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Abstract: We take the forest insurance supply chain, composed of a forestry enterprise and an
insurance company, as the research object. The forestry carbon sink, operated by the forestry
enterprise, is the subject matter of insurance. The Stackelberg game model is constructed to study
the optimal strategies of the forestry enterprise and insurance company under the forest insurance
mechanism, as well as the impact of government subsidies, probability of deforestation, and carbon
limit level on the decision-making and profit of the forestry enterprise and insurance company.
The results show that the larger the carbon limit, the looser carbon restraint policy, which causes the
forestry enterprise to reduce the scale of carbon sink forest, and the insurance company lowers the
premium level. As the probability of deforestation increases, both the scale of the carbon sink forest
and the premium level will decrease. Direct subsidies for the premiums of the forestry enterprise
are conducive to expanding the scale of carbon sink forest, but will lead to the insurance company
improving the premium level. Providing indirect subsidies to the insurance company’s operating
costs will not only expand the scale of the carbon sink forest, but also lower the premium level. In the
case of the same number of premium subsidies, indirect subsidies are more effective than direct
subsidies in increasing the forestry enterprise’s income and promoting it to expand the forest scale.

Keywords: forestry carbon sink; forest insurance; insurance subsidy; sustainable development

1. Introduction

As climate warming is considered to be intensifying, countries around the world are committed
to exploring effective measures to mitigate climate change. Forests are the mainstay of terrestrial
ecosystems that can sequester large amounts of carbon from the atmosphere [1,2]. The use of forestry
carbon sequestration is less economical than the enterprise’s ability to reduce emissions through
technology, which has greater potential to alleviate climate warming and promote sustainable human
development [3,4]. Expanding forest area and promoting forest growth through artificial activities,
such as afforestation and management, have significant potential for emission reduction [5-9]. In the
United States, for example, forest resources in its territory can offset one-eighth annual carbon dioxide
emissions in the country [10]. Based on scenario paths, some scholars have pointed out that as forests
continue to expand and woods continue to rise in energy consumption, no other emission reduction
measures are needed in the future except forestry carbon sinks [11]. Therefore, scholars believe that
forestry carbon sinks are the key to addressing urgent global issues such as climate change and energy
shortages [12].

Forests are vulnerable to various natural disasters and human activities. The deterioration of
soil and climatic conditions, aging of trees, and improper logging can cause great damage to forest
growth [13-20], which affects carbon sequestration in forests and reduces the output of forestry carbon
sinks. As one of the important measures to enhance the risk resistance ability of forestry, forest
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insurance can ensure the rapid recovery of forestry production and operation after the disaster, reduce
the risk of forestry investment and financing, and promote the sustainable operation of forestry.

Some researchers studied the role of insurance system in increasing forestry carbon sink output.
Subak et al. [21] emphasized that insurance plays an important role in bridging forestry carbon losses
and protecting the sustainable export of forestry carbon sink. However, the existing insurance contract
for protecting forestry carbon sink is insufficient, and innovations in insurance content and method are
needed. Hartebrodt et al. [22-24] studied the pricing of forestry carbon sink insurance from climate
change trends and carbon price fluctuations. They found that various factors need to be considered
when pricing insurance, such as disaster risk and forestry enterprise’s willingness to pay for the
insurance. Cairns and Lasserre [25] believed that forestry carbon sink management is an act which
is under the risk of multiple climate disasters. Once the risk occurs, the entire insurance system
will suffer great losses. Strengthening the construction of forestry carbon sink trading market and
insurance market through effective government guidance policies (carbon limit policy, forestry carbon
sink project financing policy, etc.) can minimize risks. However, there are no in-depth researches
or discussions on how risk of disaster, forest management cost, carbon limit level, and government
subsidies affect the decisions of forest enterprises and insurance companies.

It is clear that government subsidies can enhance the willingness of forestry enterprises and
insurance companies to participate in forestry carbon sink insurance. However, the standards and
quotas of subsidy for forest insurance are still insufficient compared with agricultural insurance. Thus,
the government needs to further expand the category and scope of forestry subsidies [26-28]. Some
scholars analyzed how to improve the subsidy efficiency of forest insurance and found that a single
increase in the proportion of insurance subsidies can indeed enhance the willingness of forest owners
to purchase insurance, but it also leads to the poor efficiency of subsidy [29-31]. The effective insurance
needs, types of disasters, development level of the insurance industry, and dependence on subsidies in
different areas vary highly. These factors will affect the efficiency of government subsidies. So, it is
necessary to implement differentiated premium subsidy policies and establish a multilevel subsidy
system [32,33]. There are few studies on indirect subsidies (subsidies for insurance companies). These
researchers emphasized that to stimulate insurance companies to innovate forest insurance products
and increase insurance supply, the government should take measures such as subsidizing the insurance
company’s business expenses and giving it certain tax preferences [34-36]. Overall, the current papers
on how to improve the efficiency of direct subsidies (subsidies to forestry enterprises) are still based on
qualitative discussion, which inevitably can be driven either by the personal subjectivity of researchers
or by organized interests. To the best of our knowledge, researches that compare the efficiency of direct
subsidies and indirect subsidies have not been documented.

Based on the above research review, we study an insurance contract supply chain consisting of
a single forestry enterprise and a single insurance company (as can be seen in Figure 1). Two types
of subsidies are compared: Subsidizing the insurance premiums of the forestry enterprise (direct
subsidies) and subsidizing the operating expenses of the insurance company (indirect subsidies).
The forestry enterprise signs the forestry carbon sink insurance contract with the insurance company.
By constructing the Stackelberg game model, we explore the decision-making of the scale of the
carbon sink forest of forestry enterprise and the premium of the insurance company under the
insurance mechanism, as well as analyze the impact of insurance subsidies and carbon limit levels
on decision-making and profits of forest enterprise and insurance company. We also compare the
efficiency of direct subsidies and indirect subsidies.
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Figure 1. Forestry carbon sinks insurance contract supply chain.

The main innovations and contributions of this paper are as follows. First, we study the carbon
sink forest management strategy under the forest insurance mechanism and explore the impact of
various factors, such as government subsidies, carbon limit level on the decision-making, and profit of
forestry enterprise and insurance company. Second, we compare the efficiency of the direct subsidies
to the forestry enterprise and the indirect subsidies to the insurance company. It is concluded that
under the same amount of subsidy, indirect subsidies are more efficient in increasing the income of the
forestry enterprise.

2. Assumptions and Parameter Settings

2.1. Parameter Setting

Table 1 shows the major notations used in this paper.

Table 1. Notations.

Notations Meaning

a The marginal contribution rate of carbon limit to the market price of carbon sink
The influence coefficient of the carbon sink forest’s scale on the market price of

e carbon sink
b The initial market price of forestry carbon sink
co The cost of producing unit product, including necessary means of production, etc.
c1 The cost coefficient of carbon sink forest of the forestry enterprise
1553 The unit operating cost of the insurance company
Egq The average carbon limit level, indicating the stringency of carbon constraint policy
k The probability of disaster occurrence
qe The scale of carbon sink forest
r The unit insurance premium of carbon sink forest
€ The carbon sequestration rate of unit carbon sink forest
o The proportion coefficient of insurance company’s compensation for operating cost
of carbon sink forest when deforestation disaster occurs
01 The subsidy rate for forestry enterprise’s insurance premium
0, The subsidy rate for insurance company
e The expected profit of forestry enterprise
e The expected profit of insurance company

2.2. Basic Assumptions

Combining the characteristics and business model of forest insurance and forestry carbon sinks,
the following three assumptions are proposed:

e  Forestry production with the characteristic of uneconomical scale, so the production cost of the
carbon sink forest is set as a quadratic production function [37], that is

C(qgc) = cogc + Clﬂc2
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For the convenience of calculation, cp = 0 is assumed in this paper without loss of generality [38].
e  Both the scale of the carbon sink forest and the average carbon limit level affect the market price

of the carbon sink: When the scale of the carbon sink forest expands, the forestry enterprise can

provide more forestry carbon sinks, so the price of the forestry carbon sinks will drop. On the

other hand, when the carbon limit policy of the government is looser, the market demand of the

manufacturing enterprise will be smaller, the price will also drop [39]. Therefore, the carbon sink

price is

Py =b-a1Eg—aeq.

where a1 E, represents the impact of the average carbon limit level on the price and a4, represents
the impact of the scale of the carbon sink forest on the price. In order to continue the study, we
assume that b is much larger than a1 E¢ and az¢4c.

e  The operating costs of the insurance company are positively related to the scale of the carbon sink
forest insured. We express it with the following formula:

C(r) = c2qc

From the formula, we can see that the larger the scale of the carbon sink forest insured, the greater
the costs of relevant surveys, loss assessment, equipment use, and professional employment.

2.3. Profit Function

In order to promote the development of the carbon sink market and forest insurance, the
government provides certain subsidies to carbon sink insurance. For the convenience of comparison,
we consider subsidizing the forest enterprise which insures the carbon sink forest and the insurance
company that provides insurance for the carbon sink forest in one model. The subsidies for the forestry
enterprise are reflected in the form of premium discounts, and the subsidies for insurance company
are reflected in the form of operating expenses ratios.

The profit function of the forestry enterprise is:

e = (1- k)(b —mEg - azeqc)eqc + kergta —c1q:2 — (1 - 01)ger (1)

where (b —mE¢—a eqc)eqc represents the revenue from the sale of forestry carbon sinks in the absence
of deforestation; aciq.? represents the insurance compensation that the forestry enterprise could
get when a deforestation disaster occurs; k is the probability of a deforestation disaster occurrence;
c19.2 is the cost of operating carbon sink forests; and (1 — 61)rq. is the insurance cost of carbon sink
forests, where 01 represents the premium subsidy rate and 0;4.r is the government subsidy for
forestry enterprise.

The profit function of the insurance company is:

m; = qer — kergia — (1 - 02)caqgc )

where rq. represents the insurance company has obtained the whole premium; ac;q.* represents the
compensation that the insurance company has to pay in the event of a deforestation disaster; (1 — 03 )c2g.
represents the business cost of operating carbon sink insurance; and ¢4, is the government subsidy
for insurance company.

3. Optimal Strategies of Insurance Parties

The forestry enterprise and the insurance company compose the Stackelberg game relationship [40].
It is assumed that the insurance company is the dominant party and the forest enterprise is the follower.
The backward induction method is used to solve the model.
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3.1. Optimal Strategy of Forest Enterprise
The forestry enterprise is aiming at maximizing profits and determines the scale of the carbon

sink forest. The following conclusions can be drawn:

Proposition 1. The optimal scale of carbon sink forest of the forestry enterprise is

(1-K)B—(1-61)r

qc = 2A (3)

where A = 2(1 —k)age? +2c1 — (1 + 601)kac; > 0,B = (b—a1Eg)£ > 0.

(The proof of Proposition 1 is in Appendix A.1).

It can be seen from Equation (3) that the scale of carbon sink forest is affected by multiple factors
such as insurance subsidies, probability of deforestation disasters occurrence, carbon limit levels, and
operating costs.

3.2. Optimal Strategy of Insurance Company

From the backward induction method, the insurance company’s decision-making model is based
on the optimal strategy of the forestry enterprise. The decision variable is premium, and the decision
model is

maxrt;(r)s.t.equation(3)

Proposition 2. The optimal premium satisfies the following formula:

. (1 —k)BD _ (1 - 62)C2D kC1OL(1 —k)B

IR A T A @

where D = (1 —k)aze? + ¢y —keya > 0.

(The proof of Proposition 2 is in Appendix A.2).

It can be seen from Proposition 2 that the insurance company’s premiums are affected by
many factors such as the probability of deforestation disasters occurrence, carbon limit, and
insurance subsidies.

4. Discussions and Numerical Analysis

In this section, we will discuss the impact of different subsidy methods, the probability of
deforestation disasters occurrence, the average carbon limit level, and the unit cost of operating
carbon sink forest on the decision-making and profits of the forest enterprise and insurance company.
Moreover, the efficiency of direct subsidies and indirect subsidies in promoting the scale of carbon sink
forest and increasing income of the forestry enterprise will be compared. Meanwhile, for illustration
purposes, we present a numerical example here. According to the actual situation of the carbon sink
transaction and the relevant data in the literature [39], the values of the parameters are shown in
Table 2.

Table 2. Parameter values.

Parameter a; ap b 1 ¢ Eg k a £ 01 0,

Value 0.01 0.005 60 25 15 500 0.2 0.9 0.8 0.5 0.5
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4.1. Impact of Insurance Subsidies

Proposition 3. (1) dq./d6, > 0,dq./d0; > 0; (2) dr/d61 > 0, dr/d6, < 0.

(The proof of Proposition 3 is in Appendix A.3).

Proposition 3 shows that both of direct subsidies and indirect subsidies can increase the scale of
carbon sink forest. This is because in the case of direct subsidies, the government shares part of the
insurance expenses, which helps to enhance the enthusiasm of operators to insure and encourage them
to expand the scale of carbon sink forest. In the case of indirect subsidies, the insurance company’s
operating costs are reduced. Therefore, the insurance company is willing to carry out the carbon
sink forest insurance business with lower insurance premiums, which is conducive to increasing the
willingness of the forestry enterprise to participate in insurance and expand the scale of carbon sink
forest. The management enlightenment is that the government can raise the premium subsidy rate for
the forestry enterprise or the operating subsidy rate for the insurance company properly to expand the
scale of carbon sink forest.

Proposition 3 also shows that direct subsidies and indirect subsidies have different effects on
forest insurance premiums. Indirect subsidies can help insurance company reduce premiums, while
direct subsidies can lead to higher insurance costs. This is because in the case of indirect subsidy, the
insurance company’s operating costs are reduced, and it is willing to encourage the forestry enterprise
to increase the forest scale with lower insurance premiums. However, in the case of direct subsidy, the
forestry enterprise’s actual costs of insurance are reduced, and the proper increase of the premium
rate does not affect the enthusiasm of the forestry enterprise to insure and operate forest, which is
consistent with the findings of Qin et al. [27].

In Figures 2 and 3, by numerical analysis, we compare the impact of direct subsidies and indirect
subsidies on the scale of carbon sink forest and the profit of forestry enterprise with the same subsidy
amount. The results of the numerical analysis are consistent when we change the specific values of the
parameters based on relevant references.
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0.3 R
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== e ¥
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Figure 2. The scale of carbon sink forest.
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Figure 3. The profit of the forestry enterprise.

It can be seen from Figures 2 and 3 that with the same government subsidy amount, indirect
subsidies are better than direct subsidies in promoting the forestry enterprise to increase the scale of
carbon sink forest and increasing the profit. This is because Proposition 3 shows that under indirect
subsidies, the insurance company reduces premiums to promote the expansion of the scale of carbon
sink forest and raise the income of the forestry enterprise. However, under direct subsidies, as the
insurance company increases premiums, the effect of direct subsidies on promoting the expansion of
carbon sink forest scale and raising the income of the forestry enterprise will be weakened.

It can also be seen from Figures 2 and 3 that the marginal efficiency of government subsidy is
declining, whether it is direct subsidy or indirect subsidy, which is also in line with the actual situation
of current forest insurance subsidies. Due to this reason, although China’s subsidies for forest insurance
continue to increase, the benefits that the forestry enterprise gained from the subsidy did not achieve
the expected effect of the government. As a result, continued increase in the subsidy ratio will only
lead to financial pressure. These findings are consistent with the researches of Sauter [35] and Ma [36].
The management enlightenment is that in order to solve the problem of insulfficient supply and demand
in the current forest insurance industry, we should consider the differentiated premium subsidy policy
and the multilevel subsidy system.

4.2. Impact of the Probability of Deforestation Occurrence

Proposition 4. dq./dk <0, dr/dk < 0.

(The proof of Proposition 4 is in Appendix A 4).

Proposition 4 shows that as the probability of deforestation occurrence increases, the scale of
carbon sink forest of the forestry enterprise will decrease. This is consistent with our intuition.

Proposition 4 indicates an interesting result that the premium level of the insurance company
decreases with the probability of deforestation occurrence. The reason is that when the probability
of deforestation is high, the management enthusiasm and the willingness to purchase of the forestry
enterprise are low. The insurance company will reduce the insurance premiums properly, in order to
stimulate the enthusiasm of the forestry enterprise to insure. In addition, the higher risk related to
the higher probability of deforestation also plays an important role. Higher risk can lead to poorer
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management which will bring many negative impacts. The management enlightenment is that before
managing carbon sink forest, the forestry enterprise should investigate the local climate, soil conditions,
and the occurrence of disasters over the years. Then choose the location where the probability of
deforestation is low and suitable for managing carbon sink forest.

4.3. Impact of Carbon Limit Levels

Proposition 5. dq./dEg <0, dr/dEg < 0.

(The proof of Proposition 5 is in Appendix A.5).

Proposition 5 indicates that the scale of carbon sink forest will decrease as the carbon limit
increases. This is because the larger the carbon limit, the looser the carbon restraint policy, the less the
market demand for forestry carbon sinks. As a result, the carbon sink price will decrease, which leads
to the reduction of the scale of carbon sink forest.

Proposition 5 also shows that forest insurance premiums decrease as the carbon limit increases.
The reason is as follows: For the insurance company, the higher the carbon limit, the lower the carbon
price, which results in the forestry enterprise reducing the scale of carbon sink forest. In order to
encourage the forestry enterprise to increase the scale of forest and achieve more premium income, the
insurance company needs to lower the level of premiums properly.

The management revelation of Proposition 5 is that when the government implements a proper
tight carbon limit policy and lowers the carbon limit level, the benefits are clear: The forestry enterprise
will increase the scale of carbon sink forest and the development of the carbon sink forest insurance
market can be promoted.

4.4. Impact of Unit Management Cost of Insurance Company

Proposition 6. dg./dcy <0, dr/dcy > 0.

(The proof of Proposition 6 is in Appendix A.6).

Proposition 6 indicates that the scale of carbon sink forest will decrease with the unit operating
cost of the insurance company. On the contrary, the insurance premium will increase with the unit
operating cost. For the insurance company, it is obvious that to ensure its profitability, higher unit cost
of operating carbon sink insurance leads to higher premium price. With the increase of premium, the
cost of purchasing carbon sink forest insurance has increased. As a result, the forestry enterprise will
reduce the scale of carbon sink forest.

The management inspiration of Proposition 6 is that subsidizing the operating costs of insurance
company is not only conducive to reducing the price level of premium, but also beneficial to increasing
the scale of carbon sink forest. So, indirect subsidy is an effective method.

4.5. Impact of Insurance Compensation Ratio

Proposition 7. dg./da > 0, dr/da > 0.

(The proof of Proposition 7 is in Appendix A.7).

Proposition 7 indicates that both the scale of the carbon sink forest and the insurance premium
increase as the proportion of insurance compensation increases. This is because for the forest enterprise,
the greater the proportion of compensation of the insurance company, the higher the amount of
compensation it can obtain after the deforestation disaster, which is conducive to expanding the scale
of the carbon sink forest. However, when the amount of compensation is great, the insurance company
has to increase its insurance premium to maintain profit level.
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5. Conclusions

We take the forestry carbon sink as the insurance target. By constructing the Stackelberg game
model, we study the carbon sink forest management strategy under the forest insurance mechanism
and analyze the impacts of government subsidies, probability of deforestation disasters occurrence,
carbon limit levels on the decision-making, and profit of the forestry enterprise and insurance company.
Moreover, the efficiency of direct subsidies and indirect subsidies in promoting the scale of carbon
sink forest and increasing the income of forestry enterprise are compared. The results show that
although direct subsidies can encourage the forestry enterprise to expand the scale of carbon sink forest
and achieve higher income, it will also lead the insurance company to increase its premiums, which
will have a bad influence on the enthusiasm of both parties. On the other hand, indirect subsidies
guide the insurance company to lower the premium level and greatly increase the forestry enterprise’s
willingness to insure by reducing the pressure on the operating costs of insurance company. In addition,
in the case of the same number of premium subsidies, indirect subsidies are more effective than direct
subsidies in promoting forestry enterprise to expand forest scale and increase income. The scale of
carbon sinks forest and forest insurance premium decrease with carbon limit. The scale of carbon
sink forest will decrease while the insurance premium will increase with the unit operating cost of
insurance company.

In this article, the financial constraints of forestry enterprise have not been considered. However,
this might be a common problem in operation. Under the financial constraints and insurance
mechanism, how does the forestry enterprise use forestry carbon sinks to finance? Is there a proper
carbon sink forest production risk sharing mechanism to promote the operation of carbon sink forest?
These can be the direction for further researches.
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Appendix A

Appendix A.1. Proof of Proposition 1

From Equation (1), we can derive that

dm,
=(1-k)B=-2A-(1-04)r
i (1-k) ( 1)
2
e _ o4 <o
dqc?

Therefore, 7tc(q.) is a concave function about g. Thus, dn./dg. = 0, we can obtain Equation (3).

A = 2(1-k)age® +2c1 — (14 601)c; = 2(1-k)aze? 4 [2— (1 + 61)ka]cy, because, 0 < k < 1,
0<61<1,0<a<1,80,1-k>0,2- (14 61)ka > 0. And we can derive that A > 0.

B= (b - alEg)s, ¢ > 0, because we assume that b is much larger than 4, E; in basic assumptions,

so, (b - alEg)s > 0. And we can derive that B > 0.
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Appendix A.2. Proof of Proposition 2

We bring the optimal solution of 4. into Equation (2). Then deriving the formula and we can find
that

dn;  (1-k)B-2(1-0y)r [(1-01)*r - (1-k)(1-01)B]kcra L (1-0)(1-0)c

dr 2D 2D? 2D

dzﬂl' o 1-64 (1 - 61)2kC10L 0
2 D w2
Therefore, 7t;(r) is a concave function about r. Thus, d7;/dr = 0, we can obtain Equation (4).
D = (1-k)aze® +c; —kcja = (1 —k)aze? + (1 —ka)cy, because, 0 <k <1,0<a <1,s0,1—k >0,
1 —ka > 0. And we can derive that D > 0.

Appendix A.3. Proof of Proposition 3

From Equations (3) and (4), we can derive that

dgc  kepa(1-k)B L (1-62)eD _  dge _ (1-61)c
e, 2A2 A2 "do, 24

>0,

From Equation (4), it is easy to find that

dr N (1 - k)BD kcla(l - k)BD kcla(l - 62)C2D I [kcla(l - k)B]kcla

- = >0,
d61 (1 - 91)214 (1 - 61)A2 A2 A?
dr - C2D
i, a4 <Y
Appendix A.4. Proof of Proposition 4
From Equations (3) and (4), we can derive that
dgc  [(1401)cia—2c1]B (1-01)(1- 62)C2[2512€2 +(1+ Gl)cla] -0

dk 2A2 2A2

From Equation (4), it is easy to find that

dr _ _ B[D-(1-61)(1-k)cya] _ c1a(1-k)(aze>+c1)B
dk — (1-61)A A?
c1a(1-61)(1-02)ca (a2e2+¢1)  craf2ke;—(1+0; )kera B
- Yy — Y <0

Appendix A.5. Proof of Proposition 5

From Equations (3) and (4), we can derive that

dge _ _me(l-k) <0
dE, 24

From Equation (4), it is easy to find that

dr (1-k)areD  kerae(1—k)age

i, (1-0)A A <0
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Appendix A.6. Proof of Proposition 6

From Equations (3) and (4), we can derive that

dge — (1-61)(1-6,)

dC2 - 2A <0
From Equation (4), it is easy to find that
dr _(1-0)D
d02 A

Appendix A.7. Proof of Proposition 7

From Equations (3) and (4), we can get that

(1-k)B—(1-61)(1-02)c2

ge = A >0

Because, A = 2(1 —k)aze? + 2c; — (1 + 01 )kac; > 0,50, (1—k)B— (1-01)(1-62)c2 > 0.
From Equations (3) and (4), we can derive that

dge _ [(A1-K)B-(1-01)(1-0s)cr](1 + On)ker

da 2A2 0

From Equation (4), we can get that

dr _ ka|(1-kjme? +er][(1-K)B -~ (1-61)(1 - 62)cs]

da A? >0
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