RAIRO Operations Research
www.rairo-ro.org

RAIRO-Oper. Res. 55 (2021) 521–544
https://doi.org/10.1051/ro/2021006

OPTIMAL STRATEGIES FOR A CAPITAL CONSTRAINED
CONTRACT-FARMING SUPPLY CHAIN WITH YIELD INSURANCE

Ligang Shi1 , Tao Pang2 and Hongjun Peng1,∗
Abstract. We consider a capital-constrained contract-farming supply chain with a risk-averse farmer
and a risk-neutral agro-dealer, where the farmer faces some yield uncertainty that can be covered by
insurance. Using the Stackelberg model, we derive the optimal strategies on the insured level, production
and wholesale price. The result shows that farmers with low risk aversion tend not to be insured, while
those with high risk aversion tend to insure. Further analysis indicates that, as the degree of the
farmer’s risk aversion increases, the farm size decreases, but the yield per unit area and the wholesale
price of the agricultural product increases. In addition, yield insurance and premium subsidies can
lead to a decrease of the yield per unit area. However, the expansion of the farm size can compensate
for the inhibitory effect of the decrease of yield per unit area on the total yield, and thus the total
yield increases. We also find that when the premium subsidy rate is low, the yield insurance’s value
to farmers is negative. Moreover, the yield insurance’s value to farmers increases with respect to the
bank’s interest rate.
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1. Introduction
Due to unpredictable conditions such as weather, pests and diseases, there are some yield uncertainties in the
agricultural production. Between 2005 and 2015, approximately USD 96 billion was lost as a result of declines in
crop and livestock production in developing countries following natural disasters [22]. In addition, agriculture in
developing countries is predominantly a smallholder economy, and the frequent occurrence of natural disasters
poses a great challenge to farmers’ production activities [5]. A very effective solution to mitigate the farmers’
losses due to natural disasters is agricultural insurance. Actually, many countries and regions actively explore
policy-based agricultural yield insurance systems [16]. Under the yield insurance, when the actual crop yield
falls below a certain threshold yield level, the insurance institution compensates the farmers up to the certain
yield level. Therefore, the insurance can protect the farmers’ expected income up to a certain level.
In recent years, contract farming has become increasingly popular in many countries [23]. More than 60% of
large farms in the United States have used contracts, covering roughly 40% of the annual value of agricultural
products. Although contract farming emerged late in China, it has been widely promoted and becomes more and
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Figure 1. Framework of contract-farming supply chain financial system with insurance.
more popular since the 1990s. The emergence of contract farming provides a stable sales channel for agricultural
products, so the contract farmers have the motivation to expand the farm size [28], and then have increasing
demands for financial resources [13,20]. However, due to the long production cycle of agriculture and the threat
of yield uncertainty, farmers always face financing difficulties [26]. In 2016, the rural financial deficit in China
has reached CNY 3 trillion, and less than 20% of the farmers get loans from financial institutions [34].
Despite of the contract farming popularity, there are still many open questions to be answered. For example,
how does financing rate affect the decision of the contract-farming supply chain? Can yield insurance and
premium subsidies encourage farmers to expand farm size and promote yield per unit area of agricultural
products? Can premium subsidies encourage farmers to attend yield insurance? We aim at finding the answers
for those questions.
We consider a contract-farming supply chain with a risk-averse farmer and a risk-neutral agro-dealer (see
Fig. 1). The farmer faces some yield uncertainty and capital constraint, and the market price of agricultural
products is also uncertain. The farmer needs to apply for bank loans before the production season. In order to
reduce the risk of yield uncertainty, the farmer can purchase the yield uncertainty insurance. The government
can encourage farmers to purchase the insurance by providing premium subsidies. If farmers purchase yield
insurance from the insurance company, they need to decide the level of yield guarantee. As a result, if the yield
turns out to be lower that the guaranteed level, the insurance company will pay compensation according to
the insurance policy. We will analyze the impacts on premium subsidies, financing rate, the risk-averse degree
and yield uncertainty on the optimal decisions and profits of the contract-farming supply chain, and discuss the
value of yield insurance to farmers.
The rest of the paper is organized as follows. In Section 2, we review the relevant literature and summarize
the differences between this paper and current literature. We provide details of our model in Section 3. In
Section 4, we characterize the equilibrium decisions of the contract-farming supply chain under the yield insurance mechanism. In Section 5, we give some discussions and provide some managerial insights. We conclude the
paper and suggest some possible extensions in Section 6.

2. Literature review and motivations
In this section, we review some literature on agricultural insurance, supply chain finance and agricultural
supply chain management, respectively.

2.1. Agricultural insurance
Some researchers concern farmers’ willingness to participate in the insurance. Ahmad et al. [2] analyze the
effect of farmers’ risk attitude and risk perception on the decision of the agricultural insurance sector by
investigating 402 wheat-producing farmers in Punjab, Pakistan. Based on a survey of farmers in Heilongjiang
Province, China, Liu et al. [31] find that farmers from flooded areas have a higher willingness to pay for index
insurance than those from non-flooded areas.
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In addition, the impact of agricultural insurance has received many attentions. Cai [8] uses a natural experiment to analyze the impact of agricultural insurance. The result shows that attending insurance increases the
crop production and the credit demand of farmers, but has no effect on household savings. Through an experiment of smallholder farmers in Bangladesh, Hill et al. [29] find that agricultural insurance expands the farm
size, which lead to an increase in agricultural input expenditures. However, some authors get the result that
agricultural insurance may result in moral hazard and adverse selection of farmers [27, 33].
To encourage farmers to attend insurance, governments always carry out premium subsidies policy. Based on
the annual crop data of about 180 000 counties, Yu et al. [53] show that premium subsidies increase the farm size
and expected profits of farmers. Freudenreich et al. [24] demonstrate that premium subsidies can increase the
adoption probability of productivity-enhancing technologies through a framed field experiment with Mexican
maize farmers. Fadhliani et al. [21] use numerical simulation to analyze the impact of crop insurance policy for
risk-averse Indonesian rice farmers. The empirical result shows that higher subsidy rates reduce input use and
the expected yield.
The above literature mostly adopts empirical study based on survey data, and the conclusions are often
inconsistent. In addition, none of them considers the impact of agricultural insurance and premium subsidies
on farmers’ financing strategies. To fill this gap, we develop a game model to study the impact of agricultural
insurance and premium subsidies on the production, price and financing strategies for the capital-constrained
contract-farming supply chain.

2.2. Supply chain finance
There are two main modes of supply chain finance: bank credits (external financing) and trade credits (internal
financing). Buzacott et al. [7] are the first to introduce asset-based financing into production decision-making and
analyze the optimal strategies of the supply chain financing system. Sharma et al. [42] develop a fuzzy inventory
model to investigate the impact of credit policy on the optimality of the solution for the non-instantaneous
deteriorating products. Yang et al. [49] study the advertising strategies of a capital-constrained retailer. The
result shows that the retailer with less initial capital is more likely to invest all of his initial capital in advertising.
Some other literature compares the two financing modes. Chen et al. [10] examine the retailer’s financing
strategy under uncertain demand. They show that trade credit is better than bank credit for channel members
in a wholesale price contract. Zhou et al. [56] show that when retailers are moderately rich, trade credit is better
for the retailer only if the bank interest rate is above the threshold. Wu et al. [47] study the financing strategies
of the green supply chain. The result shows that only when the manufacturer provides trade credit contract for
the retailer, the supply chain can achieve a win–win outcome.
Generally, the above literature mainly focuses on demand uncertainty in capital-constrained supply chain,
and few of them consider yield uncertainty. Except that Peng et al. [37] propose an advance payment with risk
compensation mechanism (APRC) based on yield uncertainty. The result shows that APRC can bring higher
profits to the members of the supply chain when the supplier has less self-capital. However, they do not consider
production insurance in the paper. We will fill the gap in this paper.

2.3. Agricultural supply chain management
More and more authors consider the design of agricultural supply chain contracts in recent years. Niu et al.
[35] analyze cost-sharing contract in the “firm + farmer” model and find that it can achieve a win–win situation
for both channel members when the firm’s cost-sharing ratio is below a threshold level. Huang et al. [30] propose
a moderate order boundary contractual agreement to address the possible decline in quantity and quality of
agricultural products during the production process. The result shows that this agreement can achieve a win–win
situation for both parties by reducing the risk to the grower. Anderson et al. [4] consider a three-level agricultural
supply chain with a fertilizer supplier, a grain grower and a grain buyer and design price compensation contracts
to achieve supply chain coordination.
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Table 1. Comparison of most related existing literature and this paper.
Yield
uncertainty
Niu et al. [35]
Anderson et al. [4]
Ye et al. [51]
Peng et al. [38]
Fu et al. [25]
Wang et al. [46]
Yu et al. [52]
This paper

√
√
√
√
√
√

Supply chain
finance

Risk-averse
decision
maker
√
√
√
√

√
√

√

Agricultural
insurance
√
√

√
√
√
√

Some literature also examines production and pricing decisions in the agricultural supply chain. Ye et al. [50]
study optimal production, price and financing strategies for the farmer who faces yield uncertainty. Considering
yield uncertainty, Peng et al. [38] study the optimal strategies for the three-level contract-farming supply chain
under agricultural subsidy. The result shows that the effect of subsidy on the farmer’s profits depends on their
level of risk aversion. Yan et al. [48] integrate the fairness concern of the manufacturer into a supply chain of
fresh agricultural products and investigate the influence of fairness behavior of the manufacturer on the optimal
decision of fresh agricultural products supply chain.
Only a few papers consider agricultural insurance in the agricultural supply chain. Fu et al. [25] design a risk
transfer mechanism based on weather index insurance to coordinate the supply chain. Wang et al. [46] analyze
the impact of farmers’ risk aversion on supply chain decisions and discuss the value of commercial insurance.
However, they do not consider the financial constraints and premium subsidies mechanism. Considering agricultural cost insurance, Yu et al. [52] construct a three-party game model of an agribusiness firm, a retailer
and government to study the farm size, the purchase price and the subsidy rate strategies for the agricultural
supply chain. However, they do not consider farmers’ risk preferences and insurance decision. In fact, farmers
are usually risk-averse and need to decide whether to attend insurance. In addition, the existing literature only
considers the farmer’s production quantity decision. In fact, farmers always need to decide the production scale
and the effort level. Therefore, in order to make our research much closer to the actual case, we consider a
capital-constrained contract-farming supply chain, where the farmer is risk-averse and faces random yield. We
derive the strategies of the farm size, yield per unit area (effort level) and insurance for the farmer under the
mechanism of yield insurance and premium subsidies.

2.4. Motivations and highlights
Under the mechanism of yield insurance and premium subsidies, we consider the contract-farming supply chain
consisting of a risk-averse farmer and a risk-neutral agro-dealer. We aim to analyze how the yield insurance,
premium subsidies, the risk averse degree, financing cost and yield uncertainty affect the optimal strategies and
profits of the contract-farming supply chain.
Table 1 summarizes the differences of the models considered in this paper and some other existing literature.
In short, the main contributions of this paper are as follows. (1) To the best of our knowledge, we are the
first to study the strategies of the capital-constrained farmer under yield insurance and premium subsidies.
Furthermore, we investigate the value of yield insurance. (2) Instead of only considering the farmer’s production
quantity decision, we analyze the farmer’s optimal strategies of the farm size and yield per unit area (effort
level). We also investigate the insured decision of the farmer. (3) We consider the yield uncertainty, the capital
constraints and the risk preference of the farmer and show how premium subsidies, financing rate, the risk-averse
degree and yield uncertainty affect the decisions and profits of the supply chain.

STRATEGIES FOR CAPITAL CONSTRAINED CONTRACT-FARMING SUPPLY CHAIN

525

3. Notations and model setup
We consider a two-level contract-farming supply chain including a risk-averse farmer and a risk-neutral agrodealer, where the farmer faces some yield uncertainty and capital constraints (see Fig. 1). Before the production
season, the agro-dealer signs an order contract with the farmer in which the wholesale price of the agricultural
products is pre-determined. The farmer then needs to decide whether to buy yield insurance to reduce production
uncertainty risk. After signing the contract and deciding whether to buy insurance, the farmer applies for bank
loans to cover the capital deficit (if any). At the end of the production season, the agro-dealer acquires all the
agricultural products and sells them in the retail market. For convenience, we use subscript f to represent the
farmer and subscript m to represent the agro-dealer.
The following is the list for some main variables and parameters, which is followed by more description and
model setup.
X:
σ2 :
q0 :
q:
s:
s0 :
Q:
c1 :
c2 :
c3 :
w:
p:
a, b:
µ:
λ:
h:
θ:
ζ:
η:
r:
CS:
SW:
f (·), F (·):
πf , πm :

the random yield of agricultural products (E[X] = 1);
the variance of X (Var(X) = σ 2 );
the basic yield per unit area of agricultural products;
the target yield per unit area of agricultural products, the farmer’s decision variable;
the farm size of agricultural products, the farmer’s decision variable;
the threshold for the farm size;
the total target yield of agricultural products (Q = s · q);
the cost per unit area spending on seeds, feeds, etc;
the cost coefficient representing the efficiency of the farmer’s effort to improve the farm size;
the cost coefficient representing the efficiency of the farmer’s effort to improve the farm yield;
the wholesale price of the agricultural product, the agro-dealer’s decision variable;
the retail price of the agricultural product;
The intercept and slope of the anti-demand curve of agricultural products;
the insured yield guarantee level;
the insurance premium per unit area;
the premium subsidies rate per unit area;
the insurance company’s relative security loading;
the farmer’s initial capital;
the degree of the farmer’s risk aversion;
the bank’s interest rate;
consumer surplus
social welfare
the probability density and cumulative distribution of X;
the profits of the farmer and the agro-dealer, respectively.

We denote the target yield per unit area of the farm by q. To describe the yield uncertainty, we assume that
the actual yield per unit area is qX, where X is a random variable with probability density function f (x) and
distribution function F (x). Without loss of generality, we further assume that β is the upper bound for X,
E[X] = 1 and Var(X) = σ 2 .
It is well known that agricultural production is not economical in scale [1,35,38]. In other words, the marginal
basic production cost depends on the farm size s. Denote s0 as the threshold for the farm size, and assume
that when s ≤ s0 , the per unit production cost decreases with respect to the farm size s, due to fixed inputs
for agricultural equipment, specialized and large-scale operations, and when s > s0 , the per unit production
cost increases with respect to s due to capacity constraints. In addition, the total production cost of the farmer
increases as the farm size s increases. Therefore, the basic production cost of the farmer Cb (s) and the production
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Cb (s)
s

should satisfy
dCb (s)
> 0;
ds


 dC b (s) < 0,
ds
 dC b (s) ≥ 0,
ds

s < s0 ;

(3.1)

s ≥ s0 .

Based on the above analysis and similar to Peng et al. [38], we assume that the basic production cost is described
as
Cb (s) = c1 s + c2 (s − s0 )2 ,
where c1 > 0 represents the cost per unit area spending on seeds and feeds, etc. and c2 > 0 is the coefficient
representing the efficiency of the farmer’s effort investment. We assume that the value of c2 is generally small
2
c1
0)
b (s)
and satisfies c2 < 2s
. It is easy to get that dCds
= c1 + 2c2 (s − s0 ) and C b (s) ≡ c1 + c2 (s−s
satisfy the
s
0
situation given by (3.1).
In addition, under the basic production cost input Cb (s), the farmer expects to get the basic yield sq0 .
The farmer can increase the farm yield through more efforts on fertilizing, weed control and pest control, etc.
Therefore, we assume that the total production cost function of the farmer is given by
C(s, q) = c1 s + c2 (s − s0 )2 + c3 (sq − sq0 )2 ,

(3.2)

where c3 is the cost coefficient representing the efficiency of the farmer’s efforts to improve the farm yield,
and c3 (sq − sq0 )2 (q ≥ q0 ) denotes the cost of extra efforts (such as fertilizing, weed control and pest control,
etc) by the farmer in order to improve the farm yield. The Production cost functions (3.1) and (3.2) are also
supported by some practice survey. For example, based on the survey data of farmers in China and Madagascar,
some researchers find that the yield rate and cost-profit rate of agricultural products both show a significant
downward trend after the farm size reaches a certain scale [15, 32].
There are two markets for agricultural products: the wholesale market and the retail market. In the wholesale
market, due to the weak position of the farmer, the wholesale price w of agricultural products is usually
determined by the agro-dealer. In the retail market, the retail price p and the total supply are usually negatively
correlated, i.e., the higher the supply of a good, the lower its price. In this paper, we assume that all the farmers
are homogeneous, so that the total supply is a multiplier of the product amount sqX. In particular, we express
the relationship between the retail price of agricultural products and the supply quantity through a linear
inverse demand function p = a − bsqX, where a is the maximum possible retail price for agricultural products
and b denotes the sensitivity of retail price to changes in the supply of agricultural products.
The farmer faces some yield uncertainty, which brings risk to the farmer. Here we introduce an insurance
that covers some of the loss due to the yield uncertainty. In particular, we assume that the farmer can choose a
yield insurance level µ such that when X < µ, the insurance institutionR pays compensation wsq(µ − X) to the
µ
farmer. It is easy to verify that the insurance company expects to pay 0 wsq(µ − x)f (x)dx.
The insurance premium, λ(µ), is an upfront payment made by the farmer to the insurance company. In
practice, the agricultural insurance premium is quoted as the sum of three factors [18]: (i) the pure premium, (ii)
management fees, and (iii) additional risk premium. The pure premium represents the expected compensation
to the farmer, and management fees and risk additional premium accounts for costs that are proportional to
the pure premium. Therefore, based on the actuarially fair principle [14, 19, 53], the yield uncertainty premium
per unit area satisfies
Z
µ

wq(µ − x)f (x)dx.

λ(µ) = (1 + θ)

(3.3)

0

Rµ
where θ ∈ [0, 1] is the relative security loading of the insurance company; θ 0 wq(µ − x)f (x)dx indicates the
various expenses that the insurance company bears for the insurance policy, mainly including management fees
and additional risk premium. To encourage farmers to purchase the yield uncertainty insurance, the government
may offer some premium subsidies with the rate of h per unit area to farmers who purchase the insurance.
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Since the farmer does not have enough initial capital (ζ) to produce and buy insurance, he needs to get a loan
from a bank. We assume that the bank’s interest rate (r) is exogenous, which is consistent with reality, as banks
usually have uniform lending policies. With the yield insurance, when the yield is lower that the guaranteed
level, the farmer can file a claim to get some payment from the insurance company to cover the loss. Therefore,
the farmer is not at risk of bankruptcy.
In this study, we assume that the farmer is risk-averse and the goal is to maximize the profit CVaR (defined
by (4.2)) by choosing the optimal strategies on the farm size s, the target yield q and the insured yield level µ.
In addition, we assume that the agro-dealer is risk-neutral and the goal is to maximize the expected profit by
choosing the optimal value for the wholesale price w.
The problem can be formulated as a Stackelberg game, where the agro-dealer is the leader and the farmer is
the follower. First, the agro-dealer chooses the optimal wholesale price w to maximize its expected profit πm ,
and then for any given w, the farmer decides the farm size s, target yield per unit area q, and the insured yield
level µ to maximize the profit CVaR. The problem can be solved backward by first figuring out the feedback
optimal strategies of the farmer for any give wholesale price w, and then deriving the optimal wholesale price
w∗ for the agro-dealer.

4. Optimal strategies under the yield uncertainty insurance
4.1. The farmer’s optimal strategies
First we figure out the optimal strategies on farm size s, target unit yield q, and the insured yield level µ for
the farmer, who is the follower in the game. The farmer’s profit is as follows:
πf (s, q, µ) = wsqmax(µ, X) − (1 + r)[C(s, q) + (1 − h)λ(µ)s] + rζ,

(4.1)

where λ(µ) is given by (3.3).
We assume that the farmer is risk-averse, and the farmer considers not only the expected profits, but also the
risk of losses caused by yield uncertainty. There are three widely used risk measures in the existing literature on
risk aversion characteristics: variance, value-at-risk (VaR) and conditional value-at-risk (CVaR). However, the
variance measure in the mean-variance method is determined by gains and losses symmetrically, and it is not
suitable for small probability events [11]. In addition, the VaR method can’t assess the risk of exceeding a certain
loss [41]. Unlike those two risk measures, CVaR can measure the tail loss exceeding VaR, which represents the
average level of excess loss, and that is what the decision makers are concerned about [12]. Therefore, we use
CVaR as the decision criterion to analyze the risk aversion behavior of the farmer [38, 51]. According to the
general definition of CVaR [40], the goal of the risk-averse farmer is to maximize:

1
CVaR1−η (πf (s, q, µ)) = max v +
E[min(πf (s, q, µ) − v, 0)]
v∈R
1−η


(4.2)

where the parameter η ∈ [0, 1) reflects the confidence level in the CVaR, and it also reflects the farmer’s risk
aversion level. A larger η means the farmer is more risk-averse. When η = 0, the farmer maximize the expected
profit and the risk is not considered in this case.
The optimal strategies of the farmer are given in the following proposition.
Proposition 4.1. Given the wholesale price w, the farmer’s optimal farm size s∗ , target yield per unit area q ∗
and insured yield level µ∗ are given by
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(
∗

s =

s0 +
s0 +

(
q∗ =

q0 +
q0 +

(
∗

µ =

wq0 G(1−η0 )
c1
2c2 (1+r) − 2c2 ,
wq0 G(1−η)
c1
2c2 (1+r) − 2c2 ,
wG(1−η0 )
2c3 (1+r)s∗ ,
wG(1−η)
2c3 (1+r)s∗ ,

η0 ≤ η < 1;
0 < η < η0 ;

η0 ≤ η < 1;
0 < η < η0 ;

F −1 (1 − η0 ),

η0 ≤ η < 1;

0,

0 < η < η0 ;

(4.3)

where
G(y) = F −1 (y) −
η0 = 1 −

1
y

Z

F −1 (y)

F (x)dx;

(4.4)

0

1
·
(1 + r)(1 − h)(1 + θ)

(4.5)

(The proof of Prop. 4.1 is given in Appendix A.1.)
In the above proposition, η0 represents the threshold of the farmer’s risk aversion. If η ≥ η0 , the farmer
chooses to purchase the insurance. Otherwise, the farmer will not purchase the insurance.
From (4.3) and (4.5), we can see that whether the farmer purchases the insurance depends on the farmer’s
risk aversion level η, the bank’s interest rate r, the insurance company’s relative security loading θ and the
premium subsidy rate h. When the degree of the farmer’s risk aversion is high (or the interest rate is low, or the
premium subsidy rate is high, or the relative security loading is low), the farmer will choose to insure; otherwise,
the farmer will not purchase the insurance. We can also see that once the farmer chooses to get the insurance,
the optimal production q ∗ will be independent of the farmer’s risk aversion level η. However, it will be affected
by the interest rate r, the relative security loading θ and the insurance premium subsidy rate h (see Eq. (4.5)).
In addition, we also can get the following proposition, which describes the effects of the wholesale price w on
the farmer’s optimal farm size s∗ and the optimal total target production Q∗ (= s∗ · q ∗ ).
Proposition 4.2.
ds∗
> 0,
dw

dQ∗
> 0.
dw

(The proof of Prop. 4.2 is given in Appendix A.2.)
Proposition 4.2 is consistent with intuitions that the agricultural farm size and the target total yield should
increase with respect to the wholesale price.

4.2. The agro-dealer’s optimal strategy under the yield insurance
Since the retail price of agricultural products satisfies p = a − bsqX, and E[X] = 1, Var(X) = σ 2 , the
agro-dealer’s expected profit is given by

πm (w) = E [(a − bsqX)sqX − wsqX] = (a − w)sq − bs2 q 2 1 + σ 2 .
(4.6)
We assume that the agro-dealer is risk-neutral, and the goal is to choose the optimal wholesale price w∗
to maximize the expected profit. According to the backward induction, the agro-dealer chooses the optimal
wholesale price w∗ based on the assumption that, for any given w, the farmer chooses the optimal farm size
s∗ , target yield per unit area q ∗ and insured yield level µ∗ given by (4.3). Therefore, the agro-dealer’s decision
model is
max {πm (w)} ,
subject to (4.3).
(4.7)
w

We have the following results.
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Proposition 4.3. The agro-dealer’s optimal strategy is given by



∗
∗ ∗ 1
2
w =a−s q
+ 2b 1 + σ
,
B
where
B=


2
 (c2 +c3 q0 )G(1−η0 ) ,
2c2 c3 (1+r)

(

c2 +c3 q02

)G(1−η)

2c2 c3 (1+r)

,

η0 ≤ η < 1,
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(4.8)

(4.9)

0 < η < η0 .

(The proof of Prop. 4.3 is given in Appendix A.3.)

4.3. The Nash’s equilibrium solution
Now we give the optimal strategies for the supply chain under the Nash’s equilibrium. Plugging (4.8) into
(4.3), we can get the following theorem:
Theorem 4.4. In the Nash’s equilibrium, the optimal farm size s∗ , target yield per unit area q ∗ and wholesale
price w∗ under the yield uncertainty insurance are given by

2c2 c3 Baq0 −c1 c3 q02 −2c1 c2 [1+Bb(1+σ 2 )]


s∗ = s0 +
,

4c2 (c2 +c3 q02 )[1+Bb(1+σ 2 )]


2
2
2c2 Ba+c1 c2 q0 [1+2Bb(1+σ )]
(4.10)
q ∗ = q0 + 2c2 c3 Baq
2
2 ,
0 −c1 (c3 q0 +2c2 [1+Bb(1+σ )]



2

 w∗ = 2ac2 +c1 q0 b(1+σ2 ) + c1 q0 ·
4c2 [1+Bb(1+σ )]
4c2 B
In addition, the optimal insured yield level µ∗ is given by (4.3).
In the above derivation, if we let µ = 0, we can get the optimal strategies without the yield uncertainty
insurance. For comparison purpose, we also give the optimal strategies here.
Theorem 4.5. If the yield uncertainty insurance is not available, then the optimal farm size sN ∗ , target yield
per unit area q N ∗ and wholesale price wN ∗ at the Nash’s equilibrium are given by

2
2

 sN ∗ = s0 + 2c2 c3 B1 aq0 −c1 c3 q20 −2c1 c2 [1+B12b(1+σ )] ,

4c2 (c2 +c3 q0 )[1+B1 b(1+σ )]


2c2 B1 a+c1 c2 q0 [1+2B1 b(1+σ 2 )]
(4.11)
q N ∗ = q0 + 2c2 c3 B21 aq0 −c1 (c3 q2 +2c2 [1+B1 b(1+σ2 )] ,

0


2
 N∗
2ac2 +c1 q0 b(1+σ )

w = 4c2 [1+B1 b(1+σ2 )] + 4cc12qB01 ,
where
B1 =

(c2 + c3 q02 )G(1 − η)
·
2c2 c3 (1 + r)

(4.12)

5. Discussions and numerical illustrations
In this section, we first discuss how the premium subsidy rate h, the interest rate r, the relative security
loading θ, the farmer’s risk averse degree η and yield uncertainty level σ 2 affect the optimal decisions and
profits of the contract-farming supply chain when the insurance is available. In addition, we also illustrate how
the premium subsidy rate affects social welfare when the farmer chooses to insure. We then compare the optimal
decisions of the contract-farming supply chain with and without yield uncertainty insurance. Finally, we analyze
the value of yield uncertainty insurance.
Based on the data of the 2019 China Rural Statistical Yearbook [17], we set the basic yield per acre q0 =
600 kg/acre and the cost per acre c1 = 600 CNY/acre. Other parameters in the contract-farming supply chain
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are set as follows: a = 5 CNY/kg, b = 0.1 × 10−4 , s0 = 100 acre, c2 = 1, c3 = 0.5 × 10−4 and ζ = 30 000 CNY. We
further assume that the yield random variable X is uniformly distributed in the region [1 − α, 1 + α] [9, 38, 51].
Thus the variance of X is σ 2 = α2 /3. The study of Canada, the United States and other developed countries
shows that the management fees of agricultural insurance accounts for 30%–35% of the pure premium, sometimes
even more than 50%, which is much higher than the premium rate of about 20% for general property insurance
[44, 55]. At the same time, because of the specialty of agricultural risks, the additional risk premium rate is also
relatively high. Therefore, we assume that θ = 0.5. We also set α = 0.9, η = 0.6, r = 0.1, h = 0.1 unless they
are stated otherwise. In this case, we get σ 2 = 0.27 and η0 = 0.326.
In addition, the following lemma will be used in subsequent proofs.
Lemma 5.1.
dB
< 0,
dr

(

dB
dh
dB
dh

> 0,

η0 ≤ η < 1;

= 0,

0 < η < η0 ;

(

dB
dθ
dB
dθ

< 0,

η0 ≤ η < 1;

= 0,

0 < η < η0 ;

( dB
dη
dB
dη

= 0,

η0 ≤ η < 1;

< 0,

0 < η < η0 .

(The proof of Lem. 5.1 is given in Appendix A.4.)

5.1. The farmer’s optimal farm size and target yield
First we consider the impacts of the yield uncertainty σ 2 , the interest rate r, the premium subsidy rate h,
the relative security loading θ and the farmer’s risk averse level η on the farmer’s optimal strategies of farm size
s∗ , target unit yield q ∗ , and the total target yield Q∗ = s∗ q ∗ . We have the following results.
Proposition 5.2.
(1)
(2)

dq ∗
ds∗
dq ∗
dQ∗
ds∗
< 0,
> 0,
< 0,
< 0,
< 0;
2
2
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dr (
dr
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( ∗
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dh > 0,
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(
(3)
(
(4)
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dh
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dθ
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> 0,

η0 ≤ η < 1;

= 0,

0 < η < η0 ;

= 0,

η0 ≤ η < 1;

> 0,

0 < η < η0 ;

∗

dQ

dh
( dQ
∗

(

dθ
dQ∗
dθ
dQ∗
dη
dQ∗
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η0 ≤ η < 1;

= 0,

0 < η < η0 ;

< 0,

η0 ≤ η < 1;

= 0,

0 < η < η0 ;

= 0,

η0 ≤ η < 1;

< 0,

0 < η < η0 .

(The proof of Prop. 5.2 is given in Appendix A.5.)
Proposition 5.2 indicates that no matter whether the farmer is insured or not, the optimal farm size s∗
decreases with respect to the yield uncertainty (in terms of σ 2 ) and the interest rate r. However, the target
yield per unit area q ∗ increases with respect to the yield uncertainty (in terms of σ 2 ) and the interest rate r.
From Proposition 5.2, we can also see that if the farmer is not insured (0 < η < η0 ), the optimal farm size
s∗ and the total target yield Q∗ decrease with respect to the degree of the farmer’s risk aversion (η), but the
target yield per unit area q ∗ increases with respect to η.
If the farmer is insured (η0 ≤ η < 1), the optimal farm size s∗ and the total target yield Q∗ both increase with
respect to the premium subsidy rate h and decrease with respect to the insurance company’s relative security
loading θ. However, the target yield per unit area q ∗ decreases with respect to h and increases with respect to θ.
The managerial insight is that the insurance premium subsidies can effectively promote the farmer to expand
the farm size. However, the farmer tends to decrease the effort under the premium subsidy policy, which leads
to a decrease in the target yield per unit area. Therefore, to encourage the farmer to achieve larger farm size
and higher unit production yield at the same time, subsidies based on other factors such as the unit production
yield should be considered in addition to the insurance premium subsidy.
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Figure 2. Regional division of whether the farmer is insured or not.

5.2. The farmer’s insurance intention
Proposition 5.3. The impacts on the farmer’s intention to purchase the yield uncertainty insurance are as
follows:

(1)

dη0
> 0,
dr

dη0
< 0,
dh

dη0
> 0;
dθ

(2)

dµ∗
< 0,
dr

dµ∗
> 0,
dh

dµ∗
< 0,
dθ

dµ∗
= 0.
dη

(The proof of Prop. 5.3 is given in Appendix A.6.)
From part (1) of Proposition 5.3, we can see that as the interest rate r decreases or the premium subsidy
rate h increases, the threshold of farmers’ risk aversion η0 decreases, which can encourage farmers to purchase
the yield uncertainty insurance. Part (1) of Proposition 5.3 is illustrated in Figure 2.
As shown in Figure 2, when the degree of the farmer’s risk aversion η is higher than or equal to the threshold
η0 (the upper left region in Fig. 2a and the upper right region in Fig. 2b), the farmer chooses to insure. In the
other region, the farmer will choose not to insure when η is lower than the threshold. Figure 2a shows that the
farmer’s insured region decreases with the interest rate r and the relative security loading θ. However, Figure 2b
shows that the farmer’s insured region increases with the premium subsidy rate.
Part (2) of Proposition 5.3 indicates that, because there is no bankruptcy risk under the yield insurance,
the farmer’s optimal insured yield level µ∗ is independent of the farmer’s risk aversion level η. In addition,
the insured yield level µ∗ decreases with respect to the interest rate r and the relative security loading θ, but
increases with respect to the premium subsidy rate h.
The managerial insight is that the insurance premium subsidy policy can improve the farmer’s insurance
desire effectively. Moreover, subsidizing the bank loan interest for the farmer to reduce the financial pressure is
also an effective way to improve the farmer’s desire for the insurance.
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5.3. The agro-dealer’s wholesale price and expected profits
Proposition 5.4. The impacts on the agro-dealer’s optimal wholesale price and profit are given as follows:
(1)
(2)

dw∗
dπm
> 0,
< 0;
dr
(dr ∗
dw
η0 ≤ η < 1;
dh < 0,
(

(3)
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dh
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dh
dπm
dh
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(
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(
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= 0,
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( dw∗

dη = 0,
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( dπ
m
dη = 0,
dπm
dη < 0,

η0 ≤ η < 1;
0 < η < η0 ;
η0 ≤ η < 1;
0 < η < η0 .

(The proof of Prop. 5.4 is given in Appendix A.7.)
From the proposition, we can see that the optimal wholesale price w∗ increases with respect to the interest
rate r and the insurance company’s relative security loading θ, which most likely decrease the agro-dealer’s
profit. Similarly, the optimal wholesale price w∗ increases with respect to the farmer’s risk aversion level η when
the farmer does not purchase insurance (0 < η < η0 ), while in this case the agro-dealer’s profit πm decreases
with respect to the farmer’s risk aversion level η. This is because a higher level of risk aversion or interest rate
will reduce the farm size, resulting in the reduction of total target yield Q∗ (see Prop. 5.2). Therefore, the
agro-dealer needs to increase the wholesale price in order to encourage farmers to expand the farm size.
Proposition 5.4 also shows that the optimal wholesale price w∗ decreases with respect to the premium
subsidy rate h, and it increases the agro-dealer’s profit. This is because that, as the premium subsidy rate h
increases, the total target yield Q∗ increases (see Prop. 5.2). Therefore, the agro-dealer does not have to increase
the wholesale price to encourage the farmer to increase the production quantity. Instead, the agro-dealer can
decrease the wholesale price and the farmer still increases the farm size. As a result, the benefit to the farmer
from the premium subsidy is partly offset by the lower wholesale price. The managerial insight is that, while
the government provide some premium subsidy to help farmers and intends to protect the farmers’ interest,
some regulations on the agricultural product wholesale price should be imposed to prevent the agro-dealer from
decreasing the wholesale price.
The effects of the yield uncertainty on the optimal wholesale price is not clear. We now performance some
numerical studies and the results are shown in Figure 3.
Figure 3a shows that when the farmer does not purchase insurance (0 < η < η0 = 0.326), the effect of the
yield uncertainty (described by σ 2 ) on the wholesale price w∗ depends on the farmer’s degree of risk aversion
η. Figure 3a indicates that the wholesale price first increases then decreases with respect to σ 2 when the risk
aversion is relatively low (η = 0.1), and the wholesale price increases with σ 2 when the risk aversion is relatively
high (η = 0.2, 0.3). This is because that, if the risk aversion and yield uncertainty are relatively high, the
production enthusiasm of uninsured farmers is relatively low. In this case, the agro-dealer needs to increase
the wholesale price in order to encourage farmers to increase the farm size s∗ . However, when the farmer’s
risk aversion is relatively low, the farmer is not sensitive to the yield uncertainty. Under this condition, the
agro-dealer may decrease the wholesale price w∗ with a higher yield uncertainty to avoid the risk.
Figure 3b shows that when the farmer purchases the yield insurance (η0 ≤ η < 1), the effect of yield
uncertainty σ 2 on the wholesale price w∗ depends on the premium subsidy rate h. From Figure 3b, we can get
that the wholesale price w∗ increases with respect to σ 2 when the premium subsidy rate h is relatively low
(h = 0.1), and decreases with respect to σ 2 when h is relatively high (h = 0.5). The reason is that, when the
premium subsidy rate is low, the farmer’s insurance cost is relatively high and increases with respect to the
yield uncertainty. As a result, the production enthusiasm of the farmer decreases. So, the agro-dealer needs to
offer a higher wholesale price in order to encourage the farmer to produce more. On the other hand, when the
premium subsidy rate is relatively high, the insured farmers can transfer yield uncertainty risk via insurance.
Therefore, the farmer can tolerate a relative higher yield uncertainty. In this case, the agro-dealer can decrease
the wholesale price without causing the farmer’s optimal farm size s∗ to decrease.
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Figure 3. The effect of yield volatility variances σ 2 on the wholesale price w. (a) 0 < η < η0 .
(b) η0 ≤ η < 1.

5.4. Social welfare
The purpose of government subsidies to insured farmers is to maximize the social welfare. Since farmers
choose to be insured only when η0 < η < 1, we discuss the social welfare under this condition.
Based on the concept of social welfare given by Yu et al. [52], we define the social welfare (SW) as the sum of
the farmer’s expected profit πf given by (4.1), the agro-dealer’s expected profit πm given by (4.6), the consumer
surplus CS given by (5.2), and the net government premium expenditure:
Z
SW = πf + πm + CS − h(1 + θ)

µ

wsq(µ − x)f (x)dx.

(5.1)

0

Consumers’ utility is primarily determined by the supply of agricultural products in the market, which also
determines the market price of agricultural products (through the formula p = a − bsqX). More precisely, the
consumer surplus can be calculated as the area under the inverse demand curve above the market retail price.
Therefore, the consumer surplus function can be obtained as [3]
Z
CS = E
0

sqx



1
(a − bsqx)d(sqx) − sqx(a − bsqx) = bs2 q 2 1 + σ 2 .
2

(5.2)

We now use the numerical example to illustrate how the premium subsidy rate affects the social welfare (see
Fig. 4). From Figure 4, we can see that social welfare first increases then decreases with respect to the premium
subsidy rate h for different yield variance levels (σ 2 = 0.03, 0.12, 0.27). Therefore, for the numerical example, the
premium subsidy rate has a threshold value of h0 (h0 = 0.3), which maximizes social welfare. The managerial
insight is that a premium subsidy rate that is too high may harm the social welfare, and the government should
make an optimal decision on the premium subsidy rate h, in order to promote active insurance of farmers and
to maximize the social welfare. In this numerical example, the optimal premium subsidy rate is h = 30%.
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Figure 4. The effect of the premium subsidy rate h on the social welfare SW.

5.5. The impacts of yield uncertainty insurance
5.5.1. Equilibrium analysis based on insurance coverage
Now we compare the equilibrium decisions of the contract-farming supply chain with and without insurance.
Based on (4.10) and (4.11), we can get the following result.
Proposition 5.5.
 ∗


s > sN ∗ , η0 < η < 1; q ∗ < q N ∗ , η0 < η < 1; w∗ < wN ∗ ,
(1)
s∗ = sN ∗ , 0 < η ≤ η0 ; q ∗ = q N ∗ , 0 < η ≤ η0 ; w∗ = wN ∗ ,
 ∗

Q > QN ∗ , η0 < η < 1; CS∗ > CSN ∗ , η0 < η < 1;
(2)
Q∗ = QN ∗ , 0 < η ≤ η0 ; CS∗ = CSN ∗ , 0 < η ≤ η0 .

η0 < η < 1;
0 < η ≤ η0 ;

(The proof of Prop. 5.5 is given in Appendix A.8.)
We also use a numerical example to illustrate the result in Proposition 5.5 and the results are shown in
Figure 5. From the figure, we can see that when η ≥ η0 , η does not affect the optimal strategies of the insured
farmer, but it has some impacts on the optimal strategies of the uninsured farmer. As illustrated in Figures 5a
and 5d, the optimal farm size sN ∗ and the total target yield QN ∗ of the uninsured farmer decrease with respect
to η. In addition, the optimal farm size s∗ and the total target yield Q∗ of the insured farmer are constants
when the degree of the farmer’s risk aversion level η is higher than the threshold (η ≥ η0 ), and they are larger
than those of the uninsured farmer. Moreover, according to (5.2), consumers can get more surplus value under
the yield insurance.
The existing literature does not have a consistent pattern on whether agricultural insurance will encourage
farmers to increase inputs in production materials. Some researchers conclude that insured farmers will choose
to reduce the input of chemical fertilizers, pesticides, and agricultural film [39, 45, 54]. On the other hand, some
others think that agricultural insurance will encourage farmers to increase the input of pesticides and fertilizers
[6,36]. Figure 5b shows that when the farmer chooses to insure, the yield per unit area of crops is lower than than
that without insurance. Therefore, our results are similar to the former conclusion. The reason might be that,
under the yield insurance mechanism, the farmer’s income at the end of the period is guaranteed. In this case,
the farmer may choose to reduce the input of production materials or the effort level, and that usually causes
lower yields per unit area. In addition, Figure 5c show that the wholesale price of the agricultural products
w∗ decrease with respect to η if the farmer does not purchase the insurance. For farmers who purchased the
yield uncertainty insurance (η ≥ η0 ), the wholesale price w∗ are constants, whose values are less than those of
uninsured farmers.
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Figure 5. Comparison of supply chain equilibrium results with and without insurance.
The management insight of Proposition 5.5 is that the government should encourage or subsidize the farmer
with high risk aversion level to purchase the yield uncertainty insurance. Moreover, some regulations on the
wholesale price should be taken to prevent the agro-dealer from decreasing the wholesale price and some measures
such as the subsidy based on the unit yield should be used.
5.5.2. Value of the yield uncertainty insurance
In this section, we consider the value of the yield uncertainty insurance to the farmer by considering the
relative changes of the farmer’s profits with and without insurance. In particular, we define the value of the
yield uncertainty insurance as 4πf ≡ (πf∗ − πfN ∗ )/πfN ∗ , where πf∗ , πfN ∗ are the farmer’s expected profits with
and without the yield uncertainty insurance, respectively. According to the analysis in the last section, we can
easily get
(
4πf =

πf∗ −πfN ∗
,
πfN ∗

if η0 ≤ η < 1,

0,

if 0 < η < η0 .

(5.3)

Therefore, we only need to consider the case that η0 ≤ η < 1.
Unfortunately, it turns out that the value of yield insurance does not have a clear monotonic relationship
with the risk aversion level, financing interest rate, yield volatility variances and premium subsidy rates. Thus
we use some numerical examples to illustrate the relations (see Fig. 6).
Figure 6a illustrates effects of the risk aversion level η on the yield insurance value ∆πf for different premium
subsidy rate h. First, we can see that the impact of the yield insurance is not always positive, and it depends on
the value of the premium subsidy rate h. More about the effects of h can be seen in Figure 6d and the discussion
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Figure 6. Effects of η, r, σ 2 and h on the yield insurance value.
below. Now we focus on the impacts of the risk aversion level η. From Figure 6a, We can see that ∆πf first
decreases then increases with respect to η. This is because without the yield insurance, although the total yield
decreases with the risk aversion, the wholesale price w∗ increases accordingly, which can offset the decrease
of the farmers’ profits. However, the wholesale price w∗ will be lower for farmers with the yield insurance.
Therefore, the impact of the yield insurance is not monotonic with respect to the farmer’s risk aversion level η.
Figure 6b shows that the yield insurance value increases with the financing rate r for different yield volatility
variances (σ 2 = 0.03, 0.12, 0.27). From the figure, we can see that the yield insurance can effectively alleviate
the problem of expensive financing for the capital constrained farmer. This is because that, with insurance, the
farmer’s yield uncertainty risk is borne by the insurance company. The managerial insight is that the government
and the bank should encourage or subsidize the farmer who borrows bank loans to purchase yield insurance.
Figure 6c indicates that the yield insurance value ∆πf increases with respect to the yield uncertainty level
σ 2 when the premium subsidy rate h is relatively high (h = 0.8), and decreases with respect to σ 2 when h is
low (h = 0, 0.4). The managerial insight is that the government should provide an adequate level of premium
subsidy and regulate the wholesale price of the agricultural products to protect farmers’ interests.
From Figure 6d, we can see that ∆πf first decreases then increases with respect to h for different risk aversion
(η = 0.4, 0.6, 0.8). In addition, the impact of the yield insurance becomes positive only if the premium subsidy
rate h is sufficiently large, and it also depends of the farmer’s risk aversion level η. This is because the wholesale
price w∗ of the agricultural products decreases with respect to the premium subsidy rate h (see Prop. 5.4) and
is lower than that without insurance (see Prop. 5.5). So, when the subsidy rate is relatively low, the farmer’s
profit will decrease with respect to h because of the lower wholesale price w∗ . The management implication is
that when the premium subsidy rate is relatively low, in order to protect the farmer’s interest, it becomes more
important to regulate the wholesale price of the agricultural products.
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In addition, from Figure 6, we can also see that the value of yield insurance to farmers is not always positive,
which mainly depends on the premium subsidy rate h. When the premium subsidy rate h is relatively high, the
farmer’s expected profit under the yield insurance is higher than that without insurance. However, the farmer’s
expected profit under the yield insurance is lower than that without insurance when h is low. This may be
partly due to the fact that farmers usually have no pricing power in the contract-farming supply chain, and
the benefit of the yield insurance to farmers is not enough to offset the decline in farmers’ profit caused by the
lower wholesale price when the premium subsidy rate is low. The managerial insight is that when developing
countries cannot provide higher premium subsidies due to limited financial resources, the government can also
increase the value of agricultural insurance by increasing the farmers’ bargaining power by forming agricultural
cooperatives or regulate the wholesale price of agricultural products.

6. Conclusions
In this paper, we consider a two-level contract-farming supply chain including a risk-averse farmer and
a risk-neutral agro-dealer, where the farmer faces yield uncertainty and capital constraints. Under the yield
insurance mechanism, we construct the Stackelberg game model to study the farmer’s optimal production
decision, insurance decision and the agro-dealer’s optimal wholesale decision. The results show that farmers
with low risk aversion will not be insured, while those with high risk aversion will choose to insure. In addition,
as the farmer’s risk aversion increases, the farm size decrease, but the yield per unit area and the wholesale price
of agricultural products increases. The agricultural insurance mechanism effectively solves the adverse effects of
the farmer’s risk aversion, and increases the farmer’s farm size, total yield and consumer welfare. However, the
level of farmer’s efforts (yield per unit area) and the wholesale price of agricultural products will decline, which
will reduce the effect of agricultural insurance and premium subsidies. The results also show that as the risk
of yield uncertainty and financing costs increases, the farm size and the total yield decreases. Therefore, yield
uncertainty adversely affects the profits of the farmer and agro-dealer, but the farmer increases the yield per
unit area by increasing the level of effort. By analyzing the value of yield insurance, we show that the value of
yield insurance to farmers is not always positive, and it mainly depends on the premium subsidy rate. Moreover,
the value of yield insurance increases with the bank’s interest rate.
There are still some limitations in our work. For example, to simplify our model, we only consider an agrodealer and a farmer. However, in actual situations, an agro-dealer often faces multiple farmers. Therefore,
research on the optimal strategies for a contract-farming supply chain consisting of an agro-dealer and multiple
farmers will be interesting under yield insurance and premium subsidies.

Appendix A.
A.1. Proof of Proposition 4.1
We assume that the decision order of the farmer is that, he/she chooses a optimal guarantee level of yield
insurance first, and then he/she chooses the optimal production strategies. We solve the problem backward.
(1) We first discuss the optimal production strategies of the risk-averse farmer. Let
g(s, q, v) = v +

1
E[min(πf (s, q) − v, 0)].
1−η

Therefore, the farmer’s optimal production decision is
max{CVaR1−η (πf (s, q))} = max{max g(s, q, v)}.
s,q

s,q

v

(A.1)
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By substituting (4.1) into (A.1), we have
g(s, q, v) = v −

1
+
E [v − wsq max(X, µ) + (1 + r)(C(s, q) + (1 − h)λ) − rζ] ,
1−η

(A.2)


v,
v < v1 ;


Rµ


1

v − 1−η 0 [v − wsqµ + (1 + r)(C(s, q) + (1 − h)λ) − rζ] f (x)dx



RA
1
[v − wsqX + (1 + r)(C(s, q) + (1 − h)λ) − rζ] f (x)dx, v1 ≤ v < v2 ;
− 1−η
=

R µµ

1

v − 1−η 0 [v − wsqµ + (1 + r)(C(s, q) + (1 − h)λ) − rζ] f (x)dx




Rβ

1
[v − wsqX + (1 + r)(C(s, q) + (1 − h)λ) − rζ] f (x)dx, v ≥ v2 .
− 1−η
µ
where v1 = wsqµ − (1 + r)[C(s, q) + (1 − h)λ] + rζ, v2 = wsqβ − (1 + r)[C(s, q) + (1 − h)λ] + rζ, A =
v+(1+r)[C(s,q)+(1−h)λ]−rζ
. So, we can get that
wsq

v < v1 ;
 1 > 0,
∂g(s, q, v) 
1
= 1 − 1−η F (A), v1 ≤ v < v2 ;

∂v

1
< 0,
v ≥ v2 .
1 − 1−η
We can see that when v1 ≤ v < v2 ,
∂g(s, q, v)
1
|v=v+ = 1 −
F (µ),
1
∂v
1−η

∂g(s, q, v)
1
|v=v− = 1 −
< 0.
2
∂v
1−η

1
So, when 0 ≤ µ ≤ F −1 (1 − η), 1 − 1−η
F (µ) ≥ 0,the optimal value v ∗ is in (v1 , v2 ). Let ∂g(s,q,v)
=
∂v
1
∗
−1
1 − 1−η F (A) = 0, we can get that v = wsqF (1 − η) − (1 + r)[C(s, q) + (1 − h)λ] + rζ. Otherwise, when
1
F −1 (1 − η) < µ ≤ β, 1 − 1−η
F (µ) < 0, then v ∗ = v1 . Therefore, we have
(
wsqF −1 (1 − η) − (1 + r)[C(s, q) + (1 − h)λ] + rζ, 0 ≤ µ ≤ F −1 (1 − η);
∗
(A.3)
v =
wsqµ − (1 + r)[C(s, q) + (1 − h)λ] + rζ,
F −1 (1 − η) < µ ≤ β.

Plugging (A.3) into (A.2), we can get that
hR −1
i

F (1−η)
1

wsq
xf
(x)dx
+
µF
(µ)
,
 1−η
µ
∗
g(s, q, v ) =
− (1 + r)[C(s, q) + (1 − h)λ] + rζ,


wsqµ − (1 + r)[C(s, q) + (1 − h)λ] + rζ,

0 ≤ µ ≤ F −1 (1 − η);

(A.4)
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∂q 2
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∗
2
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∂ 2 g(s,q,v ∗ )
∂s2
∂ 2 g(s,q,v ∗ )
∂s∂q
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So, the Hessian is negative definite. Let ∂g(s,q,v
= 0, ∂g(s,q,v
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 s∗ = s + wq0 1−η µ
−
0
2c2 (1+r)

hR −1
i

Rµ
F
(1−η)
1
xf (x)dx+µF (µ) −(1+r)(1−h)(1+θ) 0 F (x)dx
w 1−η µ
 ∗

q = q0 +
·
2c3 (1+r)s∗

c1
2c2 ,

(A.5)
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∗

)
When F −1 (1 − η) < µ ≤ β, we have ∂g(s,q,v
= wqµ − (1 + r)[c1 + 2c2 (s − s0 ) + 2c3 s(q − q0 )2 + (1 −
∂s
Rµ
Rµ
2
∗
∗
)
)
= wsµ − (1 + r)s[2c3 s(q − q0 ) + (1 − h)(1 + β)w 0 F (x)dx], ∂ g(s,q,v
=
h)(1 + β)wq 0 F (x)dx], ∂g(s,q,v
∂q
∂s2
∂ 2 g(s,q,v ∗ )
∂q 2

−2(1 + r)[c2 + c3 (q − q0 )2 ],

= −2(1 + r)c3 s2 ,
∂ 2 g(s,q,v ∗ )
∂s2
∂ 2 g(s,q,v ∗ )
∂s∂q

∂ 2 g(s, q, v ∗ )
< 0,
∂s2
So, the Hessian is negative definite. Let

∂g(s,q,v ∗ )
∂s

∂ 2 g(s,q,v ∗ )
∂s∂q

∂ 2 g(s,q,v ∗ )
∂s∂q
∂ 2 g(s,q,v ∗ )
∂q 2

= 0,

= −2c3 s(1 + r)(q − q0 ). Therefore,

= 4(1 + r)2 c2 c3 s2 > 0.

∂g(s,q,v ∗ )
∂q

= 0, we can get that


Rµ
 s∗ = s + wq0 [µ−(1+r)(1−h)(1+θ) 0 F (x)dx] −
0
2c2 (1+r) R
µ
 q ∗ = q + w[µ−(1+r)(1−h)(1+θ) 0 F (x)dx] ·
0

2c3

c1
2c2 ,

(A.6)

(1+r)s∗

(2) We now discuss the optimal insurance decision of the risk-averse farmer under the CVaR criterion. By virtue
of (A.4)–(A.6), we can get that
∂g(s∗ , q ∗ , µ)
=
∂µ

(h

1
1−η

[1 − (1 + r)(1 − h)(1 + θ)F (µ)] wQ∗ ,

When (1 + r)(1 − h)(1 + θ) >
∗

∗

dg(s ,q ,µ)
dµ

i
− (1 + r)(1 − h)(1 + θ) wQ∗ F (µ),

1
1−η ,

i.e., 0 < η < 1 −

∗

dg(s ,q ,µ)
−1
(1 − η).
dµ  > 0 when 0 ≤µ ≤ F
∂ 2 g(s∗ ,q ∗ ,µ)
1
∗
−1
µ = F
and
(1+r)(1−h)(1+θ)
∂µ2

this condition,

F −1 (1 − η) < µ ≤ β.

1
(1+r)(1−h)(1+θ) ,

we can see that for any

∗

µ ∈ [0, β],
< 0, so µ = 0.
Next, we will consider the condition that (1 + r)(1 − h)(1 + θ) ≤
∗

0 ≤ µ ≤ F −1 (1 − η);

1
1−η ,

1
i.e., 1 − (1+r)(1−h)(1+θ)
≤ η < 1. Under

And when F −1 (1 − η) < µ ≤ β, set

∂g(s∗ ,q ∗ ,µ)
∂µ
∗

= 0,

|µ=µ∗ = −(1 + r)(1 − h)(1 + θ)f (µ)wQ < 0. So,
we can get


1
µ∗ = F −1 (1+r)(1−h)(1+θ)
is the maximum point of g(s∗ , q ∗ , µ) under this condition.
Therefore, the optimal yield guarantee level of the risk-averse farmer satisfies
(
∗

µ =

1
F −1 ( (1+r)(1−h)(1+θ)
),
0,

1
1 − (1+r)(1−h)(1+θ)
≤ η < 1;
1
0 < η < 1 − (1+r)(1−h)(1+θ)
·

Virtue of (A.7) into (A.5) and (A.6), we can get (4.3).

A.2. Proof of Proposition 4.2
From (4.3), we can get that
ds∗
=
dw

( q0 G(1−η0 )

2c2 (1+r) > 0,
q0 G(1−η)
2c2 (1−η)(1+r) >

η0 ≤ η < 1;

0, 0 < η < η0 .

2
 (c2 +c3 q0 )G(1−η0 ) > 0, η0 ≤ η < 1;
2c2 c3 (1+r)

dQ∗
= (c +c q2 )G(1−η)
 2 3 0
dw
2c2 c3 (1−η)(1+r) > 0.

0 < η < η0 .

(A.7)
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A.3. Proof of Proposition 4.3
From (4.6), we can get that
dπm (w)
∂πm (w) ∂πm (w) dQ∗
·
=
+
dw
∂w
∂Q∗
dw


= − Q∗ + a − w − 2bQ∗ 1 + σ 2 B,

 
d2 πm (w)
= − 2B 1 + b 1 + σ 2 B < 0.
dw2
Thus, πm (w) is a concave function of w, Let

dπm
dw

= 0, we can get w∗ .

A.4. Proof of Lemma 5.1
From (4.9), we can get that

2
−1
0)
 − (c2 +c3 q0 )F (1−η
< 0, η0 ≤ η < 1;
dB
2c2 c3 (1+r)2
=
2
(c
+c
q
)G(1−η)
2
3
−
dr
0
0 < η < η0 ;
2c2 c3 (1−η)(1+r)2 < 0,

η0 ≤ η < 1;
 0,
dB
R F −1 (1−η)
=
2
F (x)dx
 − (c2 +c3 q0 ) 0
dη
< 0, 0 < η < η0 ;
2c2 c3 (1−η)2 (1+r)
(
R F −1 (1−η0 )
(c2 +c3 q02 )(1+θ) 0
F (x)dx
dB
> 0, η0 ≤ η < 1;
2c
2 c3
=
dh
0,
0 < η < η0 ;
(
−1 (1−η )
R
F
0 F (x)dx
(c2 +c3 q02 )(1−h) 0
dB
< 0, η0 ≤ η < 1;
2c2 c3
= −
dθ
0,
0<η<η .
0

A.5. Proof of Proposition 5.2
(1) From (4.10), it is easy to get that
s∗ = s0 +
According to (A.8), we have
s∗ = s0 +
So, we have

ds∗
dB

ds∗
dσ 2

2c2 c3 Baq0 − c1 c3 q02
c1
−
·
2
2
4c2 (c2 + c3 q0 ) [1 + Bb (1 + σ )] 2 (c2 + c3 q02 )

< 0. Meanwhile, we can get that

c1 c3 q02
c1
2c2 c3 aq0 − c1 c3 q02
−
−
·
1
2
4c2 (c2 + c3 q02 )[ B + b (1 + σ 2 )] 4c2 (c2 + c3 q0 )[1 + Bb (1 + σ 2 )] 2(c2 + c3 q02 )

> 0. Then, according to Lemma 5.1, we have
( ∗
ds dB
> 0, η0 ≤ η < 1;
ds∗
ds∗ dB
ds∗
=
< 0;
= dB dh
dr
dB dr
dh
0,
0 < η < η0 ;
( ∗
(
ds dB
0,
< 0, η0 ≤ η < 1;
ds∗
ds∗
= dB dθ
= ds∗ dB
dθ
dη
0,
0 < η < η0 ;
dB dη < 0,

(2) From (4.10), it is easy to get that

dq ∗
dσ 2

η0 ≤ η < 1;
0 < η < η0 .

> 0. Then, from (4.10), we can get that


2c22 a + c1 c2 q0 B1 + 2b 1 + σ 2
∗

·
q = q0 +
2c2 c3 aq0 − c1 (2c2 + c3 q02 ) B1 + 2c2 b (1 + σ 2 )

(A.8)
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< 0. Then, according to Lemma 5.1, we have
( ∗
dq dB
< 0, η0 ≤ η < 1;
dq ∗
dq ∗ dB
dq ∗
=
> 0;
= dB dh
dr
dB dr
dh
0,
0 < η < η0 ;
( ∗
(
dq dB
0,
> 0, η0 ≤ η < 1;
dq ∗
dq ∗
= dB dθ
= dq∗ dB
dθ
dη
0,
0 < η < η0 ;
dB dη > 0,

η0 ≤ η < 1;
0 < η < η0 .

(3) From (4.8), we can get that
Q∗ = s∗ q ∗ =
From (4.10), we have

dw∗
dB

1
B

a−w
·
+ 2b (1 + σ 2 )

(A.9)

< 0. Then, by virtue of Lemma 5.1, we have

( ∗
dw dB
dw∗
dw∗
dB dh < 0,
> 0,
=
dr
dh
0,
( ∗
dw
dB
η0 ≤ η < 1;
dw∗
dB dθ > 0,
=
dθ
0,
0 < η < η0 ;
Therefore, we can get that
( dQ∗
dQ∗
dh > 0,
> 0;
∗
dQ
dr
= 0,
dh

η0 ≤ η < 1;

( dQ∗

0 < η < η0 ;

dθ
dQ∗
dθ

η0 ≤ η < 1;
0 < η < η0 ;
(
0,
dw∗
= dw∗ dB
dη
dB dη > 0,

< 0,

η0 ≤ η < 1;

= 0,

0 < η < η0 ;

( dQ∗
dη
dQ∗
dη

η0 ≤ η < 1;
0 < η < η0 .

= 0,

η0 ≤ η < 1;

< 0,

0 < η < η0 .

A.6. Proof of Proposition 5.3
(1) Noting that η0 = 1 −

1
(1+r)(1−h)(1+θ) ,

we can get

1
dη0
1
dη0
1
dη0
=
> 0,
=−
< 0,
=
> 0.
2
2
dr
(1 − h)(1 + θ)(1 + r)
dh
(1 + r)(1 − h) (1 + θ)
dθ
(1 + r)(1 − h)(1 + θ)2
(2) From (4.3), we can see that when the farmer chooses to insure, the yield guarantee level µ∗ is


1
µ∗ = F −1
·
(1 + r)(1 − h)(1 + θ)
Therefore, we have
dµ∗
1
=−
< 0,
2
dr
(1 + r) (1 − h)(1 + θ)f (µ∗ )
dµ∗
= 0,
dη

dµ∗
1
=
> 0,
dh
(1 + r)(1 − h)2 (1 + θ)f (µ∗ )

dµ∗
1
=−
> 0.
dθ
(1 + r)(1 − h)(1 + θ)2 f (µ∗ )

A.7. Proof of Proposition 5.4
(1) In fact, we’ve got the following results in the proof of Proposition 5.2:
( ∗
( ∗
( dw∗
dw
dw
η0 ≤ η < 1;
η0 ≤ η < 1;
dw∗
dη = 0,
dh < 0,
dθ > 0,
> 0;
∗
∗
∗
dw
dw
dw
dr
0 < η < η0 ;
0 < η < η0 ;
dη > 0,
dh = 0,
dθ = 0,

η0 ≤ η < 1;
0 < η < η0 .
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(2) By virtue of (A.9), we have

Q∗
= a − w∗ − 2bQ∗ 1 + σ 2 .
B
Therefore, by virtue of Proposition 5.2, we can get that
(
( dπ
(
dπm
dπm
m
η0 ≤ η < 1;
η0 ≤ η < 1;
dπm
dη = 0,
dh > 0,
dθ < 0,
< 0;
dπ
dπm
dπm
m
dr
0 < η < η0 ;
0 < η < η0 ;
dη < 0,
dh = 0,
dθ = 0,

η0 ≤ η < 1;
0 < η < η0 .

A.8. Proof of Proposition 5.5
From (4.9) and (4.12), we can get that
(
B − B1 =
Then, by virtue of G(y) = F −1 (y) −

1
y

(c2 +c3 q02 )[G(1−η0 )−G(1−η)]
,
2c2 c3 (1+r)

η0 < η < 1;

0,

0 < η ≤ η0 .

R F −1 (y)
0

dG(y)
=
dy

F (x)dx, we have
R F −1 (y)
0

F (x)dx

y2

> 0.

So, when η ≥ η0 , we have G(1 − η) < G(1 − η0 ), B > B1 . Then, From (4.10) and (4.11), we can get that
(
(
(
s∗ > sN ∗ , η0 < η < 1; q ∗ < q N ∗ , η0 < η < 1; w∗ < wN ∗ , η0 < η < 1;
s∗ = sN ∗ ,

0 < η ≤ η0 ;

Moreover, From (A.9), we can get that
(

q∗ = qN ∗ ,

0 < η ≤ η0 ;

Q∗ > QN ∗ ,

η0 < η < 1;

∗

N∗

Q =Q

N∗

CS = CS

0 < η ≤ η0 .

0 < η ≤ η0 .

,

In addition, From (5.2), we can obtain that
( ∗
CS > CSN ∗ ,
∗

w∗ = wN ∗ ,

,

η0 < η < 1;
0 < η ≤ η0 .
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