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Abstract

This dissertation explores flexible operation strategies in fresh fruit supply chains
(FSCs) with cold storages. In traditional FSCs, growers usually sell fresh fruits with
thin profit right after harvesting due to the perishability. In order to mitigate the
deterioration of fresh fruits, cold storages, which are generally divided into the
regular atmosphere storage (RAS) and the controlled atmosphere storage (CAS), are
built accelerating in rural areas. Depending on the extension period of shelf life, we
propose flexible operation modes in fresh FSCs with RAS and with CAS,

respectively.

For RAS, we propose the flexible supply contract with put options (SCPO) for a
rural fresh FSC with RAS, where the grower stores fresh fruits in RAS to extend the
shelf life, which incurs extra storage costs that can be recovered by salvaging at a
higher price later. The proposed model is analyzed from both the grower’s and the
buyer’s perspectives. And the buyer’s and the grower’s profit functions are
formulated. We derive the buyer’s optimal policies for the initial order and put
options as well as the grower’s optimal policy for the planting quantity. The
grower’s optimal supply tariff can be obtained only numerically. In particular, we
obtain closed-form formulae to determine the buyer’s optimal order policy and the
grower’s optimal planting quantity in a special case. We show numerical
experiments in which we examined the effectiveness of the proposed model and
analyze how the parameters affect the performances of both the grower and the

buyer.
For CAS, we consider a single-period, three-stage model in a rural fresh FSC with



CAS. With CAS, the grower produces fresh fruits and then sells them to a two-stage
market, i.e., in-season and off-season, in sequence. We formulate the grower’s profit
function, propose the solution for the grower to make the optimal planting quantity
and derive the optimal rental capacity of CAS. In particular, we study this model in a
special case, and analyze numerically how the parameters influence the grower’s

behavior in such a supply chain.

Finally, the conclusions of this dissertation are presented and we explain the

future direction of this research.
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Chapter 1

Introduction

1.1 Background and motivation

Fresh fruits are a major source of essential vitamins and minerals, such as vitamin
A, vitamin C, and potassium, needed for human well-being (Brasil and Siddiqui,
2018). They are metabolically active, undergoing ripening and senescence processes
that must be controlled to prolong postharvest quality. With the progress of food
globalization, the amount of agri-foods that are traded has been increasing, and the
distance transported and the duration have been extended (Fahmy and Nakano,
2016). Fresh fruits are perishable living products that require coordinated activity by
growers, storage operators, processors, and retailers to maintain quality and reduce
food loss and waste. Inadequate management of these processes can result in major
losses in nutritional and quality attributes, outbreaks of food-borne pathogens, and
financial loss for all players along the fresh fruit supply chains (FSCs), from growers
to consumers (Siddiqui, 2017). Such inadequate management especially exists in

developing countries.

As the largest developing country in the world, China is implementing the rural
revitalization strategy in order to realize prosperous industry and rich life in rural
areas. China is the world’s largest fruit producer, and the fruit industry is one of the
important industries for growers to increase their income (Liao and Li, 2023). In
China, fresh FSCs include many channel participants, such as growers, agricultural
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enterprises, rural wholesalers, urban wholesalers, distributors, retailers and
customers. Fruit planting areas are across cold, temperate, and tropical zones with
large regional differences. Fruits are produced and sold all over the country.
Consumers of fresh fruits are fussy about freshness and expect them to be year-
round. Furthermore, the supply and procurement modes in fresh FSCs are
diversified, such as multi-level wholesale market systems, and direct supply modes
(for instance, e-commerce). Retailers can procure fruits through various channels,
such as distributors, wholesaler markets, or directly from growers. Furthermore, a
kind of fruit often faces competition with other similar fruits. On the other hand,
growers also can sell fruits through various channels. Therefore, both planting area
and demand of fresh FSCs have high uncertainty. Besides that, the output rate is
random since it is largely affected by climate, and planting practices in each process,
such as fertilizer spreading, mowing and thinning. A kind of fruit is popular and
expensive this year and may be sold cheaply the next year. In addition, coupled with
the problems of concentrated ripening and perishability, growers generally only can

make limited profits in the supply chain.

In a traditional fresh FSC, the grower usually sells the fruits to the buyer right
after harvesting because there are no cold storages to keep them fresh. When a
large number of fruits mature, knowing the grower’s eagerness to sell, the
buyer may discount the wholesale price, which always results in low profits
even huge losses for the grower. This is a serious problem in such supply
chains in China. Consider the case of the kiwifruits supply chain in Pujiang County,
Sichuan Province, China. The kiwifruit harvest season begins from July. After
harvesting, most growers sell produce to buyers. Due to the perishability of
kiwifruits and poor storage technology, growers are eager to sell all the produce as
soon as possible, especially when a large number of kiwifruits has matured in a short
time. Knowing the grower’s eagerness to sell, buyers may discount the wholesale
price. Thus, growers usually sell produce at a low price. With the development of
rural e-commerce platforms, such as Taobao and TikTok, some growers start selling

produce directly to customers at a higher price than before. However, poor storage
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technology makes it difficult to support the online sale of a large number of fresh
fruits. Consequently, despite a large amount of labor and capital invested in a long
planting season, growers usually gain only a thin profit or even loss. Similar cases
can also be found in other fresh FSCs in rural China, such as cherry and lemon
supply chains, which might be one of the reasons why some growers have a low

enthusiasm for planting and living in poverty.

To solve such problems, China is developing the rural cold chain, especially
by constructing cold storages which are effective and essential instruments to
mitigate the quality decay and extend the life cycle of products. For example,
Tongnan district in Chongging is now planning to construct a controlled
atmosphere storage with a capacity of two hundred thousand tons to improve

the fresh-keeping ability mainly for lemons.

Two main types of cold storages are being constructed in rural areas, that is,
regular atmosphere storage (RAS) and controlled atmosphere storage (CAS). RAS
refers to a warehouse where temperature and humidity are constantly monitored and
adjusted, whereas CAS refers to a gas-tight warehouse where the oxygen, carbon
dioxide, and nitrogen levels are regulated along with temperature and humidity. The
construction cost of CAS is higher than that of RAS, exceeding about 1,000 to 2,000
CNY per square meter. The lifetime of fresh fruits stored in CAS can be more than
doubled than that in RAS, in the case of kiwifruits, up to 5-6 months. Moreover, in
RAS, fruits can be stored, graded and taken out for sale based on markets. By
contrast, in CAS, fruits only can be stored and taken out all one time, because a lot

of oxygen entering again would accelerate the deterioration of fruits.

After introducing the cold storage into the traditional fresh FSC, the participants’
bargaining power and the operation mode may be different. The grower’s bargaining
power may be enhanced because the cold storage can extend the shelf life of fruits.
The buyer may also be favored because he needs not to take the risks associated with
a large amount of inventory whereas to discount the price may become more

difficult than before. For such a new fresh FSC, how to make full use of the cold



storage to improve the grower’s profit and also the supply chain’s performance is an
important subject. One can find various studies pertaining to freshness reagents,
preservation packaging, fresh-keeping facilities and equipment, investment in
preservation technologies, and so on. Here, the focus of our study is the operation

mode associated with cold storages.

1.2 The proposed flexible operation mode

As mentioned before, regular atmosphere storage (RAS) and controlled
atmosphere storage (CAS) are two main types of cold storages. Generally, RAS can
keep fruits fresh for several weeks (for instance, 3 weeks for bananas) while CAS
can keep them fresh for several months (for instance, 4 months for bananas), which
provides more opportunities for participants in the supply chain and makes the
operation mode to be more flexible rather than the traditional mode that selling right
after harvesting. Depending on the extension period of shelf life, we propose flexible

operation modes in fresh FSCs with RAS and CAS, respectively.

1.2.1 Flexible operation mode with RAS

For the case that RAS is available, growers can extend the lifetime of fruits. Their
eagerness to sell in a short time right after harvesting may wane. Moreover, fruits
not stored in cold storages may be sold at a higher price than before (Minten et al.
2014), due to a decrease in the quantity supplied at one time. For the buyer, it may
become more difficult than before to discount the price, which may lead to a
declined order quantity. On the other hand, the buyer may also be favored because
he can transfer the overage risk to the grower when facing stochastic demand.
Knowing this, the grower has an incentive to provide a flexible operation mode with
downward adjustment in order to encourage the buyer to place a larger order before

planting.

We introduce put options into the traditional supply contract, i.e., supply

contract with put options (SCPO). Option contracts (real options) originate from



financial options. Based on the adjustment direction, options can be divided into call,
put, and bidirectional options. Put option gives the buyer the right, but not the
obligation to respond to a coming or realized demand decrease by reducing the
initial order, which is widely used in various industries. For example, a flexible
contract with put options is introduced into a two-echelon container shipping service
chain in order to enable carriers to give back the surplus empty containers to the
leasing company (Liu et al., 2013). With a put option contract, the buyer purchases
put options at a unit option price for each option, while can receive a corresponding
full or partial refund for every exercised option. In this way, the grower shares a part
of the buyer’s demand decreasing risk, and encourages the buyer to place a larger
order (Yang et al., 2017) .

In Chapter 3, we develop a single-period two-stage supply contract model
with put options (SCPO), consisting of one grower and one buyer. The grower can
rent RAS to extend the shelf life of fruits. The decision processes are as follows: at
the beginning of the planning horizon, based on the supply tariff from the grower
and the demand forecast, the buyer places an initial order and purchases options.
With the buyer’s order and the random output rate, the grower determines the
planting quantity. During the planting season, the buyer updates the demand forecast.
At the beginning of the selling season, the buyer exercises options if necessary. Then,
the grower delivers the final order and stores surplus products in RAS to extend the
shelf life, which incurs extra storage costs that can be recovered by salvaging at a
higher price later. We try to examine whether SCPO can improve the performances

of the grower and the buyer.

Some literature related to option contracts in fresh FSCs does not consider the
random yield. Few studies include the supplier’s decision on the supply tariff. In our
study, under the condition of random yield, we investigate the grower’s decision on

both the planting quantity and the prices of the option contract.



1.2.2 Flexible operation mode with CAS

For CAS, the life cycle of products can be extended longer (Paam et al., 2022).
For some growers who leave the marketing of their produce to buyers and other
intermediaries, the operation of rural agri-food supply chains can be more flexible. A
longer life cycle enables growers to engage in selling produce in the off-season
rather than only in the in-season. Many fresh fruits, especially high-value and
storable ones, stored in CAS can be sold in the off-season. For example, kiwifruits
are harvested from July to early November. After stored in CAS, the selling season
can be extended to April (of the next year). Moreover, the selling price in the off-

season may be higher 2-3 times than that in the in-season.

In this case, at the beginning of the planting season, the stochastic demand faced
by growers would change from single stage to two stages, i.e., in-season and off-
season. In addition, the output rate is random since it is affected by planting
conditions and practices. It would be complicated for the grower to make policies on
planting, store and sale. If the output quantity is less than the total demand, the
grower would incur shortage cost. On the contrary, the grower has to salvage the
leftover at little or even no value due to the perishability. Moreover, after harvesting,
the grower would rent CAS space for fruits to sell in the off-season. CAS is charged
costly. If the fruits stored in CASs exceed the off-seasonal demand, the grower
would not only lose high storage costs but also miss the chance to sell the leftover in
season. Conversely, the grower would incur shortage costs, which may be caused by
allocating more products for sale in season. We try to provide solutions and address

the grower’s policies on planting, store and sale, i.e.,

® How many quantities to plant under random yield?
® How to utilize cold storages (e.g., rent or not; how large capacity to rent)
under stochastic two-stage demand?
® How to make an effort to improve the profit?
In Chapter 4, we consider a single-period three-stage model in a fresh FSC with

CAS which enables the grower to sell the fruits in the off-season. The grower



produces fruits during the planting season at Stage 1 and sells them to a two-stage
market, i.e., in-season and off-season, in sequence. The grower has two decision-
making points. One is the planting quantity at the beginning of the planting season
and the other is the rental capacity of CAS at the beginning of the selling season.
The decision processes are as follows: At the beginning of the planting season
(Stage 1), based on the random yield and the two-stage stochastic demand, the
grower determines the planting quantity. During the planting season, the grower
updates forecast information. At the beginning of the in-season (Stage 2), with the
updated demand information, the grower determines the rental capacity of CAS to
store full or part of fruits. The remained fruits are assigned to the in-season. At the

beginning of the off-season (Stage 3), the grower sells products stored in CAS.

Most of the literature focuses on the planting policy or/and inventory policy.
However, to the best of our knowledge, there is no literature to study the planting
policy and the inventory policies considering two-stage demand, simultaneously. We
provide solutions for the grower on planting, store and sale to in-season and off-

season.

1.3 Dissertation structure

This research mainly relates to three fields in fresh FSCs, i.e., supply contracts,
planting and inventory planning. Chapter 2 reviews the related research by
classifying them into two categories: supply contracts for agri-food supply chains,
planting and inventory planning in agri-food supply chains. In each category, we

describe the related literature and explain the difference with our models.

Depending on the extension period of shelf life, we propose flexible operation
modes in rural fresh FSCs with RAS in Chapter 3 and with CAS in Chapter 4,

respectively.

In Chapter 3, we propose the flexible supply contract with put options (SCPO) for
a rural fresh FSC with RAS, where the grower stores fresh fruits in RAS to extend

the shelf life, which incurs extra storage costs that can be recovered by salvaging at
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a higher price later. The proposed model is analyzed from both the grower’s and the
buyer’s perspectives. We formulate the buyer’s and the grower’s profit functions,
and derive the buyer’s optimal policies for the initial order and put options as well as
the grower’s optimal policy for the planting quantity. The grower’s optimal supply
tariff can be obtained only numerically. In particular, we obtain closed-form
formulae to determine the buyer’s optimal order policy and the grower’s optimal
planting quantity in a special case. We show numerical experiments and analyze

how the parameters affect the performances of both the grower and the buyer.

In Chapter 4, we consider a single-period, three-stage model in a fresh fruit
supply chain with CAS. With rural CAS, the grower produces fresh fruits and then
sells them to a two-stage market, i.e., in-season and off-season, in sequence. We
formulate the grower’s profit function, propose the solution for the grower to make
the optimal planting quantity and derive the optimal rental capacity of CAS. In
particular, we study this model in a special case, and analyze numerically how the

parameters influence the grower’s behavior in such a supply chain.

Finally, the conclusions of this dissertation are presented in Chapter 5.

Subsequently, we explain the future direction of this research.



Chapter 2

Literature Review

2.1 Introduction

This research mainly relates to two fields in fresh FSCs, i.e., supply contracts,
planting and inventory planning. Cachon (2003) provides a general review of supply
contracts, such as return policy, backup agreement, pay-to-delay contract, and so on.
Zhao et al. (2016) present a review of the supply contracts with stochastic demand,
especially for option contract models. The reviews of Ahumada and Villalobos
(2009) and Takner and Bilgen (2021) cover the research on planting, harvest,
production, inventory and distribution planning for agri-food supply chains.
Furthermore, Nguyen et al. (2021) provide a similar review for fresh FSCs.

This chapter classifies the related literature into two categories: supply contracts
for agri-food supply chains, planting and inventory planning in agri-food supply
chains. In each category, after presenting pertinent studies, we review the most
relevant literature to highlight the motivation of our study. Differences between

these models and ours are also discussed.

2.2 Supply contracts for agri-food supply chains

To overcome the drawbacks of the wholesale contract in agri-food supply chains,



many flexible supply contracts are proposed. The commonly studied supply
contracts include revenue/cost sharing contracts, wholesale/quantity discount

contracts (Cai et al., 2013; Zheng et al., 2019) and option contracts.

Many researchers study revenue/cost sharing contracts to coordinate agri-food
supply chains. Sun and Li (2018) propose a secondary-income contract where the
third-party organization buys the agri-foods from farmers at a fixed-purchase price
lower than the unit wholesale price and then gives the farmers the chance of getting
secondary income at a distribution ratio of the revenue. They derive the optimal
production cost input of farmers. Considering the circulation loss of fresh agri-foods,
Yan et al. (2020a) propose a revenue-sharing contract in a fresh agri-food supply
chain based on radio frequency identification. Feng et al. (2021) develop cost-
sharing and compensation strategies where the retailer takes the initiative to
undertake the supplier’s part of proportion of freshness preservation effort level.
They obtain the optimal fresh-keeping effort level of the supplier. Shi and Wang
(2022) present a revenue-sharing contract under weather-related uncertain yield
where the retailer shares not only the yield risk by purchasing all the realized output

but also shares a portion of his sales revenue with the supplier.

To further reduce supply chain risks, some researchers combine revenue and cost
sharing contracts. Zhao and Wu (2011) design a revenue-sharing contract where a
supplier delivers goods with a price lower than unit production cost to the retailer
while the retailer returns part of its revenue to the supplier, and derive the supplier’s
optimal input quantity. Zhang et al. (2015) design a revenue sharing and cooperative
investment contract where the manufacturer provides a subsidy proportion to the
retailer's preservation technology investment and the retailer shares a portion of
revenue. Ye et al. (2017) develop a revenue-sharing-and-production-cost-sharing
contract of an agribusiness firm and multiple risk-averse farmers and analyze the
farmer’s optimal production quantity. Ma et al. (2019) propose a coordination
contract based on cost and revenue sharing in a three-echelon supply chain where

third-party logistics service providers (TPLSP) offer refrigeration services for a
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supplier and a retailer. The supplier shares a ratio of the TPLSP’s freshness-keeping
costs and the retailer shares a percentage of sales revenue with the TPLSP. Similar to
Zhang et al. (2015), Moon et al. (2020) propose a revenue sharing coupled with
investment cost sharing contract where the retailer invests in fresh-keeping
technology. They further propose an incremental quantity discount contract where

the manufacturer provides incremental discounts according to order quantity.

Different from the above literature, the option contract is a risk sharing
mechanism by quantity flexibility, which is widely used in various industries, such
as electricity (Oum et al., 2006), air cargo (Chen and Parlar, 2007) and container
leasing (Liu et al., 2013). Some researchers study option contracts in agri-food
supply chains where the products are perishable. Yang et al. (2017) develop call, put
and bidirectional option contracts. They derive the supplier’s optimal production
quantity and the retailer’s optimal initial order quantity and the optimal option
quantity. They find that the initial order quantity with the put option contract is the
highest. Wang and Chen (2018) investigate a newsvendor problem for fresh produce
with put option contracts, and find that the newsvendor when using put option
contracts can reduce the inventory risks that is caused by demand uncertainty and
high circulation loss of fresh produce, while they do not consider the supplier’s
decision. Yan et al. (2020b) propose a call option contract combined with a cost
sharing contract to coordinate the supply chain where fresh agri-foods are with two-
period price due to the perishability. They obtain the farmer’s optimal output
quantity and the optimal order quantity for agri-foods trading company. Wan et al.
(2021) propose a call option contract for a fresh agri-food supply chain when the
production cost and the loss rate are disrupted, simultaneously. They derive the
optimal quantity of options purchased by the distributor and find the supplier’s
optimal supply tariff numerically. Liao and Lu (2022) consider a three-level fresh
agri-food supply chain and discuss a call option contract between the supplier and
the retailer, and a wholesale price contract between the supplier and the producer.
They obtain the optimal production input of the producer, and the optimal order

quantity of the retailer.
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Please observe that the characteristic of the supply chain in Chapter 3 is a fresh
FSC with cold storages where the grower has an incentive to provide a put option
contract for a larger order. Yang et al. (2017) and Wang and Chen (2018) are the
closest to our model. However, different from them, we consider the random yield
during production but they do not. Furthermore, we optimize the grower’s supply

tariff whereas they assume the contract prices are fixed parameters.

2.3 Planting and inventory planning in agri-food

supply chains

2.3.1 Planting planning

A summary of the research related to planting planning is presented in Table 2.1,
most of which focus on the fresh FSC. Many researchers consider planting planning
models in multiple periods. In addition to the decision on planting quantity,
decisions on varieties selection or/and planting time are also analyzed. Willis and
Hanlon (1976) propose a temporal model to select an “optimum mix” of varieties of
apples for planting over time, with the resources including storage capacity, capital
and acres of orchard land. Darby-Dowman et al. (2000) present a recourse model for
the problem of determining optimal planting plans involving the area, spacing and
timing of planting the different varieties for a vegetable grower. Hester and Cacho
(2003) build a bioeconomic model from planting to maturity utilizing dynamic
simulation to find optimal thinning rates over the lifetime of the orchard by
maximizing net present value. Cittadini et al. (2008) explore options for farm-scale
strategic and tactical decision-making in farms in South Patagonia specialized in
fruit production to maximize the profit and optimize the cumulative farm labor.
Their main outcomes are the selected combinations of crop species and production
techniques, the area of each combination assigned to specific land units and the
timing of implementation of the orchard development plan. Tan and Cémden (2012)

present a long-range planning methodology for a firm that purchases premium fruits
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or vegetables from farms and sells to retailers, and propose an approach to the
optimal seeding time and area for each farm. Catala et al. (2013) present a strategic
planning model for pear and apple production and show optimal investment policy
for the replacement of varieties under different scenarios.

Table 2.1: Summary of the research related to planting planning

Planting Considerations
policy
o < d T w0
§ 2 3 5 8 2
Reference Varieties z & ° S 2 q
of agri-foods < 3 2 8
< 3] <
@ o <
o ‘3" n
QD
a
Willis and Hanlon (1976) Apple O O O O
Hamer (1994) Brussels sprout O O O O O
Darby-Dowman et al. (2000)  Vegetable O O O o O
Hester and Cacho (2003) Apple @) O
Kazaz (2004) Olive O o O
Cittadini et al. (2008) Cherry O O O
Tan and Comden (2012) Fruit and vegetable O O O O
Catala et al. (2013) Pear and apple O O O
Golmohammadi and Hassini O o O
(2019)
The model in Chapter 4 Fresh fruit O o O O

Some researchers consider single-period models. Hamer (1994) builds a decision
support system for planting plans including variety selecting, sowing date and
planting density for Brussels sprouts to meet the demand of different customers, and
takes the cost of cooling and storage into consideration. Kazaz (2004) studies
production planning for an olive oil producer who leases farm space from farmers to
grow olives, and then determines the optimal amount of farm space to be leased and

the optimal choices for olive oil production. Golmohammadi and Hassini (2019)
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study the problem of production planning, pricing and capacity planning of a farmer,
and analyze the optimal size of the land to be planted and that to be rented in order
to maximize the farmer’s profit. Similar to Kazaz (2004) and Golmohammadi and
Hassini (2019), the model built in Chapters 4 focus on decision-making for planting

quantity. However, we take cold storages into consideration whereas they do not.

2.3.2 Inventory planning

A summary of the research related to inventory planning is presented in Table 2.2.
There are three main categories: economic order quantity (EOQ), inventory control
and inventory allocation. The EOQ model is one of the oldest known models and a
lot of work has been done on this model. Chen et al. (2016) provide a method to
determine the optimal replenishment policy of a deteriorative agri-products supply
chain including a supermarket and a facility agriculture enterprise. Singh (2016)
builds an inventory model for perishable items with constant demand, for which the
holding cost increases with time, such as the warehouse cost in cold storages, and
provides the optimal solution for the inventory level and the order quantity. Some
researchers focus on the inventory control problem. Masini et al. (2011) present a
tactical planning model for a typical large company that operates several nodes of
the fruit industry supply chain and provide the “production profiles” of packed fruit,
concentrated juice and cider, which should be pursued to optimize the business
profit, along with the required profiles of raw fruit and cold storage to feasibly
operate throughout the fruit business cycle. Xu et al. (2019) propose a simulation-
based optimization model of the three-level inventory system for fresh agri-foods,
which consists of one manufacturer, multiple distributors, multiple retailers and one

supplier. They provide the optimal inventory control policy.

Inventory allocation problem, widely concerned by researchers, can be divided
into two types: allocation based on storages and allocation based on time. In the
argi-food supply chain, many researchers focus on inventory allocation based on

storages. Some literature considers three types of cold storage, i.e., RAS, CAS and
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smart-fresh CAS. Soto-Silva et al. (2017) develop a model combined purchasing and
storage for an apple processing plant that purchases apples stored in different cold
chambers divided by fresh keeping ability to minimize the storage cost. Based on
Soto-Silva et al. (2017), Mateo-Fornés et al. (2021) explore the benefits of a two-
stage stochastic programming model for purchase and storage decisions. Paam et al.
(2019) propose inventory policies by optimizing the configuration of storage rooms

for an apple industry in order to reduce apple loss.

Table 2.2: Summary of the research related to inventory planning

Inventory policy Considerations

m 3 5 o 0 Q)
o < < = S} =2
O S g a 5 9
Varieties of g ] 3 & g
< < =~ o
Reference agri-foods S = 3 2 §
=] o o i n
= o 3
°s =2 5
<) o
>
>(.
Masini et al. (2011) Pear and apple O O
Chen et al. (2016) Deteriorative agri-food O @)
Singh (2016) Perishable items O O
Hou et al. (2017) Fresh agri-food O T O O
Soto-Silva etal. (2017)  Apple S O
Liu et al. (2018) Perishable agri-food T O O
Paam et al. (2019) Apple S O
Xu et al. (2019) Fesh agri-food O O
Pourmohammadi etal.  Wheat
(2020) S © 0
Mateo-Fornés et al. Apple S
(2021)
Paam et al. (2022) Fresh agri-food O S
The models :
in Chapter 4 Fresh fruit T o O O

* Inventory allocation according to storages (S) or time (T).

Pourmohammadi et al. (2020) propose a mixed-integer linear mathematical model
for redesigning and planning of the wheat supply chain to address supplier selection,

ordering, storing, transportation, and distribution problems considering long-term
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and short-term storage facilities. They determine the location and capacity of new
storage facilities. Paam et al. (2022) solve multiple-period, multiple-product and
multiple-warehouse inventory control and allocation problem where each warehouse
has two modes (RAS and CAS). They provide the optimal number and mode of

warehouses in each period.

Different from them, the model in Chapter 4 analyzes the inventory allocation
problem based on time, that is, whether to allocate the fruits to be stored in CAS for
a later off-season sale or not. Few researchers focus on inventory allocation based on
time. Hou et al. (2017) build a multi-stage inventory control and allocation model
for a wholesaler who sells fresh produce at a wholesale market and addresses display,
disposal and order policies with cooling facilities. Liu et al. (2018) propose a single-
product finite-stage inventory model for a wholesaler where warehouses are
available. They address policies on the optimal purchase and inventory retrieval
quantities. Both of them assume that sell fresh produce in the in-season, while our
model in Chapter 4 focuses on the inventory allocation in a two-stage market, i.e.,
in-season for the first stage and off-season for the second stage, with relative

independence and different retail prices.

2.3.3 Planting and inventory planning

After a long planting season, growers might proceed to participate in logistics,
such as inventory, transportation and distribution. Some researchers integrate
planting and inventory decisions. Ahumada and Villalobos (2011) present a tactical
planning model for a large fresh produce grower to maximize revenues. The main
decisions involve when and how much to plant of each crop, when to harvest and
sell the crops and how much products to store. Based on Ahumad and Villalobos
(2011), Ahumada et al. (2012) expand the model with the variability of weather and
demand. Costa et al. (2014) study a vegetable crop rotation problem with demand
constraints to decide what and when to produce given a set of lands. They analyze

the inventory policy with the possibility of stocking harvested crops. Catala et al.
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(2016) propose a bi-objective optimization model for tactical planning in the pome
fruit supply chain with CAS and RAS, and integrate production, distribution and
inventory decisions. Fikry et al. (2021) presents an integrated strategic-tactical
planning model for the sugar beet supply chain to optimally solve the production
planning problem of when, where and how much to plant and the logistics problem
involving transportation and inventory. Alemany et al. (2021) develop a set of
models to analyze when and how much to plant and store of fresh tomatoes for
multi-farmer supply chains under yield and demand uncertainties in different
scenarios. They consider selling fresh products in in-season markets.

From Table 2.3, we can observe that the related literature studies the planting and
inventory planning under a single-stage demand. However, the demand in our study
has two stages. Among the researches, Ahumada et al. (2012) and Alemany et al.
(2021) also consider both random yield and stochastic demand. Different from our

models in Chapter 4 and 5, they do not study the effect of CAS on the supply chain.

2.4 Chapter summary

As this research mainly relates to three fields in fresh FSCs, i.e., supply contracts,
planting and inventory planning, we classify the related literature into two categories:
supply contracts for agri-food supply chains, planting and inventory planning in
agri-food supply chains. In each category, after presenting pertinent studies, we
review the most relevant literature to highlight the motivation of our study.

Differences between these models and ours are also discussed.
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Table 2.3: Summary of the research related to planting and inventory planning

Planting Inventory Considerations
policy policy
o < d 5 3 J 2 O g
S o 3 = < £ 3 9 =
et Varieties of 2 ED’ ® S 3 §' % o g%
eference i = e 9 S
agri-foods < s 3 E % g Q—;
8 = > 2 3 o
= 8 =3 ° &
s 2 = @
<) o
=)
Ahumad and Fresh o O
Villalobos (2011) produce
Ahumad et al. Fresh
(2012) produce © 0 © 0
Costa et al. (2014) Vegetable o O O O O
Catala et al. Pearand
(2016) apple © 0 © ©
Fikry et al. (2021) Sugerbeet O O O O
Alemany et al.
(2021) Tomato O O O O O O
The model Fresh fruit O @) O O O O
in Chapter 4
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Chapter 3

Flexible Supply Contract with Put
Options with Regular Atmosphere

Storage

3.1 Introduction

This chapter studies the flexible supply contract with put options (SCPO) for a
rural fresh FSC with RAS, where the grower stores fresh fruits in RAS to extend the
shelf life, which incurs extra storage costs that can be recovered by salvaging at a
higher price later. Our objective is to determine the grower’s optimal planting policy
and optimal supply tariff as well as the buyer’s optimal order policies. We also
analyze how the parameters affect the performances of both the grower and the

buyer?.

3.2 Model

Partial content of this chapter has been published on the Journal of Japan Industrial
Management Association, Vol.73, No.2E (Bai and Wang, 2022)
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3.2.1 Notation and assumptions

Table 3.1 presents the parameters and decision variables used throughout this
chapter. We consider a single-period, two-stage supply contract in a rural fresh FSC
with random yield and stochastic demand. The buyer, who is far away from the
grower and the spot market, orders fresh fruits from the grower and sells them to the
market. The grower has one opportunity to plant one batch and is not allowed to be
out of stock. When the output is less than the order, the grower replenishes the
shortfall from the spot market where the number of products is sufficient. Note that
the buyer cannot replenish inventory from the grower or the spot market because the
market is very far, and the grower only accepts orders under her maximum
production capacity. The RAS, as an external party with enough storage capacity, is
available for the grower, which enables the grower to salvage the unsold fruits at a
higher salvage price. All of the unsold products may be salvaged by both the grower
and the buyer.

At the beginning of the planning horizon, the grower knows the output rate K (K >
0) with distribution function T(-). The mean of K is k . The values of n and m are

based on experience but excluding extreme cases such as disasters resulted in no
harvest. The buyer knows the demand D (D > 0) with distribution function F(-).
After harvesting, the grower specifies K as a value k. Just before delivery, the buyer

updates information and specifies the D as a value & .

Throughout the chapter, we assume the wholesale price and retail price are
exogenously. We assume {w,g} > c/k >V, . Let w> c/k to ensure the grower to be
possible to get marginal profit from planting. Let g >c/k , otherwise the grower
would purchase fruits from the spot market rather than planting. Let ¢/ I?>vg :

otherwise the grower would earn infinite profit by salvaging products if she could

plant infinite products. Furthermore, we assume w > vy as well.
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Table 3.1: Notation throughout Chapter 3

Decision variables

Order quantity in NV model
Planting quantity in NV model
Quantity of initial order

Quantity of put options purchased
Quantity of put options exercised
Planting quantity in SCPO model
Unit price of put option

Unit exercise price of put option

Parameters

~—

.

MO 92 35 XR5s5Q 0T = =
N—r

D
~ —

Unit wholesale price (including the shipping cost)
Unit retail price

Unit shortage cost

Unit planting cost

Unit spot market price

Unit salvage price of products stored in RAS for the grower
Unit salvage price for the buyer

The output rate (stochastic variable)

Minimum output rate during certain years
Maximum output rate during certain years
Determined value of K

Probability density function of K

Cumulative density function of K

Demand for fresh fruits (stochastic variable)
Determined value of D

Probability density function (pdf) of D
Cumulative density function (cdf) of D

3.2.2 The traditional operation mode with RAS

This is a traditional operation mode of a fresh FSC with RAS, i.e., newsvendor
(NV) model. The buyer places an order Qnvo according to the demand forecast at the
beginning of the planning horizon to, paying wholesale cost w for each unit. The
grower plants the amount Qnvwp based on the buyer’s order and the random output rate
with unit planting cost c. At the beginning of the selling season ti, the grower

delivers products to the buyer and any order that cannot be met will be satisfied via
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the spot market. The grower’s surplus products can be stored in RAS to extend their
shelf life and they can be salvaged at vg for each unit. During the selling season, the
buyer earns revenues from each satisfied demand and incurs shortage cost p for any
unsatisfied demand. At the end of the selling season, the buyer obtains an additional
cash inflow from salvaging the unsold products. The model is graphically presented

in Figure 3.1.

® Purchase (Q,,,—kQ,,,, 0)” in the spot market

@ Determine planting quantity 0,,,, @ Deliver Q,,,,
® Store (kQ,,,~O,no» 0)* in RAS and then salvage leftover

F Planting Season t,
U J update demand forecast \—‘—/ Selling season

@ Place order Q,,,, (® Salvage leftover inventory
or incur shortage cost

Grower

=]

Buyer

Figure 3.1: Graphical representation of the NV model
Based on the above description, the buyer’s expected profit at to IS

ano

I:)FTnvb (ano) = _Wano + I [rf Y (ano _5)]f (é)dg

0

+ [ [1Quo - P(E-Qua)]f (£)dé

QHVO

The first term represents the purchase cost. The second term is the revenues from
selling and salvage when the buyer’s order quantity meets the actual demand. The
third term is the selling revenue and shortage cost when the buyer’s order quantity

does not satisfy the actual demand.

The buyer’s problem is to maximize the profit by choosing the appropriate order
quantity Qnvo at the beginning of the planting season to.

max PFT,, (Q,,)

subjectto Q. >0

nvo
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Taking the derivative of PFT,, (Q,,) With respect to Qnvo and equating it to zero,

we get the following optimality condition:

F(Qu)= P @)

r+p-v,

If there exists a non-negative value of Q__ which satisfies equation (3.1), then the

optimal order quantity is Q;, =Q,,, -

The grower’s expected profit at to iS

Quvo / anp

I:)FTnvg (anp ) = _Canp + Wano - _[ g (ano - anvp ) T(k ) dk

+ I Vg (anvp_ano)T(k)dk
ano/anp
The first term is the planting cost. The second term is the revenue received from
the order. The third and fourth terms are the replenishment cost and the salvage

revenue when the output quantity does not satisfy and meets the order, respectively.

The grower’s problem is to maximize the profit by choosing the appropriate

planting quantity Qnvp at the beginning of the planting season to.

max PFT,(Q,, )
subjectto Q,,, >0

Proposition 1. There exists a non-negative value of Q . which satisfies equation

nvp
(3.2), and the optimal planting quantity is Q;, =Q,,,-

0

Quo/Qnip
gf, " "ke(k)kv, [ ke(kjdk=c (32)

nvo / anp

Proof: See Appendix A.1.
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3.2.3 The flexible operation mode with RAS

This is a flexible operation mode with put options for a fresh FSC with RAS, i.e.,
SCPO model. At the beginning of the planting season to,1, the grower provides a
supply tariff (i.e., wholesale price w (exogenous variable), option price wo and
exercise price wep.). With the supply tariff, the buyer determines the order policy (i.e.,
initial order Qo and put options qo) based on the market demand forecast at to,2. After
that, considering the buyer’s order and random output rate, the grower determines
the planting quantity Qop at to3. At the beginning of the selling season ti, according
to the updated information, the buyer can exercise options gep at the unit exercise
price Wep to adjust the initial order quantity downward if necessary. Then, the grower
delivers the final order Qo - Qep to the buyer and any unsatisfied order can be
satisfied via the spot market. The grower’s surplus products can be stored in RAS,
which can be salvaged at vg for each unit later. At the end of the selling season, the
buyer obtains an additional cash inflow from salvaging unsold products or incurs a

shortage cost. Graphical representation of SCPO model is presented in Figure 3.2.

® Purchase (O —¢.,—kQ,,, 0)" in the spot market
@ Provide the supply tariff (w,. w,,) ® Deliver 0y —q,,

® Determine planting quantity 0, @ Store [kQop~(Qo ~4ep ), 0] in RAS

and then salvage leftover
Grower '—tlﬁ Planting season l_tl_L JT]

0 1
Buyer %J update demand forecast Selling season I
(@ Place initial order Q, @ Exercise options ¢, Salvage leftover inventory
and purchase options ¢, based on updated information or incur shortage cost

Figure 3.2: Graphical representation of the SCPO model

In this model, it is assumed that wep < w to ensure that the buyer can get back a
full or partial refund if exercising options, and that vo < wep — Wo to ensure that the
options are profitable for the buyer to exercise. To ensure the buyer’s incentive to
purchase options, it is assumed Wo<w and r + p > w + Wo. Let vg< Wep ensure that

the grower earns a profit from selling products rather than options.

24



The buyer s problem

The buyer’s problem is to determine the optimal values of Qo and qo at to.2 and Qep
at t1. In order to solve the buyer’s problem at to,2, we first analyze the optimal policy
at t1. At the beginning of the selling season ti, the buyer has placed an initial order

Qo and purchased qo options. With D=¢ observed, the buyer determines the
quantity of options to be exercised gep in order to satisfy the demand during the
selling season. Depending on the value of &, the buyer’s optimal quantity of options

to be exercised at time t1 is

Qo if £<Q—0q,
q;p: Qo_‘f if Qo_qogésQo
0 if Q<&

At to, the buyer’s expected profit can be written as

Qo—o

PFTob (Qo’qo)z_WQO —W,(Q, + J- I:Wepqo +r‘);:"'Vb(Qo —0 _6&):']: (‘f)dég

0

+ (jg ':Wep (Qo —§)+I‘§]f (f)d§+.[[rQo - p(ég_Qo)]f (£)d¢

Q- Q

The first and second term represents the purchase costs of the initial order and put
options. The third, fourth and fifth terms are the expected profits during the selling
season when the actual demand & is in the intervals (0, Qo - qo), [Qo - go, Qo] and
(Qo, 0), respectively. When & is in the interval (0, Qo- qo), £ < Qo- qoholds, i.e.,
even if the buyer exercises all options qo, the demand is smaller than the final order

quantity Qo- qo. Thus, the buyer inevitably holds overage inventory. The fourth and

fifth terms can be analyzed similarly.

The buyer’s problem is to determine the number of the initial order Qo and the
number of options purchased go to maximize the profit function during the planning

horizon.
max PFT,, (Q,,q,)
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subjectto Q,>0, g,>0

Differentiating PFT,, (Q,.q,) With respect to Qo and qo, respectively, and

equating them to zero, we get the optimal solution at toas described in Proposition
2.

Proposition 2. If there exist non-negative values of Q, and q, which satisfy

r+p—w-w
o= T 6
ep

and

W, —V,

F(Qo_qo): =

W

(o]

(3.4)

then the optimal initial order is Q: =Q, and the optimal number of put options
purchased is g = .

Proof: See Appendix A.2.

The grower’s problem

The grower’s problem is to determine the optimal values of Wo and wep at to,1, and
then to determine the planting quantity Qop at to3. In order to solve the grower’s
problem at to1, we first analyze the optimal planting quantity. At to3, after receiving
the order from the buyer, the grower determines the optimal planting quantity

considering the random output rate. Depending on the values of the actual demand

& and the output rate k at t1, six cases can be derived in Table 3.2.
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Table 3.2: Six cases for values of demand & and output rate k at t

Buyer’s final Overage inventory
order quantity  or shortage for the grower

NO. Intervals of &, k

1 {5, onp} <Q,— 1, Qo- Qo Shortage
2 £<Q,-q,<kQ, Qo- qo Overage inventory
3 {Q-0,kQ,|<£<Q g Shortage
4 —g,<&< {QO, onp} & Overage inventory
5 kQ,, <Q, << Qo Shortage
6 Q, < {g‘, onp} Qo Overage inventory

At to3, the grower determines the planting quantity Qop to maximize the profit

function as below

max PFT (Qop)

—cQ,
(Qo~0)/Qqp
oo | Wl [ [-9(Q -t —kQ, ) |7 (k)dk
+ ] . f(&)de
T .[ Vg[onp_(Qo_qo)]T(k)dk
(Qo=90)/Qup
= max ¢/Qup
o |t .[ [_g(g_onp)]T(k)dk
+ ] ’ TBLE
e e ] v (K, ~£)r(k)dk
¢/Qop
w | Qo/Qup Y
+H [ [-9(Q-kQy) Jr(k)dk+ [ v, (kQy,—Qy)7(K)dk f (¢)de
Q 0 Q)

subject to Q,, >0

Taking the derivative of PFT_ (Qop) with respect to Qop and equating it to zero,

we get the optimal planting quantity at to,3 as described in Proposition 3.
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Proposition 3. There exists a non-negative value of Q(',p which satisfy the equation

(3.5), and the optimal planting quantity is Q,) = Q,,.

(QO_qO)/Qop
) F(Q-0) [ ke(k)k o,
v, | ke(k)dk+(g-v,) s o/ =c-g [ ke(kjdk (35)
/s +F(Q) [ ke(Kk)dk ’
i Qo) Qup ]

Proof: See Appendix A.3.

At to1, the grower’s problem is to find the optimal supply tariff by solving the

optimization equation:
max PFT,, . (WO W, ) = max [WQ0 FW, 0y +TT (Qop )}

subjectto w, >0, w,, >0

The closed-form solutions for wo and wep are difficult to derive since Qo and qo are
functions of wo and wep. Therefore, we use numerical experiments to analyze the

optimal supply tariff.

To obtain closed-form solutions of the buyer’s order policy and the grower’s
planting quantity, we demonstrate the above two models in a case of uniformly
distributed demand and output rate below.

3.3 Justification of the proposed model

In this section, we analyze a special case where demand and output rate are both
uniformly distributed. At to, the grower knows the output rate K follow uniform
distribution over interval [n, m]. And the buyer knows that demand D is uniformly

distributed over [y — 8,7 + #]. After harvesting, the grower specifies K as a value k.
Just before delivery, the buyer specifies the D as a value & with the updated

demand information. The pdf and cdf of £ and K are as follows.
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f(é)zi Eely-Br+h)
F(é)=% ccly-pr+8),
r(k):ml_n ke[n,m],
T(k)::]__r:] k e[n,m].

In this model, considering the grower neither holds overage inventory nor is out

have %SQMS% in NV model and

of stock absolutely, we
m n

Qo — 0o <Q <2 in scPo model.
m ® n

3.3.1 The traditional operation mode with RAS

At to, the buyer’s problem is to maximize the profit function SPFT_, (Q,,) by

choosing the appropriate order quantity Qnvo.

ano

“WQy, + [ [FE+,(Que ~O]f (£)dE
max SPFT,, (Q,, ) = max i

7+p
+ I [rano - p(f_ano)]f (é:)df

ano

Taking the derivative of SPFT,, (Q,,) with respect to Qnw, the buyer’s optimal

order quantity is obtained:

ZIB(W_Vb) (3 6)
r+p-v, '

Q:vo:7+ﬂ_

At to, the grower’s problem is to maximize the profit function SPFT (anp) by

choosing the appropriate planting quantity Qnvp.
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Quo/Qup
_Canp + Wano N J- 9 (Q”VO - kQ“VF’ )T(k ) dk
max SPFT,, (Q,,, ) = max . "
+ j Vq (anvp_ano)T(k)dk
Quvo/Qup

Taking the derivative of SPFT_ (anp) with respect to Qnvp, the grower’s optimal
planting quantity is described in Proposition 4.

Proposition 4. The grower’s optimal planting quantity is defined as

Qn\/o H ano
—mo if anpl <
m m
. . Q Q
anp_ anpl if r:,\;o < anpl < rn]vo
S

where

g-v
anpl = ano\/ ;

gn® —v,m*+2(m-n)c

Proof: See Appendix A.4.

3.3.2 The flexible operation mode with RAS

The buyer’s problem

Based on the description in Section 3.2.3, the buyer’s expected profit at to2, can

be written as

Qo—%

SPFTob (Qov%) = _WQO —W,q, + _[ |:Wepq0 + r§+Vb (Qo — 0o _§)i|f (f)df
7B
Qy r+pB
[ [We (Q=&)+rE]f (£)de+ [ [rQy— p(£-Qy)]F (&)dé
Qo—o Qo

The buyer’s problem is to determine the number of the initial order Qo and the
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number of options purchased qo to maximize the profit function during the planning

horizon. Differentiating SPFT, (Qo,qo) with respect to Qo and qo, respectively, and

equating them to zero, we derive the optimization conditions as

2B(W+W, —W,,)

Q=r+p- (3.7)

p+r—w,

_2p(prr-w-w,) 2pw,

p+r—w, (vb—wep)

% (3.8)

It can be readily proved that Qo > 0. On the other hand, to obtain go > 0, we need
the following inequality

< (Wep _Vb)(p+r_w)
p+r—-v,

(3.9)

If the inequality (3.9) holds, the optimal initial quantity Q, and the optimal
quantity of put options purchased ¢, follow the equation (3.7) and equation (3.8),

respectively.

Otherwise, the optimal g, =0 and Q, =Q,,, as in the equation (3.6).

Proposition 5. The buyer’s optimal policy for Qo and qo satisfies the following

properties:
(i) Qo increases with wep and p, and decreases with wo.
(if) go increases with wep, £ and p, and decreases with wo and vb.

Proof: See Appendix A.5.

The grower’s problem

At to 3, after receiving the order from the buyer, the grower determines the optimal
planting quantity. Depending on the values of Qo and qo, four planting plans are

derived as follows.
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Plan 1. Q,-q, <nQ,, <mQ,, <Q,.

In this case, the output quantity cannot fulfill the initial order but can satisfy the

firm order quantity (Qo- go) from the buyer. Here, depending on the values of the

actual demand & and the output rate k at ti1, six cases can be derived as shown in

Table 3.3.
Table 3.3: Six cases for values of demand & and output rate k at t1 in plan 1
Buyer’s final order Overage inventory or

No. Intervals of &', k quantity Shortage for the grower

1 & <Q,— 0, <kQ, Qo-Co Overage inventory

2 Q-0 <&<nQ,, <Q, ¢ Overage inventory

3 Q-0 < onp <&=<Q, § Shortage

4 Q-0 <&<kQ, <Q, ¢ Overage inventory

5 mQ,, <& <Q, < Shortage

6 kQ, =Qp <& Qo Shortage

The grower determines the optimal planting quantity Qop to maximize the profit
function

max SPFT? (Qop)

nQqp

subject to

o0+ | o [0, (@ - Je()a 1 (0)ec
aks
i
It
Jf{j[—g(qo—keopﬂr(k)dk}f ()ae

Qoo
7-B

W,y (Qo &)+ [V, (KQ,, —f)r(k)dk}f (&)de

£/Qup m
W Q-9+ [ [-9(&-kQy )|z (k)dk+ | vg(onp—f:)r(k)dk}f(f)df
n &/Qup

wep(Qo—§)+T[—g(5—kQOp)}r(k)dk}f (£)d¢

Qo

;qOSQOp
n

<

m
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Plan 2. nQ,, <Q, —d, <Q, <mQ,, .

Here, the maximum output quantity is higher than the initial order whereas the
minimum output quantity is lower than the firm order (Qo - go). Six cases can be

derived as shown in Table 3.2.

The grower determines the optimal planting quantity Qop to maximize the

expected profit function

max SPFT? (Qop)
(Qo—0o)/Qop
oo | Wl [ [-9(Q-t—kQ, )] (K)dk
—CQ,p + J i n f(£)de
o I Vgl:onp_(QO_qO):IT(k)dk
(Qo—0p)/Qop
£/Q
o | Wer(Q—8)+ | [—g(f—onp)]r(k)dk
=max |+ [ ¢ n f(£)de
@l [ vy (kQ, —&)r (k) dk
£/
7+ [ Qo/Qop 0
+J{ J [_Q(QO‘onp)]T(k)kor | Vg(kQOon)r(k)dk}f(g)dg
@ Lo Qo/Qup
subject to %ngp g@

Plan 3. nQ,, <Q, -q, <mQ,, <Q,.

In this plan, the initial order is higher than the maximum output quantity while the
minimum output quantity is lower than the firm order. Here, six cases can be derived

as shown in Table 3.4.
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Table 3.4: Six cases for values of demand & and output rate k at t1 in plan 3

o o £ Doron o men
1 {51 onp} <Q, -0, Qo- Qo Shortage

2 £=Q-a <k, Qo-qo Overage inventory

3 {Qo =0, onp} <&<mQ, E Shortage

4 Q-0 <S<kQ, £ Overage inventory

> MQy <& <Q, S Shortage

6  kQu<Q<¢ Qo Shortage

The grower determines the optimal planting quantity Qop to maximize the profit

function
max SPFT? (Q,, )
(Q=00)/Qup
Qo= _Wqu0+ J. [_g(QO_qO_kQOP)}f(k)dk
_CQop+ . n
ks I Vg[kQOP_(QO_qo)}T(k)dk
(Qo=00)/Qup
$1Qg
MQup _Wep(Qo_§)+ I [_g(ég_onp)]T(k)dk
=max+ | " f(&)de
Q% J. onp g )
E1Qu
Qo m
| { ~6)+[lo(e Ky Je(k >dk}f(5>d:
mQg, n
y+f (m
TiT-le kQOP)Mk)dk}f(«:)df
Q Un

subject to % <Q, < {M%}

Plan 4. Q, -

n m

<NQ,, £Qy =MQ,,.
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In this case, the maximum output quantity is higher than the initial order while the

firm order is lower than the minimum output quantity. Six cases can be derived in

Table 3.5.

Table 3.5: Six cases for values of demand & and output rate k at t1 in plan 4

No. Intervals of &, k

Buyer’s final
order quantity

Overage inventory or
shortage for the grower

& <Qy—q, <kQ,

Q —d, <& <nQ, <Q,
Q —d, <kQ,, <&=<Q,
Q, -, <£<{Q,.kQ, |
kQ, <Q, <&

Q, <{£,kQ,}

S O AW N

Qo-go
4
4
4
Qo
Qo

Overage inventory
Overage inventory
Shortage
Overage inventory
Shortage

Overage inventory

The grower determines the optimal planting quantity Qop to maximize the profit

function

max SPFT* (Qop)

Qo—%
—CQ,p +
=B

nQop

* |
Qo—d
$1Qqp
= MmaxX —-W,

Q
n
|
m

élQop

Qo n

j {—wepq0+Tvg[onp-(Qo—qo)]r(k)dk}f(g)dg
{—wep (Q, —§)+Tvg (kQ,, —g)r(k)dk}f (&)dé
o (Q=8)+ [ [-0(£-kQ,,)]r(k)dk

" |4 j v, (kQ,, —&) 7 (k) dk

ﬁﬂ{ oj.cp[—g(Qo—onp)]r(k)dk+
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subject to {M&}s oo s&
n m n

Taking the derivative of SPFToj (Qop)with respect to Qop in plan j (j = 1,2,3,4),

the grower’s optimal planting quantity Q_  , is described in Proposition 6.

*

o.; N plan j is defined as

Proposition 6. The grower’s optimal planting quantity Q
below.

(1) In plan 1, the optimal planting quantity is

QO B qo if Qop,l < Qo - qo
n n
Q;p,l = Qop,l if % < Qop,l < %
Q .
= if & < Qqps
m m

where

B 3(n+ m)[;/(g -v,)+B(9 +vg)]—12c/5‘
- 2(n2+m2+nm)(g—vg)

op,1

(i) In plan 2, the optimal planting quantity is

& if Q,, < Q
m m
* A Q Q _
Qop,z = Qopg if HO < QOp’2 < OTqO
% |f % < Qopy2

where
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o - (v, —9)[ 205 +6(0, — B)Q; —6(y — B+0y) Qull +3(r — B) 1 |
P2 68 gn® —v,m’ +2c(m—n)]

(iii) In plan 3, the optimal planting quantity is

—Qo_qo i QT
m if Q°p3<—m
Q;pSZ Qops |f QO q0<QOp3_{QO qo QO}
| n m
mln(QO % on if Qs> {QO do Qo}
’ n m
where
Q°’”:Ei3+3E+ P (=34 (3.10)
Ai 9A2EI§
A, =2(g —v,)m’

B, =3y(g —v,)m’ +3ﬁ[(g +V,)m? —2gn* —4c(m — n)}
Co=(9-v,)(Q - ) (37 -38-2Q,+20,)

A, =2(g —v )’

B, =3y(g —v,)n’ +3,B[(g +V,)n? —2v,m? + 4c(m - n)]

C,=(9-v,)Q’ (37 -2Q, +38)

(iv) In plan 4, the optimal planting quantity is
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Q:p,4 = Qop,4 if {%,%} < Qop,4 < %
S if Q4> Q%
n ' n

where Q,,, can be found in equation (3.10).

Proof: See Appendix A.6.

At to3, the grower’s optimal planting quantity Q;  is defined as following:

*

() When m(Q,—-q,)<nQ, , Q, takes one of Q;, Q,,and Q, that

maximizes the grower’s expected profit.

* *

(i) When m(Q,—-q,)=nQ, , Q,, takes one of Q; ,, Q) ,and Q, that
maximizes the grower’s expected profit.

At to1, the grower’s problem is to find the optimal supply tariff to maximize the

following formula,

max SPFT)  (w,, w,, ) = max [WQ0 +W,q, +G! (Qop )}
subjectto w, >0, w,, >0

Let (W;Y].,szyj) denote the optimal supply tariff for the grower in plan j. The
optimal supply tariff (W:,W:p) takes one of value among (W;,l’W:p,l) , (W;Z,W:pyz) ,
(W* W,

.30 ep,3) and (W:A,W:plﬂr) that maximizes the grower’s expected profit. Similarly,

we analyze the optimal supply tariff in numerical experiments.
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3.4 Numerical experiments

In this section, we first examine the effectiveness of the proposed model, and then
analyze to what extent, the SCPO model under various parameters and also the RAS
can improve the profits for the grower and also for the buyer. The parameter settings
are as follows: ¢ =30,n=0.4, m=1, g =85, vg= 20, w =80, r = 150, p = 150, vv = 0,
y =1000 and B =500. When analyzing a parameter, the values of the others are kept
at the initial setting as shown above. For each parameter set, the optimal solution
and the corresponding expected profit are calculated. What’s more, to evaluate the
improvement when using SCPO for the grower and the buyer, respectively, we
compute the two ratios,

_ ABuyer's profit
Buyer's profit,,

_ AGrower's profit

Ag = .
Grower's profit,,

d A,

where

ABuyer's profit = Buyer's profit,.,o —Buyer's profit,,

AGrower's profit = Grower's profit,.., —Grower's profit,,

3.4.1 Performance comparison for models

We propose the SCPO model with three conditions: random yield, optimal supply
tariff and RAS. To prove the effectiveness of the proposed model, we use the
traditional operation mode under the same conditions as a benchmark and compare
participants’ performances for SCPO model with only two of these three conditions

as below.

(i) SCPO model without considering random yield.
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In this case, the grower’s optimal planting quantity is Qp = 1318 (See Appendix
A.7 for the formula) while the optimal planting quantity in our model is equal to

1518.
(i) SCPO model without considering the supply tariff as decision variables.

In this case, we set the supply tariff (wo, Wep) to (4, 22) while the optimal supply

tariff obtained in our model is (5, 21).
(i) SCPO model without considering RAS.

In this case, we set the salvage price of unsold products to 0 (vg = 0) while the

salvage price of unsold products stored in RAS may be increased to 20 (vgq = 20).

Figure 3.3 presents expected profits of the grower and the buyer for different
models with various conditions, and Figure 3.4 shows the grower’s optimal planting
quantity and the buyer’s optimal order policy in the proposed and the traditional
models. From Figure 3.3, we find that the grower’s performance of the proposed
SCPO model is better than that of the traditional operation mode and also than that
of SCPO model with other conditions, from which we can conclude that the
proposed SCPO model is effective for the grower. And with rural cold storages, the
grower can get affluent. Moreover, compared with traditional operation mode, the
proposed SCPO model enhances both the grower’s and the buyer’s profits.
Interestingly, in the proposed SCPO model, the grower’s profit may be higher than
the buyer’s profit. From Figure 3.4, we observe that the grower receives a larger
order from the buyer while plants less fruits. Obviously, the proposed SCPO model

is more beneficial to the grower, which protects the grower’s profit.
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Expected profit
50000

45000

W Grower
40000

W Buyer

35000

30000

Traditional SCPO SCPO SCPO SCPO
operation in Chapter 3 without without without
mode optimal RAS random vyield
supply tariff

Figure 3.3: Expected profit vs. supply contracts

Quantity
2000

1800
1600
1400

1200 M SCPO in Chapter 3

M Traditional operation mode
1000
800
600 Hl
400

Order policy Planting quantity

Figure 3.4: Solutions of SCPO and traditional models

3.4.2 Sensitivity analysis
Effect of the salvage price of products stored in RAS vy

Figure 3.5, Table 3.6 and Figure 3.6 present the optimal quantities, optimal supply

tariff and corresponding expected profits under various values of vg, respectively.
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The corresponding ratios A under different values of vq are plotted in Figure 3.7.

We vary vq from 0 to 25, which satisfies the assumption ¢/k > v, in Section 3.2.1.

From Figure 3.5, we observe that with the SCPO model, as vg increases, the
grower’s loss from salvage decreases. The grower tends to increase the planting
quantity Qop because the loss from overage inventory decreases. However, the
increasing risk related to overage inventory makes the grower increase the option
price Wo, as shown in Table 3.6, to compensate for the planting cost. At the same
time, to keep the options attractive, the exercise price of the put option wep also
increases, which enables the buyer to obtain a larger refund when exercising the
options. As a result, the buyer increases the initial order Qo. However, the variation
of the option quantity qo is unclear because go is decreasing in wo and increasing in
Wep, according to Proposition 5. Moreover, a higher salvage value vg means a higher
preservation level of RAS. We observe that the preservation level enhances the

grower’s enthusiasm for planting.

The corresponding expected profit increases as shown in Figure 3.6. The grower’s
profit increases because of the high salvage value vg and the possible high order
quantity from the buyer. Two conflicting effects affect the buyer’s profit. One is that
the increase in wep enables the buyer to have more flexibility to respond to uncertain
demand, hence the profit increases. Another effect is the higher option purchase cost
due to the increasing Wo. As a result, the buyer’s profit increases. Moreover, in Figure
3.7, we can see that the SPCO model is more beneficial to the grower. Using SCPO
model, the improvements for the grower Ac and the buyer Ascan be up to 29%

(when vg=0) and 7.5% (when vg = 25), respectively.
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Quantity
1700

1500 /

1300 F

1100
— Qop
900 — QO

-—
700

500 F e ——

300 1 1 L 1 ' Vg

Figure 3.5: Variation of optimal policy function of v

Table 3.6: Effect of vg on the grower’s optimal supply tariff

Vg 0 5 10 15 20 25
Wo 1 1 2 3 5 7
Wep 5 6 11 16 21 26
Expected profit
50000 [
48000 |
46000 |
= (Grower
44000 | == Buyer
42000 /
40000 : : : : s Vg
0 5 10 15 20 25

Figure 3.6: Variation of expected profit function of v,
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Ratio
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20% |
— Ag
10% |

__—

O% 1 1 1 1 J Vg
0 5 10 15 20 25

Figure 3.7: Variation of the ratio function of vy

Effect of the spot market price g

Figure 3.8, Table 3.7 and Figure 3.9 present the optimal quantities, optimal supply
tariff and corresponding expected profits under various values of g, respectively. The

corresponding ratios A under different values of g are plotted in Figure 3.10. We

vary g from 80 to 105, which satisfies the assumption g >c¢/k in Section 3.2.1.

From Figure 3.8, we observe that with the SCPO model, as g increases, the
grower’s purchase cost in the spot market increases. The grower tends to increase
the planting quantity Qop because the purchase cost in the spot market increases. To
avoid the risks associated with the increased planting quantity, the grower keeps the
exercise price of the put option wep at the lowest value, i.e., Wwep=Vvg + 1 = 21 and
also keeps the option price wo unchanged to attract the buyer to purchase options as

shown in Table 3.7. As a result, both the initial order Qo and the number of
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purchased options qo also keep unchanged. The corresponding expected profit
changes as shown in Figure 3.9. The grower’s profit decreases because of the high
spot market g while the buyer’s expected profit is not affected. Moreover, in Figure
3.10, we can see that when using SCPO model, the improvement for the grower Ac

and that for the buyer Ascan be up to 28% (when g = 65) and 7%, respectively.

Quantity

1700

1500 §

1300 g

1100 |

200 f — Qo
700 F

500 F

300 1 1 1 1 J g
80 85 90 95 100 105

Figure 3.8: Variation of optimal policy function of g

Table 3.7: Effect of g on the grower’s optimal supply tariff

g 80 85 90 95 100 105
Wo 5 5 5 5 5 5
Wep 21 21 21 21 21 21
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Expected profit
50000
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Figure 3.9: Variation of expected profit function of g

Ratio
30% r

20%

10% | —_— g

0% 1 1 1 1 ) g
80 85 90 95 100 105

Figure 3.10: Variation of the ratio function of g
Effect of the shortage cost p

Figure 3.11, Table 3.8 and Figure 3.12 present the optimal quantities, optimal

supply tariff and corresponding expected profits under various values of p,
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respectively. The corresponding ratios A under different values of p are plotted in

Figure 3.13. We vary p from 50 to 550.

From Figure 3.11, we observe that with the SCPO model, as p increases, the
shortage cost of the buyer increases. As p increases 50 to 550, the buyer tends to
increase the initial order Qo to avoid the expensive shortage cost and increase the
number of purchased options qo to decrease the overage risk. Knowing this, the
grower keeps the exercise price of the put option wep at the lowest value, i.e., Wep = Vg
+ 1 =21 and increases the option price wo to prevent the buyer from over-purchasing
options that may be realized as shown in Table 3.8. The increase in the planting
quantity Qop is due to receiving a larger order. It is worth noting that when the
shortage cost is low, i.e., p = 50, the options are less attractive to the buyer. The
grower would set the exercise price of the put option wep at the highest value, i.e.,
wep = W = 80. Also, the grower increases the option price wo to transfer more risk to
the buyer. As a result, the buyer increases the firm order quantity (Qo- go), and then

the grower increases the planting quantity Qop.

The corresponding expected profit changes as shown in Figure 3.12. The buyer’s
expected profit decreases because of the increasing shortage cost while the grower’s
expected profit increases because of receiving a larger order. Furthermore, the
grower's expected profit may be higher than that of the buyer when the shortage cost
p is high. We can conclude that the grower benefits from the buyer’s risk aversion.
In Figure 3.13, we can see that when p = 550, the improvement in SCPO model for
the grower A and that for the buyer Ascan be up to 31% and 10%, respectively.
We can conclude that the higher the shortage cost, the more beneficial the SCPO

model is for supply chain participants.
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Quantity

1700

1500

1300 E —

1100
QOP
900 | —QO
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50 150 250 350 450 550

Figure 3.11: Variation of optimal policy function of p

Expected profit
56000 r

52000 F

48000 |
42000 L — (GTOWEI
= Buyer
40000 |
36000 L L L L ] p
50 150 250 350 450 550

Figure 3.12: Variation of expected profit function of p

Table 3.8: Effect of p on the grower’s optimal supply tariff

P 50 150 250 350 450 550
Wo 28 5 6 6 6 7
Wep 80 21 21 21 21 21
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Ratio
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Figure 3.13: Variation of the ratio function of p

Effect of uncertainties of the yield and the demand

Figure 3.14, Table 3.9 and Figure 3.15 present the optimal quantities, optimal
supply tariff and corresponding expected profits under different yield and demand
uncertainties, respectively. The uncertainty is set to three levels, i.e., Ly: Low, My:
Medium and Hy: High (y = K, f). The output rate K is uniformly distributed with
mean 0.7. The yield uncertainty denoted as (n, m) decreases from (0.2, 1.2) to (0.6,
0.8) by a step of 0.2 for both n and m. The demand uncertainty denoted as

increases from 100 to 900 by a step of 400.

As the yield uncertainty decreases, i.e., from Hk to Lk, we notice that in Figure
3.14, the grower would increase the planting quantity Qop. The grower increases the
option price Wo to transfer the risk of planting to the buyer and keeps the exercise
price of the put option wep at the lowest value, i.e., wep = vg + 1 = 21 as shown in
Table 3.9. As a result, the buyer decreases the number of purchased options go. The
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corresponding expected profits are shown in Figure 3.15. The grower’s expected
profit increases due to the low yield uncertainty while the buyer’s expected profit
decreases because he has less flexibility to respond to uncertain demand. We can
conclude that with high yield uncertainty, the grower provides more flexibility. It is
worth noting that with low yield uncertainty and medium/high demand uncertainty

(Cases: Mgk and HglLk), the grower would prefer Plan 1

(Q —9, <nQ,, <mQ,, <Q,) in Section 3.2.2 where the output guantity cannot

fulfill the initial order Qo but can satisfy the firm order quantity (Qo- qo) from the

buyer, whereas prefer Plan 2 (nQ,, <Q, —q, <Q, <mQ,,) in other cases.

As the demand uncertainty increases, i.e., from Lsto Hp, we observe that in Figure
3.14, the buyer tends to increase the initial order Qo to avoid the expensive shortage
cost, and to increase the number of purchased options qo to decrease the overage risk.
Knowing this, the grower keeps the exercise price of the put option wep at the lowest
value, i.e., Wwep= Vg + 1 = 21 and increases the option price wo to prevent the buyer
from over-purchasing options that may be realized as shown in Table 3.9. However,
when the demand uncertainty is high and the yield uncertainty is medium (Case
HsMk in Table 3.9), the grower would increase the exercise price of the put option
Wep t0 keep options attractive. As a result, the buyer increases both the initial order
quantity and the number of put options. From Figure 3.15, we can see that the
buyer’s expected profit decreases because of the increasing demand uncertainty
while the grower’s expected profit increases because of receiving a larger order. We
can conclude that the higher the demand uncertainty, the more attractive the SCPO is

to the buyer.

From Table 3.9, we observe that with low demand uncertainty and high yield
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uncertainty (Case LsHk), the grower tends to provide more flexibility by decreasing
the price of put option. And in Figure 3.15, the grower gets a high profit when the
yield uncertainty is low and demand uncertainty is high (Case HgLk) while the buyer
gets a high profit when the yield uncertainty is high and demand uncertainty is low
(Case HpLk). We can conclude that participants benefit from each other’s risk
aversion. Moreover, the improvement in SCPO model for the grower A can be up
to 53% and that of the buyer As can be up to 29% when both the yield and the
demand uncertainties are high (Case HsHk). We can conclude that the higher the
uncertainties of the yield and demand, the more beneficial the SCPO model is for

supply chain participants.

Quantity
1850
1700
1550
1400
1250
1100

950 m 0,
800 m O,
650 B 4o
500 § \\: E Planting plan 1
350 % %
200 ES ss
0 N RN
H, M, Lg - | Yield uncertainty

Demand uncertainty

Figure 3.14: Optimal policy vs. yield and demand uncertainties
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Table 3.9: Effect of yield and demand uncertainties on the grower’s optimal supply

tariff
Demand
(1 uncertainty
E‘&Sg‘tamty f=100 =500 $ =900
level (12, m)
H
(0.2 K1.2) (4. 21) (4,21) (5, 21)
M
(0.4K1) (4. 21) (5,21) (7, 22)
L . X
(0.6 K0.8) (5.21) (6, 21) (6, 21)

* In this case, the grower would prefer Plan 1.

Expected profit

70000
65000
60000
55000
50000
45000
40000
35000
30000
25000
20000
15000

mm Grower
mm Buyer

£ Planting plan 1

Yield uncertainty

M,

Hy Demand uncertainty

Figure 3.15: Variation of expected profit function vs. yield and demand uncertainties

The grower’s profit sensitivity analysis

This section is to examine in an example how parameters affect the grower’s

profit, which parameter may affect the profit the most largely and which is valuable

for the grower to invest if SCPO has been adopted. We set the basic parameters as
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follows: ¢ =30,n=0.4, m=1,9g =85, vg=10,w=80,r =150, p=50, w=0, y =
1000 and £ = 500.

We compare how the grower’s salvage price vy, the spot market price g, the
shortage cost for the buyer p and the variation of the output rate affect the supplier’s
expected profit, respectively. And we do the comparison by increasing vg, p, m-n and

decreasing g by 6 steps from 10%~60% with a step of 10%, respectively. The values

of m and n are changed to keep the mean of K (i.e., ?) constant. The

corresponding profits are shown in Figure 3.16. From Figure 3.16, we observed that
the most influential parameter on profit is the spot market price g. For all the
parameters, the effect order is the spot market price, the yield uncertainty, the
shortage cost for the buyer and the grower’s salvage price. We can conclude that the
grower should reduce the purchase cost in the spot market and invest to improve the
planting technology and management in order to keep the output rate in a small

range.

Expected profits
55000

53000 r
51000 Fr
49000 r

47000 r

—_
P
o
E

E

45000 F

43000 r

41000

39000 s s s s s , Step
1 2 3 4 5 6 7

Figure 3.16: The grower’s expected profit vs. parameters
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3.5 Chapter summary

In this chapter, we modeled a single-period, two-stage contract with put options
(SCPO) in a fresh fruit supply chain (FSC) with regular atmosphere storages (RAS).
Put options give the buyer the right, but not the obligation, to decrease the initial
order, one for each option. At the beginning of the planning horizon, the buyer
places an initial order and purchases put options with a preliminary demand forecast.
Considering the buyer’s order and the random yield, the grower determines the
planting quantity. During the planting season, the buyer updates the demand forecast.
At the beginning of the selling season, the buyer exercises put options if necessary.
Then, the grower delivers the final order and stores surplus products in RAS to
extend their shelf life, which incurs extra storage costs that can be recovered by

salvaging at a higher price later.

The proposed model was analyzed from both the grower’s and buyer’s
perspectives. And the buyer’s and the grower’s profit functions were formulated,
which were then used to derive the buyer’s optimal policies for the initial order and
put options as well as the grower’s optimal policy for the planting quantity. The
grower’s optimal supply tariff can be obtained only numerically. In particular, we
obtained closed-form formulae to determine the buyer’s optimal order policy and the
grower’s optimal planting quantity in a special case. We showed numerical
experiments in which we examined the effectiveness of the proposed model and
analyzed how the parameters vg, g, p and uncertainties of the yield and the demand

influence the optimal policies and expected profits in such a supply chain.
In the numerical analysis, some managerial insights in SCPO have been observed:

1. The grower’s performance of the proposed SCPO model is better than that of
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SCPO model with other conditions. Compared to the traditional operational
mode, the proposed SCPO model can improve the grower’s and buyer’s
performances, simultaneously. And the proposed SCPO model is more

beneficial to the grower, which protects the grower’s profit.

. With rural cold storages, the grower can get affluent. A higher preservation
level of RAS and a low yield uncertainty enhances a grower’s enthusiasm for

planting.
Supply chain participants benefit from each other’s risk aversion.

. The higher the demand uncertainty, the more beneficial the SCPO model is for
supply chain participants. With high uncertainties of the yield and the demand,
the grower’s and buyer’s profits can be enhanced up to 53% and 29%,

respectively.

. With SCPO model, comparing parameters’ effect on expected profit, the spot

market price may affect the grower’s profit most largely.
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Chapter 4

Flexible Operation Mode with
Controlled Atmosphere Storage

4.1 Introduction

In Chapter 3, we prove that the SCPO contract can improve the grower’s profit in
a fresh FSC with RAS. This chapter tries to provide a solution for the grower on
how to plant, store and sell in a fresh FSC with CAS. The grower produces fresh
fruits during planting season and sells them to a two-stage market, i.e., in-season and
off-season. Our objective is to determine the grower’s optimal planting policy and
optimal rental capacity of CAS. We also analyze how the parameters affect the

behaviors and outcomes?.

4.2 Model

ZPartial content of this chapter has been accepted by Asian Journal of Management Science
and Applications, 2023
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4.2.1 Notation and assumptions

Table 4.1 presents the parameters and decision variables throughout this chapter.
we consider a single-period three-stage model in a fresh FSC with CAS under
random vyield and stochastic demand. The grower produces fresh fruits at Stage 1
and then sells them to markets. Since CAS can mitigate the deterioration of fruits for
several months, the selling season can be divided into two stages, i.e., selling season
A (In-season, Stage 2) and selling season B (Off-season, Stage 3). The selling season
A is to sell the fruits right after harvesting and the selling season B is to sell after
storage. After harvesting, the grower rents capacity of CAS and divides the fruits
into two groups, one group for the selling season A, and the other for the selling
season B. Any unsold fruits for each stage may be salvaged by the grower. Note that
the leftover at the end of the selling season A cannot be handed over to the selling
season B due to the perishability. And CAS, as an external party, with enough

storage capacity is available for the grower.

Let K (K > 0) represent the random output rate in the planting season. The mean

of K is k . The values of n and m are based on experience but excluding extreme

cases such as disasters resulted in no harvest. Let Di (Di> 0) represent the stochastic

demand in the selling season i (i=A, B). At the beginning of the planting season, the

grower knows the demand Da with distribution function G, (-) and the demand Ds
with distribution function FDB‘XB (-). The Xs (X8> 0) with distribution function F4 (")

is a location parameter of the conditional demand distribution of Ds. For the output

rate K, the grower knows its distribution function T(-). After harvesting, with the

updated demand information, the grower specifies K, the demand Da and the
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location parameter Xg as a value k, &, and xs, respectively. The updated parameter xs

is with distribution function Fyg,5 ().

Table 4.1: Notation throughout Chapter 4

Decision variables

Qp Planting quantity in the FSC with CAS

Qr Rental capacity of CAS

Qmp Planting quantity in the FSC with CAS for in-season
Parameters

ri Unit retail price in the selling season i (i=A, B)

Pi Unit shortage cost in the selling season i

Vi Unit salvage price in the selling season i

Co Unit planting cost

C1 Unit rental cost of CAS

K The output rate (stochastic variable)

n Minimum output rate during certain years

m Maximum output rate during certain years

k Determined value of K

140 Probability density function (pdf) of K

T() Cumulative density function (cdf) of K

Di Demand in the selling season i (stochastic variable)
& Determined value of Di

Ioa (") pdf of Da
Gy()  cdfof Da

Xs Location parameter of Ds
fe() pdf of Xs

Fe () cdf of Xs
fospe () Conditional pdf of Ds for Xs = xs
Fospe () Conditional cdf of Ds for Xs = xs
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The graphical representation of the model in the FSC with CAS is shown in
Figure 4.1. At the beginning of the planting season to, considering the random output
rate and the forecasted two-stage demand in the selling season, the grower
determines the planting quantity Qp at unit planting cost co. During the planting
season, the grower collects more demand information to update the two-stage
demand forecast. At the beginning of the selling season ti1, the grower determines the
rental capacity for CAS at unit rental cost cito store part of the fruits based on the
updated demand information. Then, the remained fruits are assigned to the selling
season A. At tz, the beginning of the selling season B, the grower sells fruits stored
in CAS. At the end of each stage in the selling season, the grower may salvage the

unsold fruits or incur shortage cost.

Throughout the paper, we assume rs - c1 > ra > ¢, /k to ensure that the sale after

storage is profitable and that the grower has an incentive to plant, and let ps > pa

because the loss of the margin on the sale after storage is larger than that right after

harvesting. Let c,/k > {va, va- c1} to ensure the loss from overage inventory.

s

Grower 4
t, Decision:
-planting quantity 0, 7
N

t 1 | rental capacity of
the CAS O,

|
'

Salvage [ Internal parties
I External parties
<273 Information flow

> Material flow

Figure 4.1: Graphical representation of the model in Chapter 4
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4.2.2 Formulation

The costs are imposed two times. The first is at to when planting and the second is

at t1 when renting capacity of CAS. We first formulate the profit function at ta.

At t1, the grower’s profit function denoted by PFT, (Qp,Qr K, &, xB) , Which is the

sum of the profit during the selling season A and the expected profit during the

selling season B, can be formulated as,

PFT, (Q K. &x X ) = ramin(kQ, —Q, & )+, (kQ, -Q, —&, )’

@1)
=P &0 (kQ -0, )] +E[PFT,5 (Q s

where
E[PFT,5(Q %)]= [r min(Q,, Dy )+V (Qr—DB)+—pB(DB—Qr)+|xB}—ler
and
(Z) =max{0,Z}

In equation (4.1), the first two terms are the revenues in the selling season A from
sold and salvaged products, the third term represents the shortage cost in the selling
season A, and the fourth term represents the expected profit in the selling season B
which is the expected revenues of the grower coming from sold and salvaged

products subtracting the expected shortage cost and the rental cost of CAS.

At to, the expected profit over the planning horizon can be expressed as

PFT, (Qp ) =—CQ, +E [PFT& (Qr |K' D X )J
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The grower’s purpose is to maximize the expected profit, that is,

max PFT, (Qp)

subjectto Q, >0

4.2.3 Optimal solution at t;

At the beginning of the selling season ti, the grower knows the output quantity

kQp. With Da= £, and Xs = Xs observed, the grower’s problem is to find the optimal
rental capacity of CAS Qr to maximize the profit function PFT, (Q, [k, &, %)

during the selling season. According to the specified values of k, £, and xs, two

cases are derived as below.
Casel. &, >kQ,.

In this case, the demand ¢, is larger than the output quantity kQp. Therefore,

shortage occurs in the selling season A. The grower’s problem can be written as

below,
max PFT (Q [k EarXg ) = max{l’A (ka —Qr)— P, [§A —(ka -Q, )]+ E[PFTtzB (Q % )]}
Case 2. £, <kQ,.

In this case, whether the grower is in shortage or overage in the selling season A
depends on the supply quantity reserved for the selling season B, which equals to the

rental capacity of CAS. The grower’s problem can be written as below,
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max PFT(Q, |k, &,.%;)  if Q 2kQ, &,

max PFT*(Q, [k, &x, Xg ) =
t1(Qf| a B) maxPFTtlz(Qr|k1'§A’XB) I Q <kQ, =<,

where
PFT?(Q, [k, &% ) = Ma&a +V, (KQ, —Q =&, )+ E[PFTIZB (Q |xB)]

Noting that PFT}(kQ, — &, |k, &,, X ) = PFT? (kQ, — &, [k, &,, %5 ), we know that

the function PFT*(Q, [k, &,, X, ) is continuous.

By solving the grower’s problem for the two cases, we derive the optimal solution

which can be shown as below.

Proposition 1. At t1, the optimal rental capacity of CAS Q; is defined as following:
() When &, >kQ,,

kQ, if kQ, <s,(%g)
Q =4s(xs) if 0<s(x3)<kQ,
0 if s,(x3)<0

(i) When &, <kQ,,

kQ, if kQ, <s,(xg)

s(xg) if kQ,—¢&, <5 (xg)<kQ,
Q; =<kQ, —¢&, if s(X5)<kQ —&,<5,(xXg)
s,(x5) if 0<s,(x)<kQ,-&,

0 if s,(X)<0

where

s;(%) (=1, 2) is characterized by k. [5;(%5)]=p;.

B
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:rB+ pB_Cl_(rA+ pA)
' g+ Pg —Vs

— g+ Pg —C —Va

’ g + Pg — Vs

S (Xg) <5,(X5)

Proof: See Appendix B.1.

The corresponding maximum profit functions at t1 are described as following:

(1) When &, >kQ,,

PRT!(kQ, [k, & Xs)  if KkQ, <5,(%;)
PFT;*(Q,||<,§A,XB)= PFT;(sl(xB)|k,§A,xB) if 0<s,(x)<kQ, (4.2)
PFT! (0K, &x %) if s, (X5)<0

(ii) When &, <kQ,,

PFT(Q [k, & %)
PFT*(kQ, [k, &, % ) if kQ, <s,(X;)

4

PET (s, (%g) [k, EarXg) i kQ, =&, <5,(%)<kQ,

4

(
(s
(4.3)
- PFT3<kQ §A|k Sar X ) it Sl(XB)SkQP_éASsz(XB)
(:(
(

Y

PFT?(s, (%) [k, &4 X ) if 0<s,(xy)<kQ,—¢&,

4

PFT?(0k, &y X ) if s,(xg)<0

4

4.2.4 Optimal solution at to

At to, the grower’s problem is to determine the optimal planting quantity to

maximize the total expected profit over the planning horizon.

K PET, (Q,)=max |-, +E[PFT (Q,K,D,, X, )+ PFTZ'(Q k.0, X, )]
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subjectto Q, >0

To obtain the expected function at t1, with respect to the random variable Xs, we

get the equation (4.4) as below through mathematical manipulations (Wang and Tsao,
2006).

$;(Xg) =5;(0)+X%g (4.4)

Substituting (4.2) and (4.3) by (4.4) and noting xs = 0, we have the maximum

profit functions at t1 after deformation as following:

() When &, >kQ,,

PFT;(ka K.&uxg) if kQ,—s,(0) <X,
PETY (Q, k. &0 % ) =1 PETY(5,(xo) k. 0% ) if —5,(0) <, <kQ, -5, (0)
PET! (0 &0 %,)  if 0<x, <=5,(0)

(ii) When &, <kQ,,

PFT¥(Q [ki&arXs )

PFT!(kQ, [k, &0 %s)  if kQ,—5,(0)<xq

PFT (s, (%) .0 Xs)  if KQ, —&,—5,(0) <X, <kQ, —5,(0)

= PFT3(kQ, =&, [k, &y % ) i KQ, =&, —5,(0) < X, <kQ, - &, —5,(0)
PFT2(s, (%) K. EarXg)  if —5,(0) <X <kQ, —&,~5,(0)
PFT(0]k, &0 Xs) if 0<x, <-s,(0)

Then the expected function at t1 with respect to the random variables K, Da and

Xz is obtained as follows:
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Eo, [Hf(Qr K, D, X )+I1E(Q, |K,DA,XB)}

[-s(0)
.[ Ht (0 |k"§A’ XB) fxB (XB)dXB
0
o | kQp-5(0)
J. - J‘ Ht(sl(XB)'k’fA’XB)fxg(xs)dxs
kQp -5,(0)
* j Ht (ka |k’§A1 XB) fxB (Xg)dXg
L kQp-(0)

_*52(0)
J T 0k &% ) Fi, (xe)ag

_T 0
- kQ,~a=5,(0)
0

-5,(0)
kQp|  kQ,—éa—5,(0)

0 kQp—$a—5,(0)
ka—sl 0

kQp—£4—51(0)

+ T Ht(ka|k,§A,xB)fXB(xB)dXB

| kQp-s,(0)

specific case below.
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+ [ T (5% ) KiEa X ) i, (Xp) g

(0)
o T (s(x) K Eanxg ) fiy, (%)X

g DA (éA )d §A

+I + j T2 (KQ, = £x [k, a1 Xs ) T, (Xs)dXg | Gpa(E0)AE,

4.3 Justification of the proposed model

(k)dk

To describe the grower’s behavior, we analyze the grower’s optimal policy in a

In this section, we analyze a specific case for justification of the proposed model.
At to, the grower knows that the demand Da follows normal distribution with the
mean ua and the standard deviation oa, and that the demand Ds follows uniform
distribution over the interval [Xs- a, X8 + a], where the average demand during the

selling season B, the Xs is unknown but uniformly distributed over [us- b, us + b].



The output rate K is known as uniform distribution over the interval [n, m]. During
the planting season (from to to t1), the grower updates the demand forecast. At ti, the

grower specifies the K as a value k. And based on the forecast update, the grower

specifies the Da and the Xs as avalue&, and value xs, respectively. We assume that

us> a + b to ensure Dg> 0. The pdf of Da, the pdf and cdf of Xs and Ds given Xg=

xg and K are as follows:

QDA(éA)=mGA £, €[0,40],

£ (%) :Zl_b Xq €[ 1o — b, 11y +b],
Fro (%) =5 (% =0 +D) %y <[ty ~b.sty +D]
fogse (S5 ) ‘% & e[Xe —a % +],
Foa () =5 (6% ta) & e[ -ax +al
r(k) = —— ke[n,m],

T(k) === (k-n) ke[nm]

4.3.1 Optimal solution at t;

Depending on the value of the location parameter Xs, we derive two cases as

below.

Case 1. kQ, <xz —a (i, Xz >kQ, +a).

In this case, the maximum rental capacity of CAS for the grower is kQp. Even if

the grower rents capacity kQp, the supply quantity in the selling season B cannot
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meet the possible demand Ds. The grower inevitably incurs shortage cost both in

selling season B and selling season A. The profit function can be written as

SPFT'll (Qr |k’§A’XB)=_C1Qr+rA(ka _Qr)_ Pa [é:A _(ka _Qr):|
+J‘x);8j:|:rBQr - pB (53 _Qr )] f (fB)de

Obviously, the optimal rental quantity of CAS is szka and the maximum

profit function is
SPFTY (kQ, [k, &u %, ) = —ckQ, = padat[” [ 1okQ, = po (& —KQ, ) | T (&)d &,
Case 2. kQ, 2 x; —a (i.e., X; <kQ, +a).

In this case, either overage or shortage inventory in the selling season B may
occur. Depending on the values of the output rate K and the demand Da, we can
derive two cases as below.

Case 2-1. £, >kQ, .
In this case, shortage occurs in the selling season A. The profit function is
SPFT?(Q, [k, & %a ) = =6,Q.#1, (kQ, = Q. )= P | &~ (kQ, Q)]
+ (gt (Q-5)] F (&) dé,
[0[RP (4 -Q)] T (&)

The optimal rental capacity Q; for the case 2-1 is given by

. |kQ, if kQ,—y(pa+Ty) <X <kQ,+a
Xg +Y(Pa+1y) if 1y —b<xg<kQ,—y(p,+r,)

where

67



y(2) =a- 2a(z+c,—Vg)
e+ Pg— Vg

Then, the maximum profit function for the case 2-1 can be written as

SPFT;* (Qr|k,§A,xB)
SPFT: (ka K, &, XB) if kQ, —y(Pa+T,) <Xy <kQ,+a
SPFT? (X +Y(Pa+1a) K EniXe ) i g5 =D < X5 <kQ =y (Pa+1,)

Case 2-2. &, <kQ,.

In this case, whether the grower results in shortage or overage in the selling
season A depends on the supply quantity reserved for the selling season B, which
equals to the rental capacity of CAS. Therefore, the profit function may be written as

below:

SPFT?(Q,k,&y%s)  if Q 2kQ, —¢,

SPFT*(Q, |k, &x % ) =
ARS8 om0 kg, n) i 0, <k, -5,

where

SPFT; (Qr |k' é:A’ Xg ) = _ClQr+rAé:A +Va (ka _Qr _gA)
7 [R&e(Q-4)]1(&)ds
+_[(:r8+a|:rBQr — Ps (é:B _Qr)] f (§B)d§B

The optimal solution for case 2-2 is to rent Q; capacity, which is given by
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kQ, if kQ, —y(pa+Try)<X; <kQ +a
.| Xe+Y(Patry) if kQ, =& —Y(Pa+T)<Xg <kQ, —Y(Pa+Ty)
kQ, — &, if kQ, =&, —Y(Va) <X <kQ, =&, —Y(Pp+T1y)
X +Y(V,) if gy —b<xg <kQ,—&,—y(Vy)

Then, the maximum profit function for the case 2-2 can be written as

SPFT*(Q [k, & %)

SPFT? (kQ, |k, £aX5) if kQ, —Y(Pp+T,)<X; <kQ, +a
| SPFT? 2(Xe T Y(PatTa)[Ki&arXg) if KQu=Ex—Y(Pa+1a) S X <kQ, =Y (Py+T,)
: SPFT:(kQ §A|k Snr X ) if ka—fA—y(VA)<XB<ka—§A_y(pA+rA)
SPFT? (Xg +Y (Va) ki &arXs ) if s —b<xy<kQ,—&,—y(V,)

Combing the optimal profit functions in the above cases, the corresponding

maximum profit functions at t1 are described as following:

() When &, >kQ,,

SPFT” (Q [k, &arXs )
SPFT;(kQJk’(fA’XB) if kQ,+a <Xy <5 +b

- SPFT;(ka K, &y % ) if kQ, —y(Pa+ry)<Xs <kQ, +a
SPFT? (X + Y (Pa+1a) K EniXg) if s =D <xg <kQ,=y(Py+T,)

(ii) When &, <kQ,,

SPFT (Q [k.&arXs)
T

SPFT (kQ, K.y, %) if kQ,+a <Xg < 1 +b
SPFT? (kQ, [k, &y % ) it KQ, —y(ps+r,)<X; <kQ, +a

= SPFT{f(x +Y(Pa+ra) K EniXg) if KQu =& =Y (Pa+T)<Xg <kQ, —Y(Pa+Ty)
SPFT* (kQ, =&, [k, &y, %, ) if kQ, =&y =Y (Vi) <Xg <kQ, =&, =Y (Pa+Ty)
SPFT?(Xg +Y(Va) K ar %) if s —b<xg<kQ,—&,—y(Vy)
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4.3.2 Optimal solution at to

At time to, the grower’s problem is to find the optimal planting quantity to

maximize the total expected profit.

max SPFT, (Q, )=max {—con +Ep, [SPFT,(Q, |K, D, X, )+ SPFT., (Q, [K, Dy, X, )]}

subjectto Q, >0

where

Eo, | SPFT,(Q, [K, Dy, X5 )+ SPFT,,(Q, |K, D, X, )|

_ka’y(pA”A)
SPFT’ (Xg +Y(Pa+1a) K EarXg ) Fi, (X)X,
a—b
#ka+a
+ .[ SPFT‘f(ka |k'§A’ XB) fxB (Xg)dXg
ol kQp=Y(Pa+ra)
ka+a
+ .[ SPFT;(ka|k’§A’XB) fy, (Xg)dXg
| wugtb
_ka’iA’y("A)
[ SPRT? (% + y(va) [k, Eara) Ty, (e
Hg—b
kQp—Sa=Y(Pa+Ta)
* .[ SPFT; (ka —Sa |k’§A’ XB) fy, (Xg) dXg
kQp—¢a—Y(Va)
m kQp ka—Y(PA+rA)

]
S 3

=

O —y 8

+J. I + j SPFTHZ(XB+y(pA+rA)|k,§A,XB)fXB(xB)de

n 0 | kQu—Ea-y(Pa+tra)
kQp+a
[ SPRT?(kQ, [k, &, X ) fix, (X6 )X
kQp—y(Pa+Ta)
g +b

+ [ SPRT}(kQ, [k, &y g ) T, (%s )X

kQp +a

gDA(é:A)dé:AT(k)dk

Goa(Ea)dE,7 (K )dk

Due to the complexity, it is difficult to describe the optimal policy for the planting

quantity at to. Therefore, we calculate the optimal planting quantity numerically in

numerical experiments.
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4.4 Numerical experiments

In this section, we analyze the justification of the proposed model and examine
how various parameters influence the grower’s behavior with the traditional model
as the benchmark (See Appendix B.2 for the formula). The basic parameters are set
as follows: co= 30, c1= 4, ra= 100, rs =200, pa=50, pg=100,n =04, m=1, ua=
70, oa= 20, us= 70, b = 35, a =5 and vi= 0. When analyzing a parameter, the
values of the others are kept at the initial setting as shown above. For each parameter
set, the optimal planting quantity and the corresponding expected profit are

calculated.

4.4.1 Performance comparison for models

We use the traditional model as a benchmark, where the grower sells fruits only in
in-season (See Appendix B.2 for the formula). We compare the planting quantity and
the expected profit from the traditional model and the proposed model as shown in
Figure 4.2. From Figure 4.2, we observe that compared with the traditional model,
both the planting quantity and the expected profit in the proposed model are higher.
We can conclude that the flexible operation mode with CAS not only improves the
performance of the grower significantly but also increases the grower’s planting

enthusiasm.
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4.4.2 Sensitivity analysis

Effect of the rental cost of CAS c:

Proposed model

Expected profit
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M Planting quantity
6000
M Expected profit

4000

2000

Figure 4.2: Planting quantity and expected profit vs. models

In Figure 4.3, the optimal planting quantity Qp and the corresponding expected

profit under different values of ci are plotted. We vary c1 from 2 to 8. From Figure

4.2, we observe that as c1 increases, Qp increases and the expected profit decreases.

In this case, the supply cost of products to be sold to the selling season B increases

as the rental cost c1 increases, which reduces the supply quantity in the selling

season B. The grower would increase the supply quantity in the selling season A,

which results in the increase in the planting quantity. The decrease in the expected

profit is as one's expect because the increases in both the rental and the planting cost

may decrease the profit.
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Figure 4.3: Planting quantity and expected profit vs. c1

Effect of the shortage cost p;

Figure 4.4 presents the optimal planting quantity Qp and the corresponding
expected profit for the parameter ps ranging from 100 to 400 with pa= 50, 100, 150.
From Figure 4.3, we observe that as ps increases, Qp decreases. This is because as ps
increases, the grower would first transfer some products from selling season A to
selling season B in order to avoid high shortage cost in the selling season B, which
also means higher supply costs in the selling season B. Thus, the grower decreases
the planting quantity Qp to reduce the total supply cost. And in Figure 4.4, as pa
increases, Qp increases. The reason is that the grower would increase the planting
quantity to supply more products for the selling season A in order to decrease the
shortage cost in the selling season A. Also, we observe that as pi increases, the
expected profit decreases. This is as expected because the grower incurs a high

shortage cost during the selling season.
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Figure 4.4: Planting quantity and expected profit vs. ps for various pa

Effect of the yield uncertainty

Figure 4.5 shows the optimal planting quantity Qp and the corresponding expected

profit under different yield uncertainty, where the output rate K is uniformly

distributed with a mean 0.7. The yield uncertainty denoted as (n, m) increases from

(0.6, 0.8) to (0.1, 1.3) by a step of 0.05 for both n and m. From Figure 4.5, we can

see that both the planting quantity and the expected profit decrease as the yield

uncertainty increases. This means that the yield uncertainty prevents growers from

increasing planting quantity, which gives the grower an incentive to decrease yield

uncertainty by improving the planting technology and management in order to gain

higher profit through increasing planting quantity.
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Figure 4.5: Planting quantity and expected profit vs. yield uncertainty

Effect of the value of demand forecast update in the selling season B

Figure 4.6 shows the optimal planting quantity Qp and the corresponding expected

profit for the parameter a with a varying from 5 to 35. The ratio b/a is defined as the

forecasting improvement. From Figure 4.6, we observe that as o increases, both Qp

and the expected profit decrease. As a increases, the value of updating the forecast

of the demand Ds reduces due to the small reduction in demand variance. The

grower would decrease the supply amount in the selling season B. Therefore, the

planting quantity decreases. The profit decreases because the uncertainty of the

demand in the selling season B increases, which gives the grower an incentive to

reduce the demand forecast variance in the off-season.
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Figure 4.6: Planting quantity and expected profit vs.

Profit sensitivity analysis

This part is to examine in an example how parameters affect the profit, which
parameter may affect the profit the most largely and which is valuable for the grower
to invest. We set the basic parameters as follows: co= 30, c1= 7, ra= 100, rs = 200,
pa=100, pg=300,n=0.3, m=1.1, ua= 70, 0a= 20, us =70, b =35, a« = 35and vi=
0.

We compare how the planting cost c1, the shortage cost pi, the variation of the
output rate and the variation of the demand Ds affect the expected profit,
respectively. And we do the comparison by decreasing c1, pi, m-n, « by 6 steps from
10%~60% with a step of 10%, respectively. The corresponding profits are shown in
Figure 4.7. From Figure 4.7, we observe that besides the shortage cost pe,
uncertainties of the yield and the demand, denoted by (n, m) and a, respectively, are
the most influential parameters on profit. And for other parameters, the effect order

is pa > c1. We can conclude that the grower should invest to improve the planting
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technology and management to keep the output rate in a small range, and to enhance
the ability of demand forecast for the off-season.

Expected profits
5000 r

4000 |

3000

— (1, m)
2000 F - P8

— ()

Pa
-_—C

1000 |

0 1 1 1 1 1 J Step
1 2 3 4 5 6 7

Figure 4.7: Profit vs. parameters

4.5 Chapter summary

In this chapter, we studied a single-period, three-stage model in a fresh fruit
supply chain with controlled atmosphere storages (CAS). With rural CAS, the
grower produces fresh fruits and then sells them to a two-stage market, i.e., in-
season and off-season, in sequence. At the beginning of the planting season, the
grower determines the planting quantity. Before the selling season, the grower
updates the two-stage demand forecast. At the beginning of the selling season, the
grower determines the rental capacity for CAS and stores products. Then, the
remained products are assigned to the selling season A (in-season). At the beginning

of the selling season B (off-season), the grower sells fruits stored in CAS.

We formulated the grower’s profit function, provided the solution for the grower

7



to make the optimal planting quantity and derived the optimal rental capacity of
CAS. In particular, we analyzed this model in a special case. We showed numerical
experiments and analyzed how the parameters ci, pi, the yield uncertainty and the
value of demand forecast update influence the grower’s behavior in such a supply

chain.

In numerical experiments, we found that decreasing the rental cost of CAS, the
shortage cost, the yield uncertainty and the forecast error in the selling season B, can
improve the grower’s profit. For the traditional model, we observe that both the
planting quantity and the expected profit in the traditional model are lower than that
in the proposed one. We can conclude that the flexible operation mode with CAS not
only improves the performance of the grower significantly but also increases the
grower’s planting enthusiasm. From the sensitivity analysis, we find besides the
shortage cost, uncertainties of the yield and the demand are the most influential
parameters on profit. Therefore, we can get managerial insights that the grower
should invest to improve the planting technology and management to keep the
output rate in a small range, and to enhance the ability of demand forecast for the

off-season.
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Chapter 5

Conclusion and future study

This dissertation attempts to develop flexible operation modes in fresh fruit
supply chains (FSCs) with these two types of cold storages, i.e., regular atmosphere
storage (RAS) and controlled atmosphere storage (CAS), respectively, in order to

help growers get affluent and increase the enthusiasm of planting.

We propose the flexible supply contract with put options (SCPO) for a rural fresh
FSC with RAS, where the grower stores fresh fruits in RAS to extend the shelf life,
which incurs extra storage costs that can be recovered by salvaging at a higher price
later. Put options give the buyer the right, but not the obligation, to decrease the
initial order, one for each option. At the beginning of the planning horizon, the buyer
places an initial order and purchases put options with a preliminary demand forecast.
Considering the buyer’s order and the random yield, the grower determines the
planting quantity. During the planting season, the buyer updates the demand forecast.
At the beginning of the selling season, the buyer exercises put options if necessary.
Then, the grower delivers the final order and stores surplus products in RAS to
extend their shelf life, which incurs extra storage costs that can be recovered by

salvaging at a higher price later. The proposed model is analyzed from both the
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grower’s and the buyer’s perspectives. And the buyer’s and the grower’s profit
functions are formulated, and we derive the buyer’s optimal policies for the initial
order and put options as well as the grower’s optimal policy for the planting quantity.
The grower’s optimal supply tariff can be obtained only numerically. In particular,
we obtain closed-form formulae to determine the buyer’s optimal order policy and
the grower’s optimal planting quantity in a special case. We show numerical
experiments and analyze how the parameters affect the performances of both the

grower and the buyer.

For CAS, we consider a single-period, three-stage model in a rural fresh FSC with
CAS. With CAS, the grower produces fresh fruits and then sells them to a two-stage
market, i.e., in-season and off-season, in sequence. At the beginning of the planting
season, the grower determines the planting quantity. Before the selling season, the
grower updates the two-stage demand forecast. At the beginning of the selling
season, the grower determines the rental capacity for CAS and stores products. Then,
the remained products are assigned to the selling season A (in-season). At the
beginning of the selling season B (off-season), the grower sells fruits stored in CAS.
We formulate the grower’s profit function, propose the solution for the grower to
make the optimal planting quantity and derive the optimal rental capacity of CAS. In
particular, we study this model in a special case, and analyze numerically how the

parameters influence the grower’s behavior in such a supply chain.

5.1 Summary of results

In Chapter 3, we modeled a single-period, two-stage contract with put options
(SCPO) in a fresh fruit supply chain (FSC) with regular atmosphere storages (RAS).

The proposed model was analyzed from both the grower’s and the buyer’s
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perspectives. And the buyer’s and the grower’s profit functions were formulated,
which were then used to derive the buyer’s optimal policies for the initial order and
put options as well as the grower’s optimal policy for the planting quantity. The
grower’s optimal supply tariff can be obtained only numerically. In particular, we
obtained closed-form formulae to determine the buyer’s optimal order policy and the
grower’s optimal planting quantity in a special case. We showed numerical
experiments in which we examined the effectiveness of the proposed model and
analyzed how the parameters vg, g, p and the yield uncertainty influence the optimal

policies and expected profits in such a supply chain.
In the numerical analysis, some managerial insights in SCPO have been observed:

1. The grower’s performance of the proposed SCPO model is better than that of
SCPO model with other conditions. Compared to the traditional operational
mode, the proposed SCPO model can improve the grower’s and buyer’s
performances, simultaneously. And the proposed SCPO model is more

beneficial to the grower, which protects the grower’s profit.

2. With rural cold storages, the grower can get affluent. A higher preservation
level of RAS and a low yield uncertainty enhances a grower’s enthusiasm for

planting.
3. Supply chain participants benefit from each other’s risk aversion.

4. The higher the demand uncertainty, the more beneficial the SCPO model is for
supply chain participants. With high uncertainties of the yield and the demand,
the grower’s and buyer’s profits can be enhanced up to 53% and 29%,

respectively.
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5. With SCPO model, comparing parameters’ effect on expected profit, the spot

market price may affect the grower’s profit most largely.

In Chapter 4, we studied a single-period, three-stage model in a fresh fruit supply
chain with controlled atmosphere storages (CAS). With CAS, the grower produces
fresh fruits and then sells them to a two-stage market, i.e., in-season and off-season,
in sequence. We formulated the grower’s profit function, provided the solution for
the grower to make the optimal planting quantity and derived the optimal rental
capacity of CAS. In particular, we analyzed this model in a special case. We showed
numerical experiments and analyzed how the parameters c1, pi, the yield uncertainty
and the value of demand forecast update influence the grower’s behavior in such a
supply chain. In numerical experiments, we found that decreasing the rental cost of
CAS, the shortage cost, the yield uncertainty and the forecast error in the selling
season B, can improve the grower’s profit. For the traditional model, we observe
that both the planting quantity and the expected profit in the traditional model are
lower than that in the proposed one. We can conclude that the flexible operation
mode with CAS not only improves the performance of the grower significantly but
also increases the grower’s planting enthusiasm. From the sensitivity analysis, we
find besides the shortage cost, uncertainties of the yield and the demand are the
most influential parameters on profit. Therefore, we can get managerial insights that
the grower should invest to improve the planting technology and management to
keep the output rate in a small range, and to enhance the ability of demand forecast

for the off-season.

5.2 Future study

The results presented in this research can be seen as a framework that can be
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further developed to study flexible operation modes with cold storages in more
realistic situations. Future study as a natural extension would analyze the case of a

limited scale of cold storages. It would also be interesting to study the operation mode

in a fresh FSC with multiple types of cold storages.
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Appendix A

A.1 Proof of Proposition 1

In the NV model, the grower’s problem at to is:

Quvo/Qnvp
_Canp + Wano - .[ 9 (Q“VO - kQ“VP ) T ( k ) dk
max PFT,, (anp ) = max - 0
+ J. Vg (anvp_ano)T(k)dk
| Quwo/Quwp -

Taking the second derivative of PFT, (Q,, ) with respective to Qnp, We have

2
d PFTnvg (anp) =(V —g)QLZVOT %
d anvp ’ Qr?vp Qan
. . . . - d 2|:)F-I-nvg (anp)
Considering the assumption g >v, in Section 3.2.1, 70 <0 holds.

nvp

Therefore, the objective function PFT

nvg

(Qu,p ) is concave in Qnp.

dPFT,,, (Que)

nvp

Equating to zero, we get

dPFT,, (Qu,) JQM/QW,,

o, -k kz (K )dk +v, anVG/anpkr(k)dk—c:O (A1)
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dPFT,, (Qu, )

nvp

Obviously, is continuous with respect to Qnvp.

Considering the assumption g > C/IZ >V, in Section 3.2.1, we have

. dPFT,, (Qup) .
Jim, S e >0
lim dM:T”V—g(QWp):—c+vgJ‘:kr(k)dk<O

Qup dQ,,

Therefore, there exists a non-negative value of Q, satisfies the equation (A.1),

nvp

* '

and the optimal planting quantity is Q; , =Q,,,-

A.2 Proof of Proposition 2

In the SCPO model, the buyer’s problem at to is:

max PFTg, (Qo. o)

Q=
—WQ — Wb+ | [ Welp +rE+V,(Q =0y —&) |f (£)d¢
= max o 0 }
+ [ W (Q—&)+r&]f (£)de+ [[rQ, — p(E-Qy)]F (£)d¢&
Qo

Q—o

Taking the second partial derivative of PFT, (Q,,q,) with respect to Qo, we

have

aa_QZPFTob,tO (quo):(wep —r= p) f (QO)+(Vb _WeP) F(Q %)

0

And we can calculate the hessian matrix:
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0’ o’

FT, PFT,

“ p —
an ob,ty aq 8Q ob,ty
820 (:32 0 Z(Wep_r_p)(vb_wep)f(QO)f(QO_qO)
——PFT,,, — PFT,,
8Q,00, G ”

Considering the assumptions Wep<Ww, r + p > W + Wo and vb < Wep — Wo in Section

3.2.3, the objective function PFT,, (Q,,q,)is concave.

Differentiating PFT,, (Q,,q,) With respect to Qo and do, respectively, and

equating them to zero, we have

F(Q)=—"—""" (A.2)

(A.3)

If there exist non-negative values of Q, and g, which satisfies the equation (A.2)

and (A.3), then the optimal solutionis Q" =Q, and q_ =q,.

A.3 Proof of Proposition 3

In the SCPO model, at to 3, the grower’s problem is:
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max PFT_ (Qop)

_CQop
(Qo=00)/Qup
o | Wolr [ [~9(Q -0 —kQ, ) |7 (k) dk
+ . f(£)de
"+ v [KQy—(Q—0p) ]z (K)dk
(Qo—0)/Qop
= max ¢/Qup
R AR TR
+ ] ’ f(£)de
e li ] vy (kQy-¢)r
¢/Qop
o [/ .
+j{ [ [-9(Q-kQy)]z(k)dk+ [ Vg(onp—Qo)z—(k)dk}f(f)dg
@ 0 Q/Qp

Taking the derivative and second derivative of PFTOQ (Qop) with respective to Qop,

respectively, we have

Qo/Qop o
dPL(Q""):—cw [ ke(k)dk+v, [ kr(k)dk
onp 0 Qo/Qop
(Q=9 )/ Qop ¢/Qop
+(gvg)[F(Qoqo) j ke (k)dk +F (Q,) j kr(k)dk}
&/Qop Qo/Qop

d?PFT (Qop)

RSN [
(Q qO) Qo_qo _ Q_ozz_ Qo
(gvg){ (Q—a) Q° { Q ]J{l F(QO)]Q3 [QopJ}

op op op

Similar with A.1 Proof of Proposition 1, we can prove that there exists a non-

negative value of Qop Which satisfies the following equation
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dPFT (Qop)

Qo/Qup
=—c+g | ke(k)dk+v, [ ke(k)dk

0

onp 0 QO/Qop
(Qo*%)/Qop &/Qop
+(9-v, )| F(Q-0,) kz (K)dk +F (Qy) [ kr(k)dk |=0
&/Qop Qo/Qup
Considering the assumption g>v, in Section 3.2.1, we easily have
d’PFT (Q,) - _ _ _
#s 0. Therefore, the objective function PFT_ (Qop) Is concave in Qop.

op

Therefore, there exists a non-negative value of Q;p which satisfies the following

equation

o0

v, | ke(k)dk+(g-v,)
Qo/Qup

(QO —Uo )/Qop

J

g/Qop
Gg/Qop

+F(Q) j

F(Qy—0) kz (k)dk

kr (K)dk

Qo / Qop

and the optimal planting quantity is Q,, =Q,,.

A.4 Proof of Proposition 4

Qo/Qop
=c—g | ke(k)dk (A4)

0

Considering the output rate in this case is uniformly distributed, we get the

equation (A.5) according to the equation (A.1).

2, (

It can be readily proved that

g-v,
gn’—v,m’+2(m-n)c

g-v,
gn® —v,m’*+2(m-n)c

satisfy the equation (A.5), we can get
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>0 holds. Let Q,, =Q,,,; >

(A5)
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g-v
anpl = ano\/ ;

gn’ —v,m’+2(m-n)c

ano

m

< ano

Considering the assumption <Qy < , the optimal planting quantity can
n

be derived as three cases.

oIf % <Qup < % , the optimal planting quantity Q:Vp = Quup1 -

nvp

®IfQ,, > Qo , the optimal planting quantity Q = %.
n n

®If Q< Cno , the optimal planting quantity is Q:Vp = %.
m m
Combining the above cases, we conclude our proof.

A.5 Proof of Proposition 5

Taking the partial derivative of Qo with respective to wo, Wep and p, respectively,

we have

aQO — Zﬂ <O

oW, P+Tr—Ww,

o

0Q, _2B(p+r-w-w,)
= >0
ow (p+r—w,)*

ep

oQ, _ 28(W+w, —Wep) .

> 0
b (prr-wy)

Thus, Qo increases with wep and p, and decreases with wo.

Taking the partial derivative of qo with respective to wo, Wep, S, p and vo,

respectively, we have
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o __ 2B(p+r-Vv,)

ow, (v, =W, )(p+r—w,)

6q0 _ Zﬂwo +2ﬂ(p+r_W_Wo)>0

ow, (Vb_Wep)2 (p+r—Wep)2

ep

%_ 2w, +2(p+r—w—wo) .

op Vv, =W, p+r—w,

0

p

8q0 2ﬂ(W+ W, — Wep)
— = >0
op  (p+r-w,)’

Therefore, go increases with wep, # and p, and decreases with wo and vo.

A.6 Proof of Proposition 6

(i) In plan 1, taking the second derivative of SPFT:g (Qop)with respect to Qop, We
have

d’SPFT! (Qop) (g—vg)(m2+mn+n2) .
—_ <

d 2QOp 6/

Therefore, the objective function SPFT:g (Qop) is concave.

Taking the derivative of SPFT:g (Qop)with respect to Qop, and equating it to zero,

we have the following equation:
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dSPFT? (Qop)

i, ==2(n*+m’+nm) (g -v,)Q,

(A.6)
+3(n+m)[ #(g-V,) + B(g +V,) |-12c8=0

Let Q,, =Q,,, satisfy the equation (A.6), we can get

3(n+m)[ 7(9-vy)+ (g +V,) |-12¢8
ot 2(n® +m*+nm)(g-v,)

o Q- Q . : :
Considering the assumption %SQOP sﬁo in plan 1, the optimal planting

quantity can be derived as three cases.

oIf Q=% <Qup1 < %, the optimal planting quantity Q;p = Qup1 -
n Tm ’

eifQ,,> % the optimal planting quantity Q;p = %
®if Q,, < @ the optimal planting quantity is Qgp = @ .

Combining these 3 cases, we conclude our proof in plan 1.

(ii) In plan 2, considering the output rate in this case is uniformly distributed, we

get the following equation according to the equation (A.4).

. (v, —9)[ 265 +6(a,— B) Q5 —6(r— B+05)Qullo +3(7 ~ )i |

Qup = 6 gn® —v,m* +2c(m-n)| (A7)

It can be readily proved that the right side of the equation (A.7) is positive. Let

Q,, =Q,,, >0 satisfy the equation (A.7), we can get

Q= (Vg _g)[2q3+6(qo_ﬁ)Qoz_6(7_ﬂ+qo)Qoqo+3(7_ﬁ)q§]
o Gﬂ[gnz—vgm2+2c(m—n)]
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- . Q Q,— 0 ; : ,
Considering the assumption HOSQOP s% in plan 2, the optimal planting

quantity can be derived as the following cases.

oIf Q <Qp < Q% — G , the optimal planting quantity Q;p =Qup2-
m ' n '

eifQ,,> %~ Y% , the optimal planting quantity Q; = Q=0
’ n n
Q, , : L Q
®If Q,, <—=, the optimal planting quantity is Q,, = =>.
“m m
Combining these 3 cases, we conclude our proof in plan 2.

(iii) In plan 3, taking the derivative of SPFT; (Qop)with respect to Qop and

equating it to zero, we get the following equation:

dSPFT? (Qy ) AQ} —BQ;+C, 0 (A8)
dQ,, 12(m-n)Q;, |

Let Q,, =Q,,; satisfy the equation (A.8), we can get

1 2
> B B
Qs = E5° +—3 3 4 3

1
9A32 E.?
Taking the second derivative of SPFTDj (Qop)with respect to Qop, We have

a'SPET () (9-%)[mQ3 ~(Qu-)' (33620, +240)]

d’Q,, 68(m-n)Q:

op

(A.9)

d2SPFT?® (Qop)

Then equating it to zero, we can get the zero point of o , Which is

op

denoted by Qop.0, Qop,0 = Qop, as following
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o _Q-w)[3(-4)-2(-a)]

m

Note the assumption Q-0 <Q, < {QO % Q° } in plan 3. We can get the ratio
m

of Qop,0 and the minimal value of the planting quantity % IS
Qop,O _ 3(7/_ﬁ) _9
QO — qO Qo -
m

Since the buyer’s firm order Qo — qo is larger than or equal the minimal demand

y— , we can get Qop,oﬁ% In addition, since the expression

m3Q§p—(Qo—qo)z(sy—sﬁ—ZQoJquo) in equation (A.9) increases with Qop, We

. , d*SPFT?(Q,)
have m°Q; —(Q,—¢,) (3y—38-2Q,+2q,)=0 . Therefore, 70 <0
op

and the objective function SPFTOj (Qop) is concave.

Considering the assumption Q% qo <Q, <{Q° % Qo}m plan 3, the optimal

planting quantity can be derived as three cases.

op,3 "

orf 2% <Qps < {QO % QO} the optimal planting quantity Q,, =Q
m n

the optimal planting quantity

oIf Qup.e >{Q0_q0 ’%}

n m
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Q :min{—QO_qo &}
® n 'm
®If Q, ;< Q ~ G , the optimal planting quantity is Qgp = Q=G .
’ m m

Combining the above cases, we conclude our proof in plan 3.
Similarly, the optimal planting quantity in plan 4 can be proven.
A.7 SCPO model without considering random vyield

This is a supply contract with put options for a fresh FSC with RAS, under
deterministic yield and stochastic demand. At the beginning of the planting season to,
the grower provides a supply tariff (wo, Wep). With the supply tariff, the buyer
determines the order policy (Qo, go) based on the market demand forecast. With the
buyer’s order, the grower determines the planting quantity Qop. At the beginning of
the selling season ti1, according to the updated information, the buyer can exercise
options Qep at the unit exercise price wep to adjust the initial order quantity downward
if necessary. Then, the grower delivers the final order Qo-gep to the buyer and any
unsatisfied order can be satisfied via the spot market. The grower’s surplus products
can be stored in RAS, which can be salvaged at vq for each unit later. At the end of
the selling season, the buyer obtains an additional cash inflow from salvaging unsold

products or incurs a shortage cost.

Based on the above description, the buyer’s optimal order policy is the same
as that in the proposed SCPO model. With the buyer’s order, the grower

determines the planting quantity Qop to maximize the profit function as below
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Qoo
Q[ { W +V, [ Qe —(Qo 0l ) |} (£)dié
=B
Qop
max PFT’ (Q,, ) =max{ + j W, Q- ]f (£)de+ [ vy (Q, —¢)f (£)dé
Qo Ao Qo—to
7+

j[ (£-Q,)]f(&)de+ [ [-0(Q-Q,)]f (¢)de

Q

subject to Q, —0, <Q,, <Q,

Taking the second derivative of PFT (Q,, ) with respect to Qop, we get

d*PFT (Qy) (v -9)
d’Q,, 23

<0

Therefore, the objective function PFT  (Q,, ) is concave.

Taking the derivative with respect to Qop and equating it to zero, we get

dPFT (Qop)

d0 ( )Qop+(7+ﬁ)(g v,)—2B8(c-v,)=0  (A.10)

Let Q,, =Q,, satisfy the equation (A.10), we can get

2p(c-v,)

Qop‘ :}/+ﬁ_ (g —Vg)

Considering the assumption Q, —q, <Q,, <Q,, we can get the optimal planting

quantity
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QO =0, if Qop' < QO — o
Q:p = Qop' if QO -0, < Qop' < QO
Q. if Q,< Qop.

At to, the grower’s problem is to find the optimal supply tariff to maximize the

following formula,

max PFT,_ (w,,w,,)=max [WQ0 + W,y +PFT. (Qop)} (A.11)

09,
subjectto w, >0, w,, >0

Similarly, the optimal supply tariff would be solved numerically.
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Appendix B

B.1 Proof of Proposition 1

When &, >kQ,, the grower’s problem is
max PFT(Q, [k, &0, %, ) =max {1, (kQ, =Q, ) = Pa[ & ~(kQ, ~Q, ) [+ E[ PFT 4 (Q %6 )]}
Taking the second derivative of PFT!(Q, |k, X,, X, ) With respect to Qr, we have

dZPFth(Qr K, X5, xB)
dQ?

r

:_(rB + Pg _VB) fxB(Qr)

Considering rs > ve, the objective function PFT}(Q, |k, X,,x; ) is concave in Qr.

Taking the derivative of PFT*(Q, |k, x,,X,) With respect to Qr and equating it to

zero, we get the following equation:

dPFth(Qr|k,XA,XB):F ( )_rB+pB—cl—(rA+pA)=0 (B.1)
dQ Defxg * <7 Il + P — Ve

If there exists a non-negative value of Q, =s, (X, ) which satisfies equation (B.1),
considering the assumption 0<Q, <kQ_, the optimal rental capacity of CAS can be
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derived as the following 3 cases.

® If 0<5,(x;)<kQ,, the optimal rental capacity of CAS Q; =s,(X;).

® If 5,(X;)>kQ,, the optimal rental capacity of CAS Q; =kQ, .

® If s,(X;) <0, the optimal rental capacity of CAS Q; =0.
Combining the above cases, we conclude our proof for&, > kQ, .

Similarly, the optimal rental capacity of CAS for &, <kQ, can be proven.

B.2 The traditional model in a fresh FSC with CAS

This is a traditional single-period two-stage model in a fresh FSC with CAS under
random yield and stochastic demand. The grower produces fresh fruits and then sells
them to the in-seasonal market. At the planting point to, the grower determines the
planting quantity Qnp to plant at unit planting cost co. At the beginning of the selling
season ti1, the grower sells the produce. At the end of the selling season, the grower

may salvage the unsold products or incur shortage cost.

Based on the above description, the grower’s expected profit at to is

m [*Qup
SPFT,,, (an):_canp+J.{ I |:rAé:A+VA(anp_éA)JgDA(é:A)dgA}T(k)dk

0

+]Q{ ]E |:I’A|(an — Pa (§Aanp)]gDA(gA)dgA}T(k)dk

n anp
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The first term is the planting cost. The second term is the revenue from sold and
salvaged products when the demand in selling season A is smaller than the output
quantity. And the third term is the revenues from sold products and the shortage cost
when the demand in selling season A is larger than the output quantity.

At to, the grower’s problem is to determine the optimal planting quantity Qnp to

maximize the total expected profit over the planning period.

max SPFT,, (Q,,)
subjectto Q,, >0

The optimal planting quantity Qnp for in-season is calculated numerically.
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