
(considered the base case) or (2) to participate in a forest C sink plantation project with a
minimum commitment of a 20-year contract term for the case in China. Thus, the reference
year for evaluation is at the time of planting. To evaluate the economic attractiveness of
these two forest management options, Equation (4) is slightly expanded and modified
to costs and income specific to these two alternatives. Specifically, the maximum LEV of
timber production forests can be expressed as

LEV1, with timber =

[
(P1(t1)− H1)αQ(t1)−∑t1

m1=2 At1(m1)er1(t1−m1) − C1er1t1
]

er1t1
+

LEV2, with timber

er1t1
. (5)

In Equation (5), LEV1, with timber denotes the LEV per hectare of timber forestland for
optimal rotation age t1 under the generalized Faustmann model, P1(t1) is the harvested log
price of trees at age t1, Q1(t1) represents the stand volume at age t1, α is the expected mer-
chantable roundwood (sawlog) yield rate of a stand, H1 is the harvesting and transportation
costs, At1(m1) is the annual tending cost per hectare at stand age m1, C1 represents the
regeneration cost per hectare of forestland (including site preparation and planting costs),
and LEV2 represents the LEV at the beginning of the second timber crop (and so on).

Depending on the contract terms and the installment plans for forest C sink projects,
the optimal harvest age and corresponding maximum LEV for C sink forestland should be
carefully considered. Specifically, when the optimal rotation of timber age t1 is equal to or
less than the length of the C sequestration contract n*k (with n being the total number of
installment payments and k being the length of each payment period), the forest farmers
have to finish the C sequestration contract first, and then, they can harvest the timber after
the expiration of the C sink projects to realize the maximum revenue for the management of
their forestlands (of course, forest farmers can also decide not to harvest timber and to keep
their C sink forests intact after the expiration of the project. However, given the fact that
forest farmers do not have an obligation to maintain the C stock and will not receive any
payments for the additional C credits generated on their forestlands after the expiration of
the project for most C sink projects in China, there is no penalty for timber harvesting after
the contract. Thus, we assumed that a rational economic agent should consider harvesting
trees to acquire the timber revenue, after which they can consider whether to enroll in a
new forest C sink project to gain the additional revenue from the newly planted C sink
forests). In this case, the optimal harvest age for C sink forests will be the year after the
expiration of the C sink projects (i.e., t1 = n ∗ k + 1), and the maximum generalized LEV of
C sink forestland can be written as
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LEV1,with cs & timber

=
{

∑n
i=1(PcQc(i ∗ k)er1(n−i)k)/er1(n∗k) + [( P1(n ∗ k + 1)− H1)αQ(n ∗ k + 1)]/er1(n∗k+1)

−∑n
i=1 PcQc(i ∗ k)(1− α)/er1(n∗k+1) − C1 − Cs

}
+ LEV2, with cs & timber /er1(n∗k+1)

(6)

If the optimal rotation of the timber age is longer than the length of the C sink project,
the forest farmers can finish the C sink contract, after which they can wait until timber age
t1 to harvest the trees and start the next timber rotation. In this case, the maximum LEV of
the C sink forests is

LEV1,with cs & timber =
{

∑n
i=1

(
PcQc(i ∗ k)er1(n−i)k

)
/er1(n∗k) + ( P1(t1)− H1)αQ(t1)/er1t1−

∑n
i=1 PcQc(i ∗ k)(1− α)/er1t1 − C1 − Cs

}
+ LEV2, with cs & timber /er1t1

(7)

In Equations (6) and (7), Pc is the price per metric ton of C dioxide equivalent (tCO2e),
Qc(i ∗ k) is the amount of C sequestered for each period of installment payments, n is the
total number of installment payments for C credits, Cs is the setup cost of the forest C sink
project (which mainly includes project preparation, C sink measurement, monitoring, and
verification costs), and LEV2, with cs & timber denotes the LEV at the beginning of the second
rotation, which may or may not involve a C sink project. In addition, a C leakage factor
(1 – α) is included in the third term on the right-hand side of Equations (6) and (7) to
consider the potential C leakage effect (i.e., penalty, which refers to the process by which
the C stored in living biomass is released to the atmosphere at the time of timber harvest) if
the remaining treetops and slash are used as fuelwood in rural communities at the time
of harvest.

In this study, we assumed that the LEV of the future C sink forest (LEV2, with cs & timber)
will be identical to the LEV of the future timber production forest (LEV2, with timber) due
to the limited available transaction data for the C sink forests in the study area. This
assumption allows us to specifically examine the effects that we can attribute to the potential
benefits derived from the first plantation crop either used for timber production only or
as a C sink. The value for LEV of future timber production forest was obtained from
the timberland transactions of our study region (i.e., Gansu province) from the Chinese
Forestland Trading Platform [29].

The economic attractiveness of participating in a forest C sink project can be evaluated
by comparing the maximum LEVs at the optimal harvest age for the timber production
forests and C sink forests. Taking timber production forest as an example, the optimal value
of LEV1, with timber is calculated numerically by substituting the value of t1 from 5 to 60 years
in Equation (5) until a maximum LEV is found. Specifically, the net financial benefits of
program enrollment can be estimated by subtracting the LEV of timber production forests
from the LEV of C sink forests to obtain the incremental LEV. If the incremental LEV
is greater than zero, which means that the LEV of C sink forests outweighs the LEV of
timber production forests, then participating in a C sink project can be supported on
economic grounds. Otherwise, forest farmers should continue to manage their forestlands
for timber production.

2.3. Eco-Compensation Standards for the C Sink Plantation Projects

The decision model developed in the previous section will help us further explore
the government’s role in subsidizing forest C sink plantation projects. In China, the term
“eco-compensation” is generally used to refer to a combination of ecological compensation
and payments for ecological goods and services [30]. Specifically, if business entities’
willingness-to-pay for C credits from a C sink project is lower than the willingness-to-
accept of a forest farmer willing to sell C credits, the forest C sink project cannot be realized.
However, from a policymaker’s perspective, the government can support the emerging
ecosystem market, such as forest C sink projects via eco-compensation. The role of the
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governments can also shift from the massive participation to a facilitator via market-based
emission trading mechanisms. The subsidy for C sink projects to forest farmers can be set
as the difference between the willingness-to-pay from those who need to purchase C credits
and the willingness-to-accept from those who are willing to sell C credits. In forest C sink
projects, buyers of C credits generally refer to the observed C trading price in markets to
set the willingness-to-pay for C sink projects. Thus, we need to determine the minimum
price that C credit sellers are willing to accept for each ton of C credit supply, which can be
expressed as follows:

Min Pc
Subject to max

{
LEV1, with cs & timber(t1)

}
−max

{
LEV1, with timber(t1)

}
≥ 0

(8)

Solving for the minimum C credit price (P′c) required by sellers requires a solution
for the C credit price Pc in Equation (8); then, the optimal subsidy ρ that the government
should provide to incentivize forest farmers for program enrollment is the difference
between the required minimum C credit price and the observed C trading price in markets
(ρ = Pc

′ − Pc).

3. Empirical Analysis

In this study, our study site for the C sink plantation projects in northwestern China
was determined based on the following information. Larch, which is a common and fast-
growing plantation species in the Xiao-Long-Shan forest district of Gansu Province, was
used as the sample tree species for the simulation [31,32]. Furthermore, we assumed that
forest farmers have the option to participate in forest C sink projects under three contract
terms: 20 years, 25 years, or 30 years, covering most of the terms of forest C sink projects
existing in China [10,23]. A tree growth and yield model developed by Jin et al. [33] was
used to project the stand volume of even-aged larch stands under the following two site
productivity levels: high (with site index (SI) 19 m at a breast height age of 18 years) and
low (SI 13 m) productivity, which is presented in Figure 1 (see Appendix A for the functions
used for tree growth and yield projections).

Figure 1. Projected yields for larch under two site productivity levels (low and high) in Gansu,
Northwest China. Site index (SI) represents the top height (in meters) at a breast height age of 18.

The measurement of forest C stock on site is an important basis for correctly assessing
the LEV of C sink forests. In this paper, a C sink model was established following the
Guidelines of C Sink Plantation Projects issued by the National Forestry and Grassland
Administration of China [8]. In the biophysical model, the aboveground biomass, below-
ground biomass, dead wood, litter, and soil organic C stocks are considered the forest
C pool (see Appendix B for the measurement of each C stock). Thus, a Larch C sink forest
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can sequester around 242 tons of CO2e at the tree age of 30 years on high-productivity
sites in our study area. To ensure that there is additional C sequestered from the C sink
plantation projects in comparison to the baseline scenario of timber production forests, the
number of C credits earned from C sink projects is expressed as the difference between the
amount of C sequestered from C sink forests and the baseline amount of C sequestered
from timber production forests [8]. Without deducting the baseline C sink from timber
production forests in the analysis (i.e., the issue of additionality), the predicted C credits
available for trading from C sink projects would be overestimated and therefore could
have a large effect on financial returns to forest farmers [23,34]. Moreover, given that forest
management plans for C sink forests are similar to (or mimic) those of unmanaged natural
forests in China to ensure that the increased C storage will exceed that associated with
current practices in forestlands, the C sequestration ratio of a C sink forest to a baseline
timber production forest in our study region was set as 1.40, following the suggestion from
Guan et al. [32].

Table 1 presents the related numerical values of the economic parameters used in the
generalized Faustmann model for simulation. Because the LEVs of C sink forests may
fluctuate significantly due to C market dynamics, we conducted a sensitivity analysis with
four C trading price scenarios (i.e., theoretically optimal, observed minimum, average,
and maximum market prices) from the Shenzhen Emissions Exchange [35], the most
vibrant emissions exchange market in China to investigate their effects on LEVs. The
optimal C price, which is the theoretical C trading price that Chinese business entities are
willing to pay for forest C credits with consideration of the current global C emission level,
population, and China’s disposable personal income and its corporate social responsibility,
was adopted from Long et al. [36]. Moreover, we assumed that the payment for C credits
occurs every 5 years, which more realistically reflects the current situation in practice.
Finally, a comparative static (sensitivity) analysis was conducted to investigate the impacts
of important parameters that changed in the decision model (including discount rates,
setup costs of a C sink project, tending costs, site conditions, and future LEVs) on the
minimum willingness-to-accept for the C trading price and incremental net present values
(NPVs) necessary for a forest farmer to participate in a C sink project.

Table 1. Economic parameters and values used in the generalized Faustmann model.

Parameter Definition (Unit) Value Data Source

P1 Real timber price at mill-gate (CNY/m3) 477 China Forestry Statistical
Yearbook 2017 [37]

Pc Optimal carbon price in theory (CNY/tCO2e) a 110 Long et al. [36]

PMin Minimum carbon trading price in market (CNY/tCO2e 3.76 Shenzhen Emissions
Exchange [35]

PMean Average carbon trading price in market (CNY/tCO2e) 19.76 Shenzhen Emissions
Exchange [35]

PMax Maximum carbon trading price in market (CNY/tCO2e) 37.94 Shenzhen Emissions
Exchange [35]

C1 Regeneration cost for site preparation and planting 2000 seedlings (CNY/ha) 4500 Jin et al. [33]

Cs
Cost of a carbon sink project (including project preparation, carbon sink measurement,

monitoring, and verification costs) (CNY/ha) 1730 Shi et al. [38]

H Timber harvesting and transportation costs (CNY/m3) 140 Zhu [39]
At1 Tending cost at timber crop age 2, 3, and 4 (CNY/ha/year) 240 Zhu [39]

LEV2,timber Future LEV of a timber production forest at the beginning of second rotation (CNY/ha) b 13,485 Chinese Forestland
Trading Platform [29]

LEV2,cs &timber Future LEV of a carbon sink forest at the beginning of second rotation (CNY/ha) 13,485 This study
r1 Annual real discount rate (%) 5 Wang and Jiang [40]
k Length of each payment (year) 5 This study
n Total number of installment payments for carbon credits 4, 5, or 6 This study
α Merchantable roundwood yield (%) 73 Li et al. [41]

tCO2e, metric tons of carbon dioxide equivalent. a The value is also the price that Chinese business entities
are willing to pay for forest carbon credits. b The average timberland transaction value in Gansu Province was
CNY899 per Mu in 2020 (1 hectare equals 15 Mu).
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4. Results
4.1. Land Expectation Values under the Optimal Carbon Price

Figure 2 presents the estimated LEVs for larch timber production forests and C sink
forests under 20-, 25-, and 30-year project terms in Gansu, Northwest China. First, the
maximum LEV for timber production forests increased from CNY 15,630/ha (USD 2405/ha)
on the poor-productivity sites to CNY 18,146/ha (USD 2792/ha) on the high-productivity
sites, and the optimal harvest age remained in year 25. Moreover, our results show that
the LEVs of C sink forests within the term of the C sink project are significantly less than
the LEV of the timber production forest in the same period under the same site conditions.
The main reason is that C sink forests are subject to regulations, and timber harvesting
is not allowed during the project. In addition, the optimal economic rotation (that is, the
maximum LEV) for a C sink forest with a project term of 20 years appears at stand age 25,
with LEVs ranging from CNY 16,229/ha (USD 2497/ha) on low-productivity sites to
CNY 19,022/ha (USD 2926/ha) on high-productivity sites. For a C sink forest with project
terms of 25 and 30 years, the maximum LEV appears in years 26 and 31, respectively, which
indicates that the net revenue from the timber harvesting after the expiration of C sink
projects plays a more important role in the LEV than the pure revenue of selling C credits.

Figure 2. Land expectation values for larch timber production forests and larch carbon sink forests
in Gansu, Northwest China. The carbon sink forests were evaluated under a theoretically optimal
carbon trading price (CNY 110/tCO2e). Site index (SI) represents the top height (in meters) at a breast
height age of 18 years.

The results in Figure 2 also reveal that the maximum LEVs of C sink forests with
a project term of 25 years tend to be higher than the maximum LEVs of C sink forests
with a project term of 20 or 30 years under the same site conditions. For example, on a
high-productivity site (SI 19 m), the maximum LEVs of C sink forests with 20-, 25-, and
30-year project terms were found to be CNY 19,022/ha (USD 2926/ha), CNY 19,325/ha
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(USD 2973/ha), and CNY 18,884/ha (USD 2905/ha), respectively. These results indicate
that enrolling in a larch C sink project with 25-year term and harvesting timber at stand
age 26 could generate the maximum financial revenue on forestlands compared with the
other two contract terms.

4.2. Financial Justification for Enrolling in a Larch Carbon Sink Project

The results of the LEVs for C sink forests with varying C trading prices, contract terms,
and site conditions are presented in Figure 3. Based on the results in Figure 3, a decision
matrix is presented in Table 2 to help forest farmers justify the participation of a forest C sink
project compared with the management goal of timber production. Specifically, our results
showed that under the theoretically optimal C price of CNY 110/tCO2e (USD 17/tCO2e),
the establishment of a larch C sink forest with project terms of 20, 25, and 30 years under
any site conditions can generate more revenue than can forestland in timber production.
For example, a larch C sink project with a 25-year term on a high-productivity site (SI = 19)
can generate an additional CNY 1179/ha (USD 181/ha), relative to timber production
forestland. However, Table 2 also shows that under the current C trading prices in market
(including the minimum price of CNY 3.8/tCO2e, mean price of CNY 19.8/tCO2e, or
maximum price of CNY 37.9/tCO2e), enrolling in a larch C sink project on any productivity
sites generates more loss than the timber production forests. These results revealed that
the conversion of the traditional timber production forests to C sink forests in the province
of Gansu cannot be justified on economic grounds under the current conditions of the
C emissions market in China. Moreover, the negative values in the cells of Table 2 represent
the subsidies required by forest farmers to participate in forest C sink projects under the
specific C trading prices indicated in the table.

Figure 3. Maximum land expectation values of a larch timber production forest and a larch carbon
sink forest at the optimal rotation age under different carbon trading prices and site conditions in
Gansu, Northwest China.



Forests 2022, 13, 268 10 of 20

Table 2. Incremental land expectation values (net benefits) of enrolling in a larch carbon sink plantation
project compared with managing the forestland for timber production in Gansu, Northwest China.

Carbon
Trading Price

Term of Carbon
Sink Project

Site Condition

High Productivity
(SI = 19)

Low Productivity
(SI = 13)

Optimal Carbon Price
(CNY 110/tCO2e)

20 years 876 598

25 years 1179 860

30 years 738 584

Maximum Trading
Price of Carbon

(CNY 37.9/tCO2e)

20 years −426 −521

25 years −351 −450

30 years −1000 −902

Mean Trading Price of
Carbon

(CNY 19.8/tCO2e)

20 years −752 −802

25 years −735 −779

30 years −1436 −1276

Minimum Trading
Price of Carbon

(CNY 3.8/tCO2e)

20 years −1041 −1051

25 years −1075 −1069

30 years −1821 −1605
SI, site index (which represents the top height (in meters) at a breast height age of 18 years); tCO2e, tons of
C dioxide equivalent. Note: Values are evaluated at a 5% real discount rate. A gray cell represents an additional
loss (less than CNY 0/ha) for participating in a forest carbon sink project compared with the land expectation
value of timber production forests (base case) under the corresponding site condition, carbon sink project term,
and trading price of carbon. An unshaded cell indicates an additional benefit of enrolling in a larch carbon sink
project relative to timber production forests.

Table 3 presents the minimum C trading price required to break even for enrolling
in C sink projects relative to timber production forests. These values also represent the
threshold prices that forest farmers are willing to accept for participating in a larch C sink
project, which can also be used by policymakers to determine the optimal eco-compensation
standard for program enrollment. For example, the minimum required C credit prices per
ton of C dioxide equivalent for forest farmers to participate in 25-year C sink projects on
sites with high (SI 19 m) and low (SI 13 m) productivity were found to be CNY 54.4 and
CNY 62.7, respectively. When the offered C trading price from buyers (e.g., our base case of
CNY 110/tCO2e) is greater than the values shown in the cells, no subsidy is required from
the government for forest farmers. Otherwise, a minimum compensation of the difference
between the offered C prices (e.g., the current C trading prices in the market investigated in
this study) and the threshold prices shown in Table 3 for each ton of C dioxide equivalent
is needed to motivate forest farmers to participate.

Table 3. Minimum carbon credit prices required to enroll in a larch carbon sink project under varying
project terms and site conditions in Gansu, Northwest China.

Minimum Required Carbon Credit Price
(CNY/tCO2e)

Site Condition

High Productivity
(SI = 19)

Low Productivity
(SI = 13)

Project Term

20 years 61.5 71.5

25 years 54.4 62.7

30 years 79.4 81.7
Note: These threshold prices also represent the minimum willingness-to-accept carbon credit prices that forest
farmers are willing to accept to participate in forest carbon sink projects, which can be used to compare with the
trading prices in carbon emission markets to examine if there are economic incentives for program participation.
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Figure 4 presents the LEVs of timber production forests and C sink forests after in-
putting the minimum required C credit prices from Table 3 into the generalized Faustmann
model. These results indicated that relative to a 20-year or 25-year term contract, the
participation in a larch C sink project with a 30-year term requires the highest threshold
C sink prices to make the maximum LEVs at optimal rotation age 31 equal to the maximum
LEV at optimal rotation age 25 for timber production forests.

Figure 4. Land expectation values (LEVs) of larch forests for only timber production and for carbon
sinks under varying carbon sink contract terms and site conditions in Gansu, Northwest China. The
LEVs of carbon sink forests at the optimal rotation age were evaluated using the minimum carbon
credit price required in Table 3 to break even for comparison with the maximum LEVs of timber
production forests at the optimal rotation age 25.
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4.3. Comparative Static (Sensitivity) Analysis

Our previous results indicated that the C price plays an important role in the enroll-
ment of forest C sink projects. As a result of this, Equation (8) can be rearranged into
Equation (9) below to further examine the impacts of changes in important parameters on
the minimum required C trading prices via a first-order condition. Equation (9) clearly
shows that a one-time increase in LEVs for future timber production forests and setup
costs of C sink projects would increase the minimum required C credit prices, whereas an
increase in LEVs of future C sink forests, tending costs of timber production forests, and
available C sinks on site would decrease the minimum required C credit prices for program
enrollments. These results show that a reduction in the setup costs of C sink projects
or increases in the future LEVs of C sink forests could effectively reduce the minimum
required C credit prices to break even with the base case LEVs of timber production forests.

Pc
′ =

Cser1t1 + LEV2, timber − LEV2, cs&timber −∑t1
m1=2 At1(m1)er1(t1−m1)

er1(t1−n∗k) ∑n
i=1 Qc(i ∗ k)er1(n−i)k − er1t1 ∑n

i=1 Qc(i ∗ k)(1− α)
(9)

Figure 5 also presents the results of the comparative static (sensitivity) analysis of the
effects of variation in important economic parameters (including tending costs of timber
forests, setup costs of C sink forests, timber prices, and discount rates), related biophysical
conditions and assumptions (i.e., site conditions and the available C offset credits for
trading), and C credit prices on the incremental LEVs of enrolling in larch C sink plantation
projects relative to using the forestland for only timber production. The results in Figure 5
indicate that increasing tending costs of timber forests, reducing setup costs of C sink
projects, lowering discount rates, and siting C sink projects on high-productivity sites,
all without considering the additionality of forest C sinks on sites, would have positive
impacts on the incremental LEVs of C sink forests. However, the results of our sensitivity
analysis also show that changes in timber prices have negligible impacts on the incremental
LEVs of C sink forests. One primary reason for this is that owners of C sink forestland
could also benefit from timber harvesting after the expiration of C sink contracts. Therefore,
timber prices would concurrently affect the LEVs of both timber production forests and
C sink forests and have minor impacts on the incremental LEVs of C sink forests (due to
limited information on our study sites, this result assumes no difference in the wood quality
of harvested logs between timber production forests and carbon sink forests, which may
not be accurate; future research on wood quality under various forest management regimes
is warranted.).
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Figure 5. Impacts of changes in important parameters in the decision model on the incremental land
expectation values of carbon sink forests compared with timber production forests. In each of the
panels of Figure 5, a horizontal line that intersects the y-axis at the incremental land expectation
value of zero is used to identify the minimum required carbon price (break-even point) that would
justify enrollment in a forest carbon sink project relative to the traditional land-use goal of timber
production for a particular scenario. Note: Scenarios are evaluated based on a 25-year contract term
(all subfigures), a site index of 19 m (a,b,c,d,f), and a 5% real discount rate (a,b,c,e,f), respectively.
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5. Discussion

In this study, the generalized Faustmann model was applied as a decision-making
tool to help private forest farmers in the northwestern Chinese province of Gansu evaluate
the financial attractiveness of participating in a larch C sink plantation project relative
to the traditional land-use goal of timber production. A number of important findings
and policy implications was found regarding the supply of C sink forests and the optimal
eco-compensation for program enrollment in the region. First, the results of our case study
indicated that under the current C price rates in the market (including the maximum,
mean, and minimum C prices), enrolling in a larch C sink project with any contract terms
and site conditions could not be supported on economic grounds. These results suggest
that the current C trading prices in China may still be too low; therefore, a subsidy or eco-
compensation is required from the government to encourage forest farmers to enroll in these
programs. However, the results of our case study also indicated that a forest farmers would
have sufficient economic incentives and motivation to spontaneously participate in a forest
C sink project with a 20-, 25-, or 30-year term under any site conditions when the C price is at
the theoretically optimal level of CNY 110/tCO2e (equivalent to USD 17/tCO2e). As a result,
the Chinese central or local governments could act as catalysts for the financial protection
of forest C sink projects by continuously supporting the development of C exchange
markets. For example, once the C price rates in China are similar to the global price levels
of USD 40–80/tCO2e (equivalent to CNY 260–520/tCO2e) in 2020, as recommended by
the High-Level Commission on C Prices [42], it is highly possible that participating in a
forest C sink project could generate greater financial benefits than the timber production
forests. Moreover, it may be socially optimal never to harvest the trees, as indicated by
Hartman [13], if the values of standing forests (e.g., C sequestration, forest recreation, etc.)
are high enough.

The results of our analysis also revealed that forest farmers who enroll in a 25-year
term larch C sink plantation project would generate more revenue (or less loss) on their
forestlands compared with the other two project terms investigated in this study. These
results indicate that there exists an optimal contract term of C sink projects, and forest
farmers could refer to the optimal economic rotation age of the selected tree species as a
basis to choose a contract term for profit maximization. These findings also imply that
each forest C sink project should be evaluated independently according to its biophysical
(e.g., tree species, site conditions, C stock) and economic (e.g., C price rates, opportunity
costs of original land-use goal) conditions. Thus, a “one-size-fits-all” policy on forest
C sink-related issues may not be the best policy or preferred strategy for policy makers and
forest managers. This aspect is vital, especially when governments give financial support
in the form of subsidies or compensation to participating farmers.

The results of our analysis with consideration of C leakage penalty at the time of
harvest (shown in Table 2) reveal that the potential C leakage penalty could exert the
greatest effect on incremental benefits under the highest C price scenario in our analysis.
For example, when comparing the results in Table 2 with the results evaluated under
the scenario of no penalty for C leakage at harvest (see Table A3 in Appendix B), the
incremental benefits of participating in a forest C sink project would be reduced by less
than 3% under the minimum C trading price of CNY 3.8/tCO2e to more than 30% under the
optimal C price rate of CNY 110/tCO2e. This result indicates that the issue of a C leakage
penalty may discourage forest farmers from program enrollment if harvesting trees after the
expiration of the contract term is an option and if the C trading prices would be increasing
in the future. While the Chinese government does not currently charge a penalty on
C leakage at the time of harvest, many studies tend to consider C leakage penalties that are
incurred at tree harvest (e.g., [43]) and examine the leakage effects on LEV from society’s
perspective. Therefore, policymakers should also design a better mechanism to incentivize
forest farmers voluntary participation in forest C sink projects.
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The potential net benefits of enrolling in a larch C sink plantation project compared
with managing the forestland for timber production in the study region are thoroughly
discussed and are presented in our decision matrix in Table 2 in order to guide policymakers
toward the optimal eco-compensation of forest C sink projects. The minimum required
C credit prices presented in our study also provide useful information for forest farmers
in the evaluation of various scenarios for program participation. However, it should also
be acknowledged that there is only one C price in the marketplace (i.e., the Law of One
Price prevails), which would make it less likely and more difficult for forest farmers with
poor-productivity sites to participate in forest C sink projects. Thus, caution must be taken
when interpreting our results.

Finally, several important results emerged when examining the impacts of changes in
parameters in the decision model on the net benefits of forest C sink projects. Specifically,
from the benefit side, our results indicate that increasing the available C offset credits for
trading has a large effect on financial returns to forest farmers (see Figure 5f), a scenario
without consideration of additionality). From the cost side, reducing the setup costs of
forest C sink projects could also significantly increase the net income from managing
C sink forests (see Figure 5b). This information provides valuable insights for governments
regarding the development and improvement of the forest C sink market, such as by
building managerial capacity, establishing forest C sink cooperatives, and disclosing project
information more transparently to reduce transaction costs. Moreover, it is important
to note that a 100% reduction in tending costs of timber forests or initial setup costs of
C forests is unrealistic in practice. Thus, our sensitivity analysis results may imply that
the Chinese central government may need to intervene and pay for the C sequestered
under the business-as-usual scenario (i.e., the land-use goal of timber production) and
furthermore consider subsidizing the initial setup costs of forest C sink projects through
public funding to incentivize the participation in forest C sink projects by forest farmers.
As shown in Figure 5b, forest farmers would have enough economic incentives (with a
gain of CNY 130/ha) to participate in a forest C sink project at the current average C price
of CNY 19.8/tCO2e if the government could subsidize 50% of the setup costs of C sink
projects. We consider this type of cost-sharing mechanism a more viable policy alternative
for participation in forest C sink projects. Finally, we also propose that the government can
conduct related measures to stabilize the price of C market. For instance, compensating
forest farmers when C price in the market is below the minimum required (threshold)
C prices as shown in Table 3 and adopting a lower discount rate (e.g., 1% or 2%) to increase
forest asset values for private forest enterprises, as suggested by Sauter and Mußhoff [44],
could significantly increase forest farmers’ interests of participation in such project. All
of these measures could also help the Chinese government reach the C neutrality goals
in 2060.

Although this study was conducted from the perspective of private forest farmers and
specifically focused on small-scale tree growers who have only one stand to evaluate the
potential financial benefits of the conversion of land from timber production forests to C sink
forests, the analytical framework and economic model could be applied to other alternative
land-use options. A further extension of the research would be an assessment of the Grain
for Green program in China (The Grain for Green Project is a nationwide program in China
in which the central government pays farmers to revert sloping or marginal farmland to
forests or grass and is the largest ecological restoration and rural development program in
the world. The objective of the program is to improve the ecological conditions and the
livelihood of millions of people in rural China. See Delang and Yuan [45] for a review of
the program). Future research directions include investigating the optimal subsidy or eco-
compensation for farmers reverting sloping or marginal farmland to forests or grass, where
timber harvesting or ranching is not allowed indefinitely. Analysis of factors influencing
forest farmer’s decision-making behavior for program enrollment and the issue of available
C offset credits for trading (i.e., additionality) on existing managed forestlands also warrant
future research.
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Appendix A. Tree Growth and Yield Projections

Following Jin et al. [33], the Richards growth function of average larch tree height,
diameter at breast height, and other related parameters used in this study under different
site index in Gansu province are presented below (Table A1):

H(t) = a×
(
1− e−ct)b (A1)

Table A1. Regression parameters for a, b, and c under each site index.

Site Index a b c

13 22.153 1.471 0.07
19 29.524 1.422 0.07

Data Source: Jin et al. [33].

The tree growth and yield functions for larch are therefore specified as follows:

H1(t) = 22.153×
(
1− e−0.07t)1.471

H2(t) = 29.524×
(
1− e−0.07t)1.422

D(t) = 20.252×
(
1− e−0.112t)2.034

where H1(t), H2(t), and D(t) represent the average tree heights (m) on low-productivity
(SI 13 m) and high-productivity (SI 19 m) sites at age t and tree diameter at breast height (cm)
at age t per stem, respectively.

Based on the timber yield function from Li and Zeng [46], the stand volume can be
expressed as

Q(t) = 0.0699× D(t)1.8143 × Hi(t)
1.0024×NTREE (A2)

where Q(t) is the stand volume of larch per hectare at age t, in cubic meters (m3/ha),
which includes bark but excludes the stump; and NTREE represents the planting density
per hectare (stems/ha).

Appendix B. Measurement of C Stocks on Site

Following the Guidelines of Carbon Sink Plantation Projects from the National Forestry
and Grassland Administration of China [8], the number of C credits earned from C sink
projects is expressed as

Qc(t) = CACTUAL,t − CBSL,t (A3)

where Qc(t) denotes the additional C sinks (tCO2e/ha/year) generated from the project
at year t, which also represents the carbon credits that forest farmers can earn when
enrolling in a forest carbon sink project; CACTUAL,t is the amount of C sink at year t from
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C sink forests, and CBSL,t represents the amount of baseline C sink at year t from timber
production forests.

The measurement of C stock of the project assumed that there are no natural distur-
bances (e.g., forest fires, pest outbreaks) on site that would alter the C stock. The inventory
of C stock in all C pools can be determined as follows:

CACTUAL,t = CTREE,t + CSHRUB,t + CDW,t + CLI,t + SOCAL,t (A4)

where CTREE,t, CSHRUB,t, CDW,t, CLI,t, and SOCAL,t represent the amounts of the C se-
questered in tree biomass, shrubs, deadwood, litter, and soil at stand age t, respectively.

The estimation of C stock in tree biomass can be presented in Equations (A5)–(A7) below.

BSTEM,t = e(−3.358+0.9552 ln(D2 H)) (A5)

BTREE,t = BSTEM,t × (1 + RTREE)× NTREE (A6)

CTREE,t =
44
12
× BTREE,t × CFTREE (A7)

BSTEM,t in Equation (A5) represents the aboveground tree biomass per stem (kg/stem)
in year t, where the parameters used in the stem biomass function are from Cheng et al. [47];
BTREE,t in Equation (A6) denotes the tree biomass per hectare in year t, expressed in metric
tons (ton/ha/year); RTREE is the ratio of belowground biomass to aboveground biomass;
and NTREE represents the planting density per hectare (stems/ha). In Equation (A7),
CTREE,t indicates the C stock in trees per hectare in year t (tCO2e/ha/year); CFTREE repre-
sents the C fraction of tree biomass, and 44/12 represents the ratio of the molecular weight
of CO2 to that of C.

The measurements of C stock in shrubs, dead wood, litter, and soil are described by
Equations (A8) to (A12) below.

BSHRUB,t = BDR× BTREE,t × CCSHRUB,t (A8)

CSHRUB,t =
44
12
× CFs × (1 + Rs)× BSHRUB,t (A9)

CDW,t = CTREE,t × DFDW (A10)

CLI,t = CTREE,t × DFLI (A11)

SOCAL,t =
44
12
× dSOCt × t (A12)

BSHRUB,t in Equation (A8) represents the biomass in shrubs per hectare in year
t (ton/ha/year), BDR represents the ratio of shrub biomass to the aboveground tree
biomass per hectare in forest, and CCSHRUB,t represents crown cover of shrubs in shrub
biomass in year t; CSHRUB,t in Equation (A9) is the C stock in shrubs per hectare in year
t (tCO2e/ha/year), and CFs represents the C fraction of shrub biomass, Rs represents
root-shoot ratio for shrubs; CDW,t in Equation (A10) represents the C stock in dead wood
per hectare in year t (tCO2e/ha/year), and DFDW represents C stock in dead wood as a
percentage of C stock in tree biomass; CLI,t in Equation (A11) represents the C stock in litter
per hectare in year t (tCO2e/ha/year), and DFLI expresses C stock in litter as a percentage
of C stock in tree biomass; SOCAL,t in Equation (A12) is the C stock in soil per hectare in
year t (tCO2e/ha/year), and dSOCt represents the annual change in soil organic C stock in
soil per hectare (ton C/ha/year). The definition of the input parameters and values used in
the equations above are also shown in Table A2.
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Table A2. Parameters used for carbon stock measurement in larch at the study site.

Parameter Definition (Unit) Value

RTREE Ratio of belowground biomass to aboveground biomass (percent) 21.5
CFTREE Carbon fraction of tree biomass (percent) 52.1
NTREE Planting density (stems/ha) 2000

CFs Carbon fraction of shrub biomass (precent) 47
Rs Root-shoot ratio for shrubs (percent) 69

BDR Ratio of shrub biomass per hectare to the aboveground tree biomass per
hectare in forest (percent) 10

CCSHRUB,t Crown cover of shrubs in shrub biomass in year t (percent) 10

DFDW
Carbon stock in dead wood as a percentage of carbon stock in tree

biomass (percent) 3.11

DFLI
Carbon stock in litter as a percentage of carbon stock in tree

biomass (percent) 4.0

dSOCt Soil organic carbon stock per hectare per year (ton/ha/year) 0.8
Data source: National Forestry and Grassland Administration of China [8].

Table A3. Incremental land expectation values (net benefits) of enrolling in a larch carbon sink
plantation project compared with managing the forestland for timber production in northwestern
China (evaluated with no penalty on carbon leakage at the time of harvest).

Carbon
Trading Price

Term of Carbon
Sink Project

Site Condition

High Productivity
(SI = 19)

Low Productivity
(SI = 13)

Optimal carbon price
(CNY 110/tCO2e)

20 years 1243 909

25 years 1643 1251

30 years 1173 951

Maximum trading
price of carbon

(CNY 37.9/tCO2e)

20 years −298 −413

25 years −190 −314

30 years −849 −775

Mean trading price of
carbon

(CNY 19.8/tCO2e)

20 years −686 −746

25 years −651 −708

30 years −1357 −1209

Minimum trading
price of carbon

(CNY 3.8/tCO2e)

20 years −1028 −1040

25 years −1058 −1055

30 years −1806 −1592
SI, site index (which represents the top height (in meters) at a breast height age of 18 years); tCO2e, tons of carbon
dioxide equivalent. Note: Values are evaluated at a 5% discount rate. A gray cell represents an additional loss
(less than CNY 0/ha) for participating in a forest carbon sink project compared with the land expectation value of
timber production forestland (base case) under the corresponding site condition, carbon sink project term, and
trading price of carbon. An unshaded cell indicates an additional benefit of enrolling in a larch carbon sink project
relative to using forestland for timber production.
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