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Abstract

Essays on the Economics of Supply Chain

by

Liang Lu

Doctor of Philosophy in Agricultural and Resource Economics

University of California, Berkeley

Professor David Zilberman, Chair

Agrifood firms in a globalizing and competitive market, both in developing and developed
countries, often undertake innovations in products and technologies. Innovators, both firms
and other agents, develop supply chains to accommodate the nature of the innovations. In
this dissertation, we explore the economics of supply chain design. In the first essay, we
analyze an innovator’s supply chain design problem. We show that the innovator determines
its overall level of production taking advantage of its monopoly power, derived from the
innovation, in the output market, and behaves as a monopsony in buying feedstock from
contractors. These decisions are constrained by the marginal cost of capital and the prop-
erties of production and marketing technologies. When the innovator is risk averse, risks
in farm production, processing, and marketing will affect both processed output and the
share of feedstock bought through contracts. In the second essay, we develop a framework
to analyze adoption of indivisible technologies by small farms using a threshold diffusion
model. The article shows that different supply chains may emerge to enable the adoption
of these technologies. When the gain from adoption is not affected by scale or ownership
of the technology, independent technology dealers or larger farmers may buy the indivisible
equipment that embodies the technology and rent it to farmers or enable farmers to out-
source the machine’s services by supplying custom services. The article derives equilibrium
prices and quantities in the output and equipment rental or outsourcing markets. The final
chapter presents a conceptual framework depicting the issues and strategies of a firm with an
innovation (in product or technology or system). To implement the innovation in terms of
procurement of feedstock (intermediate inputs), production and processing, and marketing,
the innovating firm undertakes strategic design of its supply chain. The paper illustrates
with cases from developed and developing economies, draws policy implications, and lays
out a research agenda.
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Chapter 1

Overview

In Chapter 2, we analyze an innovator’s supply chain design problem. The design of the
supply chain involves three sets of decisions. The first is how much to produce. The second
involves how to undertake, and how many resources to allocate to production of feedstock
(agricultural products that are inputs for processing), processing, and marketing. The third
involves deciding the amount of feedstock to be obtained through contracts with farmers.
We show that the innovator determines its overall level of production taking advantage of
its monopoly power, derived from the innovation, in the output market, and behaves as a
monopsony in buying feedstock from contractors. These decisions are constrained by the
marginal cost of capital and the properties of production and marketing technologies. When
the innovator is risk averse, risks in farm production, processing, and marketing will affect
both processed output and the share of feedstock bought through contracts.

In Chapter 3, We develop a framework to analyze adoption of indivisible technologies by
small farms using a threshold diffusion model. The article shows that different supply chains
may emerge to enable the adoption of these technologies. When the gain from adoption
is not affected by scale or ownership of the technology, independent technology dealers or
larger farmers may buy the indivisible equipment that embodies the technology and rent
it to farmers or enable farmers to outsource the machine’s services by supplying custom
services. The article derives equilibrium prices and quantities in the output and equipment
rental or outsourcing markets. The prices and quantities are a function of the heterogeneity
of farmers and the features of the technology. Introduction of the new indivisible technology
will benefit larger adopting farmers and consumers but may hurt non-adopters. We illustrate
our conceptual findings.

In Chapter 4,We present a conceptual framework depicting the issues and strategies of a
firm with an innovation (in product or technology or system). To implement the innovation
in terms of procurement of feedstock (intermediate inputs), production and processing, and
marketing, the innovating firm undertakes strategic design of its supply chain. It must
decide how much to produce, what segments of the supply chain to undertake in-house
versus sourcing externally, and what institutions such as contracts and standards it will use
to coordinate the suppliers assuring its external sourcing. The paper illustrates with cases
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from developed and developing economies, draws policy implications, and lays out a research
agenda.
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Chapter 2

The Economics of Agricultural Supply
Chain Design: A Portfolio Selection
Approach

2.1 Introduction

There has been rapid evolution of agribusiness in developed countries (Boehlje and Schrader,
1998) and in developing regions (Reardon and Timmer, 2012). Agrifood firms in these glob-
alizing and competitive markets often undertake innovations in products and in technologies.
Innovations by firms are induced both by technology development in the firm’s environment,
and by structural and behavioral change on the demand side. Innovation by a firm includes
a technical aspect (such as a new or altered type of product, or a new technology) as well as
managerial and intra-firm institutional aspects. The firm then commercializes the innovation
via a supply chain for the product or technology.

Compared with the supply chain the firm was using before the innovation, after the
innovation the firm or other agent typically has to adjust its supply chain design in order
to produce and commercialize the innovation. The differentiated product or new technology
brings a new set of needs and challenges and opportunities. The adjustment takes place
upstream in its input procurement arrangements and production technology, midstream in
its processing technology, and downstream in its marketing arrangements - based on the
nature of the innovation in product or technology it undertakes. These adjustments also
occasion tensions that need to be resolved for the innovation to succeed. Sources of tension
include capital constraints, risks from its feedstock suppliers or own feedstock production,
and risks from wholesalers and retailers. Moreover, the choice of supply chain design does
not occur in a vacuum. It is affected by government policies as well as by evolving demand
and supply forces. As these two sets of conditioners evolve, this will set in motion dynamic
patterns of output and prices determined by the supply chain.

The problem that we study and the contribution made by the model we present can be
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situated in several bodies of literature that our work is related to.
The first strand of literature is Coase’s theory of the firm (Coase, 1937). Coase examined

the determinants of the boundary of the firm: what activities will be done within the firm
and what will be bought in the market. He used minimization of transaction costs as a
criterion for resource allocation. Evolving from Coase, transaction cost theory holds that
firms use different governance strategies (market, intermediate, or hierarchical) to deal with
different kinds of exchanges so that the threat of opportunism is minimized, such as vertical
coordination (Allen and Lueck, 1995, Hennessy and Lawrence, 1999, and Franken et al.,
2009).

The second strand of literature relevant to our modeling is Zusman’s work on the impor-
tance and evolution of contracts in agricultural economics (Bell and Zusman, 1976, Zusman,
1982). He emphasized the importance of relationships between parties and analyzed how
contracts are established. For example, Knoeber and Thurman (1995), Goodhue (2000), and
Hueth and Ligon (2002) analyze the contractual relationship between processors and farm-
ers. Relating contracting and product innovation, Boehlje and Schrader (1998) note that
modern industrial agriculture is associated with the use of contract farming by agribusiness
firms that introduce differentiated products and secure residual feedstock (beyond their in-
house production) through contract farming. These forms of organization were associated
with the introduction of new models of agribusiness like the production and processing of
broilers, swine, or biofuel, as well as rubber and palm oil in Africa (Ruf, 2009).

The above two strands of literature set the stage for but do not formally and fully
address the economic problem we are addressing: what is the optimal supply chain choice of
the innovator. This question can be furthered decomposed to six detailed choices: (1) how
much to produce of the processed product, given capital constraints; (2) looking upstream,
whether and how much to grow its own versus buy from farmers the feedstock to go into the
processing; looking downstream, whether and how much to grow its own marketing services
for processed output; (3) if the innovating processor decides to buy feedstock from farmers
(or buy marketing services from distribution firms), whether to contract with the farmers (or
distribution firms) or buy the feedstock (or services) from them in a spot arrangement; (4)
if the processor decides to grow its own its feedstock or marketing services, what technology
to use for this; (5) if the processor decides to contract, what design (terms) the contract
should have; (6) how the degree of monopsony and monopoly, and government regulation
that affects market power, changes or conditions the answers to the first four questions.
Coase considered, essentially, question (2), that is, whether the firm makes or buys, but not
the volume. Coase considered whether to contract for the bought input but not the design
of the contract. The contract literature considered the design of the contract, question (5),
but not in tandem with whether to contract or even whether to buy input.

These important prior literature addressed these component questions and not the overall
problem of the innovating firm, simply because they were not addressing the innovation firm’s
meta-question, which is how it will design its overall supply chain to source input, make,
and deliver to market the innovation. We thus proceed in this article to formally model the
meta-question by linking three essential questions in one systematic treatment. In particular,
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we answer questions (1), (2), and (6)-and our results can hold for any solution for (3) or (4)
or (5). We expand the analysis to address the situation where the outcome of production
both in-house or by contractors is subject to risk.

2.2 Static Model

Consider a firm that introduces an innovative product which requires feedstock processing.
Let x be final output. To model the innovator’s processing investment problem, we follow
Spence (1977). We assume the innovator uses capital, k, to construct the processing capacity.
We assume for simplicity that one unit of processing capacity requires one unit of capital.
Hence, capital and processing capacity are the same thing as long as all capital is used to
build processing capacity. Moreover, k, measured in x, must at least match the output level,
i.e., k ≥ x.

The innovator can produce the feedstock in-house, x1, or buy it from farmers, x2. Note
x = x1 + x2. r(k) and C(x2) denote the functions of the cost of capital and the cost of
feedstock bought from farmers. We assume r′ > 0, C ′ > 0, and allow for marginal cost
of capital and inputs to be increasing. Hence r′′ ≥ 0, C ′′ ≥ 0. Increasing marginal cost
of capital not only comes from an imperfect physical capital market. Here capital spans
physical, human, and managerial capital. Limited access to any kind of capital justifies
assuming increasing r′. An innovator with monopsony power over farmers faces an increasing
marginal cost of feedstock. We assume the capital used for feedstock production is k1 with
the production function x1 = f(k1). g(x1), the inverse of the production function f , is used
to capture the capital requirement for producing x1. Finally, the revenue function is R(x).

The innovator’s decision problem is a two-stage optimization procedure: first the inno-
vator chooses the optimal “make and buy” combination given the production level; second
the innovator chooses the optimal production level.

The first stage problem is:

(2.1) min
x1,x2≥0

r(x1 + x2 + g(x1)) + C(x2), s.t. x1 + x2 = x.

The second stage problem is:

(2.2) max
x

R(x)− V (x),

where V (x) = r(x∗1(x) + x∗2(x) + g(x∗1(x))) +C(x∗2(x)) is the minimum cost derived from the
first stage.

We begin with analysis of the first stage. A first question is whether the innovator will
choose to only grow its own feedstock or to buy it from farmers, or a mix. Lemma 1 provides
the conditions under which a mix is not preferred.

Lemma 1 (Condition for interior solution) If, for all x > 0, g′(x) < C′(x)
r′(x)

, then the inno-

vator will choose to only grow its own feedstock; If, for all x > 0, g′(x) > C′(x)
r′(x+g(x))

, then the
innovator will choose to buy from farmers only.
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See appendix A.1 for the proof.
Figure 2.1 illustrates cases limited to corner solutions, i.e., the innovator only grows

or only buys feedstock but does not mix the two. The dashed curve r1 is the case where
g′(x) < C′(x)

r′(x)
, and the curve r2 is the case where g′(x) > C′(x)

r′(x)
. The two cases are when the

innovator either has absolute cost advantage or disadvantage of growing its own feedstock,
with the cost of growing alway above or below mixing, the c + r curve. But when the two
curves intersect, as in r3, an interior solution is possible.

x

$

In-house production only

Purchase
from

farmers
only

Interior
solutions

r′2 r′3 C′ + r′ r′1
r′1: In-house

production
only

r′2: Purchse
from
farmers
only

r′3: Interior
Solutions

Figure 2.1: Illustration for Buy Only and Make Only

Given an interior solution is possible, the optimality conditions are:

(2.3) r′(x+ g(x1))(1 + g′) = λ; r′(x+ g(x1)) + C ′(x2) = λ,

where λ is the Lagrange multiplier for the capacity constraint. Combining the two equations,
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we have r′(x+ g(x1))(1 + g′) = r′(x+ g(x1)) + C ′(x2). We can further rewrite it as:

(2.4) g′(x1) =
C ′(x2)

r′(x+ g(x1))
.

The first order conditions imply that, at the optimal feedstock production point, the
marginal input requirement for in-house production of feedstock equals the ratio of the
marginal cost of feedstock bought from farms to the marginal cost of capital. The intuition
for the condition is thus: if g′(x1) < C′(x2)

r′(x+g(x1))
, then the innovator could reach the feedstock

goal of x by allocating one less unit of feedstock bought from farmers and one more unit of
feedstock grown by itself. By doing so, the production plan requires r′ + C ′ less of cost of
purchasing from farms and processing the product, and needs r′(1 + g′) of cost of capital

if the innovator produces the one extra unit. Therefore, as long as g′(x1) < C′(x2)
r′(x+g(x1))

, the

original output is still feasible requires lower cost. If g′(x1) > C′(x2)
r′(x+g(x1))

, by the same logic,
it is efficient to allocate one more unit of x to buy feedstock from farms and one less unit of
x to growing it. Thus, when the production plan is optimized, we have g′(x1) = C′(x2)

r′(x+g(x1))
.

Figure 2.2 illustrates the input cost minimization problem and the output expansion path.
The first quadrant shows in-house feedstock production against purchase of feedstock from
farmers. For any level of x, the green dashed lines determine the isoquants: x1 +x2 = x. The
blue curves are isocosts. In the second quadrant, we plot the in-house feedstock production
total cost curve r(x+g(x)) where the x axis is the dollar amount. Using a 45 degree line, we
map this dollar amount to the y-axis in the third quadrant. Finally, in the fourth quadrant,
we plot the total cost for the innovator if it is solely relying on farmers for the feedstock. One
can easily see how many units of x can be produced if the same amount were not invested
in the innovator growing its own feedstock. The following lemma determines the shape of
the isocost curves.

Lemma 2 The isocost curves are concave.

See appendix A.2 for the proof.
The isocost curves are concave because r′ and c′ are increasing. Thus, on any isocost

curve, a mix of the firm’s growing feedstock and buying it from farmers incurs a higher cost
than doing only one or the other.

Once the isocost shapes are determined, the tangency between isocosts and isoquants
yields the optimal input mix.1 The red curve shows the output expansion path.

Recall that the first stage solves the innovator’s cost minimizing “make and buy” combi-
nation given output. The comparative statics of an exogenous shock on processing capacity
is addressed in Proposition 1.

1Note that when the isocost and isoquant curves are tangent, the slope of the isocost curve is − C′+r′

r′(1+g′)
as we know from the proof of lemma 2. The slope of the isoquant line is −1. Therefore, when the two slopes
equal, we have C′+r′

r′(1+g′) = 1, which is the first order condition of the input cost minimization problem.
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x2

x1

$

$

C(x) + r(x)

r(x + g(x))

45◦

Output expansion path

Total cost of output, input purchased from farmers

Total cost of ouput, input produced in-house

Isoquant curves

Isocost curves

Figure 2.2: Output Expansion Path

Proposition 1 As processed output increases, the innovator will buys more feedstock from
farmers unless r′′ = g′′ = 0; the innovator will make more if εC′ > εr′, where
εC′ is the elasticity of marginal cost of buying feedstock from farmers and εr′ is the elasticity
of the marginal cost of capital.

See appendix A.3 for the proof.
Proposition 1 says that as long as the marginal cost of the firm’s growing its own feed-
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stock is increasing, either due to increasing marginal cost of capital or decreasing marginal
product2, processed output expansion involves more feedstock bought from farmers. More-
over, whether the innovator grows more of its own feedstock depends on if this has a cost
advantage. In other words, when εC′ > εr′ , the cost of buying the feedstock from farmers is
increasing faster than the cost of feedstock grown by the innovator, giving the innovator a
cost advantage in producing feedstock in-house as processing capacity increases. This implies
relative cost advantage, as opposed to absolute advantage wherein the innovator could pro-
duce the feedstock at lower cost for any capacity level. For an extra unit of processed output,
the marginal cost of feedstock from farmers is C ′′, but the marginal cost from own-production
of feedstock is r′′g′. Thus, the εC′ > εr′ condition indicates that although the innovator does
not have an absolute cost advantage to produce its own feedstock, own-production becomes
more plausible after processed output reaches some critical level as C ′ increases more rapidly
than r′. Again, from figure 2.2, we can see that x1 might increase as x increases.

Proposition 1 implies that contracting with farmers allows an innovating processor to
overcome capital scarcity. The case of Tyson Foods illustrates this. Tyson conceived of a
new way of processing chicken, to sell parts rather than sell the whole frozen chicken. Tyson
wanted to increase market share and needed to produce more chicken parts. They faced the
issue of how many resources to put into building processing facilities versus growing its own
feedstock. Tyson had the constraint of fixed resources: the Bank of America only approved
them for a billion dollar loan. Tyson decided to invest most in marketing and processing
and buy chicken from farmers rather than producing their own chicken, so that they could
capture a larger market. Our proposition implies that the elasticity of marginal cost of
capital was relatively large for Tyson.

The motivation and arrangements of contracting farmers as reflected in the Tyson case
are common for firms in developing countries as well. Suri (2008) shows that in the 1990s
pineapple exporters in Ghana found sea cheaper than air shipment. That induced shippers
to contract farmers to get large volumes of fruit. Suzuki et al. (2011) found that these
exporters partly grow their own pineapples and partly buy from contracted farmers. Here,
the new shipping technology reduces εC′ , and we thus observe the emergence of contracts as
the proposition predicts.

In the second stage, the innovator solves:

(2.5) max
x

R(x)− V (x),

The first order condition yields: R′ − V ′ = 0. Using the envelope theorem, V ′ = λ∗,
where λ∗ is the shadow price of output x at the optimal production portfolio. To explore
how a demand shifter would change the equilibrium, let θ be a demand shifter such that
R = R(x, θ) and Rθ > 0. We have the following proposition to characterize the comparative
statics:

Proposition 2 (Innovator’s market power over upstream or downstream)
a) If the processor-innovator does not have monopsony power over farmers, then the inno-

2Note that g′′ > 0 is equivalent to f ′′ < 0, that is, a decreasing marginal product.
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vator will grow less of its own feedstock as processing capacity increases. If the innovator
faces a constant marginal cost of capital, then the innovator will always produce more of its
own feedstock as processing capacity increases.
b) If the innovator has monopoly power over downstream buyers, it will buy more feedstock
from farmers and will produce more (less) feedstock in-house if εC′ − εr′ > 0(< 0).

See appendix A.4 for the proof.
The standard monopsony model shows that a firm that has monopsony power over in-

put providers will reduce input use to gain monopsony profit from a lower input price. In
our model, when an innovator has market power over farmers, it would acquire less feed-
stock from farmers to exploit its market power. But the innovator faces the constraint of
getting adequate feedstock. The innovator will then rely more on its own production of
feedstock. Therefore, when market power is eliminated, the optimal business model would
involve buying more feedstock from farmers. Moreover, when the marginal cost of capital
is not increasing, the innovator could grow more of its own feedstock without facing higher
additional cost. Thus, the innovator would make more in-house when r′′ = 0.

An example of diminishing market power is the case of Shuanghui, the largest pork
processor in China (Zhang et al., 2016). Shuanghui is seeking greater market share for
high-end pork products. Although Shuanghui has substantial market power over farmers for
commodity hogs, it has little monopsony power over farmers for the high quality variety of
hogs. Thus Shuanghui eschews raising pigs and instead sought a partner for high quality pig
production, leading to its acquisition of Smithfield Foods in 2013.

Figure 2.3 provides an illustration for part (b) of proposition 2. As demand shifts from
D to D′, the innovator expands its processed output. From proposition 1, we know that
the innovator will buy more feedstock from farmers. In figure 2.3, the optimal production
expansion x∗1(x) and x∗2(x) are illustrated by the blue and red curves. The figure shows the
innovator buys from farmers and grows less of its own feedstock as εC′ < εr′ .

Proposition 2 is especially pertinent to “make or buy” decisions when a new product is
increasingly adopted by consumers. The innovator has to increase processing capacity. If
the marginal cost of capital is increasing, the marginal cost of producing its own feedstock
must increase as well. This means εC′ < εr′ is more likely and less production of feedstock
in-house by the processor would occur.

If the processor-innovator has market power over farmers, εC′ is larger. The innovator is
then a middleman in the market. The concept of middlemen is discussed in Lerner (1934),
Just et al. (1979), and Vercammen (2011). The middleman model shows that when a firm
has both monopoly and monopsony power in the market, production is reduced even further
and the profit margin is higher than where the firm has only one form of market power. In
our model, when the innovator has monopsony power over farmers and the marginal cost
of capital is not rising too rapidly, we will observe more production by the innovator of its
own feedstock as the innovator reduces purchase of feedstock from farmers to exercise its
monopsony power. Overall, proposition 2 suggests that the innovator responds to a demand
shock by changing how it sources feedstock. In our deterministic setting, the key factors that
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drive the decision are the firm’s capital access and whether it has monopsony power over its
suppliers. When the innovator faces both of the factors, then the relative magnitudes of εC′
and εr′ matter.

This proposition may help to explain different supply chain governance structures (or-
ganization and institutions) over firms in the US broiler industry. Tyson and Perdue tend
to use contracts with poultry farmers while Foster Farms is vertically integrated (producing
feedstock and processing). Tyson tends to use contracts in the US but it uses vertical integra-
tion, producing birds and processing in China. A plausible explanation is that Foster Farms
was started by turkey farmers, while Tyson was started by truckers and Perdue was from
the beginning specialized in selling genetic material to farmers. Foster Farms emphasized
bird quality and it appears it did not want to risk compromising that quality by contracting
out bird production. They thus operate at a relatively small scale in the US but use vertical
integration. For Perdue and Tyson, expansion was important, and therefore they moved
to contract farming. Here the difference between Tyson and Foster Farms can be mainly
explained by εr′ : when a firm emphasizes expansion, the elasticity of marginal cost of capital
is higher.

When Tyson introduced to China the innovation of modern processing technology of
chicken, although vertical integration reduced its expansion rate, the benefit from the con-
sumer perception of higher quality offset the cost of limiting the rate of expansion. But to
deliver higher quality chicken, εC′ is higher. Again, our proposition predicts what is hap-
pening: Tyson relies more on vertical integration in China. In both cases, introducing a
new technology together with the processor’s core competence shaped the final structure of
governance.

2.3 Uncertainty

We now consider an innovator’s decision under uncertainty. The uncertainty may come
from several sources. (1) Demand uncertainty is often associated with new product intro-
duction. (2) Processing uncertainty is most pertinent when a new processing technology is
invented, such as new biofuel refining technology. (3) Feedstock production uncertainty such
as stochastic weather is faced both in in-house production of feedstock and in purchase from
farmers. (4) Contract uncertainties may occur due to asymmetric information: the innovator
may not observe the ability of and effort being devoted by the contracted supplier.

Let θ1 be a random disturbance term that affects demand. We assume that the revenue
function is of the form θ1R(x). To keep the solution tractable, we add the assumption that
the function r(x+ g(x)) is additive separable: i.e.,

(2.6) r(x+ g(x1)) = r(x) + r(g(x1)).

We use C1(x1) to denote r(g(x1)), which is the total cost of producing x1. Then the
assumption is essentially saying that the total in-house cost is the sum of the processing
cost and the in-house feedstock production cost. We use the random variable θ2 to denote
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the random fluctuation of the processing cost and θ3 the randomness of in-house feedstock
production costs. The total in-house cost is thus θ2r(x) + θ3C1(x1). Finally, θ4 is the
stochastic variation of the outsourced (bought from farmers) feedstock production cost. In
sum, the innovator’s profit can be written as:

(2.7) π = θ1R(x)− θ2r(x)− θ3C1(x1)− θ4C2(x− x1).

For all i = 1, 2, 3, 4, θi are such that Eθi = 1, V arθi = σ2
i . The correlation coefficient

between θi and θj is ρij. To write the summation more tightly, we redefine f 1(x) ≡ R(x),
f 2(x) ≡ −r(x), f 3(x1) ≡ −C1(x1), f 4(x, x1) ≡ −C2(x−x1). Then, we can rewrite π(x, x1) =∑

i θifi where the expected profit is:

(2.8) Eπ(x, x1) =
∑
i

f i,

and the variance of profit is:

(2.9) σ2(π(x, x1)) =
4∑
i=1

4∑
j=1

f if jσiσjρij.

In the general case, the innovator has a risk preference over the random events. We use
U(π) to denote the innovator’s utility of profit with U ′(π) > 0, U ′′(π) < 0. Assuming U(π)
has CARA with an absolute risk aversion parameter, r, the maximization of expected utility
is equivalent to the following problem:

(2.10) max
x,x1

Eπ(x, x1)− r

2
σ2(π(x, x1)) s.t 0 ≤ x1 ≤ x,

where the constraint comes from the fact that both in-house (by the innovator) feedstock pro-
duction and contract production x1, x−x1 are nonnegative and cannot exceed the processing
capacity x.

In the deterministic case, there is a well-established equivalence between the two-stage
problem we set up and the simultaneous decision problem where the innovator chooses
processing capacity and the feedstock sourcing plan at the same time. However, in the
uncertainty case, the equivalence does not apply due to the potential correlation between
cost side uncertainty and demand side uncertainty. The Lagrangian for the problem is:

(2.11) L = Eπ(x, x1)− r

2
σ2(π(x, x1)) + µ1x1 + µ2(x− x1).

Our formulation is closely related to Just and Zilberman (1983), in which the theoretic
framework considers decisions under two sources of uncertainty with a capacity constraint. In
our model, the capacity is endogenously determined and, as we take a supply chain approach,
we also consider possible correlation between the demand side and cost-side uncertainty. The
Just and Zilberman (1983) model can be viewed as the innovator’s first stage problem.
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The FOC gives:

(2.12)
∑
i

f ix =
r

2

4∑
i=1

4∑
j=1

(f ixf
j + f if jx)σiσjρij − µ2,

and

(2.13)
∑
i

f ix1 =
r

2

4∑
i=1

4∑
j=1

(f ix1f
j + f if jx1)σiσjρij − (µ1 − µ2).

In general, this framework still allows the possibility to discuss the discrete choice of
whether the innovator solely relies on vertical integration, adding own-production, or out-
sourcing to secure its feedstock. µ1 = 0, µ2 > 0 indicates vertical integration. µ1 > 0, µ2 = 0
implies all feedstock production comes from farmers. Finally, µ1 = µ2 = 0 indicates a mix of
“make and buy” sourcing of feedstock. However, the general framework needs further sim-
plification for meaningful discussion. Here, we consider several special cases of the general
model.

Case 1. No correlation among the random variables. (ρij = 0 for
all i, j)

In this case, the general conclusions of Sandmo (1971) apply. Under either demand uncer-
tainty, or processing or feedstock production uncertainties, expected feedstock production is
less than in the case of certainty. However, whether the decline in feedstock production only
happens for feedstock production by the innovator, or for contracted feedstock production
by farmers, or total production decreases, depends on the source of the uncertainty. In par-
ticular, if demand or processing technology is uncertain, then both in-house and contracted
feedstock production will be below the production level when there is no uncertainty present.
But if the uncertainty comes only from feedstock production, then contracted production
will decrease and own-production of feedstock may be above or below the certainty case. The
intuition behind this scenario is that the firm may choose to diversify its production sourc-
ing under certainty. However, when there is uncertainty due to asymmetric information, the
consequence is twofold: the innovator will reduce total production; but it may choose to use
only own-production of feedstock if the uncertainty is too high.

The key notion from case 1 is that, when we apply Sandmo’s model to supply chain design,
the type and source of uncertainty matters. It is not hard to imagine that, for example in the
winery sector, feedstock production risk due to weather fluctuations is relatively high but the
processing technology is more or less established. In the case of second-generation biofuel,
the processing technology is uncertain and the contracting cost with farmers is uncertain as
well. It should be also noted that a well-designed contract will reduce or even eliminate the
uncertainty that comes from asymmetric information, which we discuss in case 2.
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Case 2. θ3 and θ4 significant, θ1 and θ2 negligible.

In this case, θ3 is production uncertainty. θ4 includes both production and contract un-
certainty. We assume that the uncertainty in feedstock production from farmers, θ4, is a
mean-preserving spread of θ3: let θ5 be a random variable, which can be interpreted as the
randomness in contracting itself, with zero mean such that

(2.14) θ4 = θ3 + zθ5,

where z is an arbitrary given parameter. We assume that as optimal contract design is being
implemented, the influence of θ5 on total risk from purchasing feedstock is reduced, that is
z → 0. Thus, one must have σ2

4 → σ2
3, σ34 → σ2

3.
We hypothesize that optimal contract design will increase total feedstock production. As

the latter expands, more (less) feedstock will be produced in-house if σ2
4 − σ3σ4ρ34 > (<

)0. This result is closely related to Just and Zilberman (1983), wherein, under a capacity
constraint on fixed feedstock use, the correlation between different sources of uncertainties
matters and may have an impact on the firm’s choice. In our model, we extend the model
of Just and Zilberman (1983) by allowing for endogenously determined optimal capacity.
One way to look at our model is that it is a combination of Just and Zilberman (1983)
and Sandmo (1971) where the conclusions of Just and Zilberman (1983) model apply to
the portfolio selection of feedstock production sources, which is the first stage of the firm’s
problem, and the propositions in Sandmo (1971) apply to the firm’s second stage problem.

The first part of our hypothesis above, that optimal contract design increases total feed-
stock production, requires the assumption that better contract design reduces contract uncer-
tainty. This assumption is relatively mild and is well established in contract design literature.
For instance, in a signaling game where the principal does not observe the agents’ abilities,
optimal contract design allows for a separating equilibrium where agents will truthfully report
their types. As a consequence, σ2

4 becomes smaller. However, it does not necessarily mean
more feedstock will be produced through contracts as better contract design also increases
ρ34.

The second part of the hypothesis above shows that risk affects whether an innovator
would choose to produce in-house or contract: it affects the share of contracting. At the
same time, not only do different types of risks matter as we have shown in case 1, but as in-
sights from Just and Zilberman (1983) suggest, the correlation between the two disturbances
matters. Namely, the sign of σ2

4 − σ3σ4ρ34 governs whether more feedstock will be produced
in-house as total production expands.

Case 3. θ2 and θ3 are significant, θ1 and ρ34 are negligible.

A motivating example comes from biofuel refining. The refining technology is uncertain.
Rubber producers in Africa and Malaysia face decisions on how to allocate resources between
processing facilities versus farming (Wang et al., 2014a). They can produce more rubber if
they rely on contracted farmers; but then the rubber company must face uncertainty about
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supply reliability. Thus the decision about the magnitude of the purchase from contracted
farmers is important. Another case comes from palm oil in Africa: again, to what extent
should an investor allocate resources to processing or to secure feedstock supply by investing
in own production of feedstock. Large fruit and vegetable export operations face similar
decisions: how much processing capacity to build and how much to invest in own-production.

2.4 Conclusions

Implementation of new agricultural innovations frequently require establishing a supply chain
that includes production of feedstock and which is then processed to obtain the final product.
This article analyzes the optimal supply chain design problem, in particular the volume of
the final output produced and the extent to which the feedstock is purchased from suppliers
versus produced in-house. We model the supply chain design problem as a constrained profit
maximizing or expected utility maximization problem, where the constraints can be inter-
preted as credit or capital constraints as well as human capital constraints. The innovator
frequently has significant monopoly power in the final output market and monopsony power
in the feedstock market. We find that stricter constraints lead to reduced overall operation,
and may lead to increased reliance on contract farming rather than in-house production.
The volume of output and the extent of reliance on purchased inputs are also dependent on
the market power in the final product market and the feedstock market.

We also analyze how risks affect an innovator’s decision. Understanding the source of
risks and correlation among those risks are important in shaping the supply chain. For
example, both the final output and the extent of reliance on external feedstock suppliers are
likely to decline the more risky is sourcing from these farmers, and the more risk averse the
innovator. Our analysis develops testable hypotheses about important choices of agribusiness
firms. In addition it can be applied to analysis of case studies, as we did in the article to
the evolution of the poultry industry and the constraints that led companies like Tyson to
establish contract-farming arrangements.

There are several future directions in which our model can be extended. First, it can be
expanded to understand the development of more complex supply chains. An example would
be where the entrepreneur has to decide about overall production of a product, allocation of
feedstock production among different sources, and allocation of the output among different
marketing channels. The latter involves understanding the choice of the appropriate channel
to market the processed product: for example how much of it would be sold direct to
supermarket chains, to wholesalers, or direct to traditional retailers.

Finally, our modeling framework could be used to analyze the evolution of agricultural
and the agribusiness sectors in various locations over time, as new innovations give rise to
new markets and supply chains and lead to the transformation of existing practices and
resource allocation patterns.
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Chapter 3

Supply Chain Design and Adoption of
Indivisible Technology

3.1 Introduction

The literature on adoption of technology in agriculture (see the survey by Feder et al., 1985)
distinguishes between adoption of divisible inputs, like fertilizers, and indivisible or lumpy
inputs, like tractors. The earliest framework to explain diffusion of indivisible technologies
was the threshold model developed by David (1966). His model assumes adoption is through
the farmer’s purchase of equipment if the farm’s land or asset holdings exceed some critical
level. Olmstead and Rhode (1995) and Feder et al. (1985) noted that adoption is feasible
for smaller farmers by the use of custom services or rental.

However, the literature has not yet produced a conceptual framework for analyzing dif-
fusion of indivisible technologies through both purchase of equipment and rental or hiring
of custom services, and for identifying the characteristics of the various groups of adopters.
This article aims to fill this gap in the literature. For this purpose we expand the gener-
alized threshold model of Sunding and Zilberman (2001). The model assumes that micro
units maximize profits or expected utility and are heterogeneous, and that dynamic processes
affect the system such as learning-by-doing, learning-by-using, and changes in price. This
threshold model results in an S-shaped diffusion curve as a function of time.

Our main findings are as follows: (1) the emergence of agricultural machinery rental or
outsourcing services allows the separation between technology adoption decisions and ma-
chinery ownership decisions, and (2) supply chains for provision of machine rental or custom
services may emerge as mechanisms to allow smaller units to adopt indivisible technologies.
We develop several versions of the model, illustrating each with case studies. Our analysis
starts with modeling the individual household choice to derive temporary aggregate demand
and supply in the output and technology markets, with resulting equilibrium prices for crop
output, machinery, and machine rental or custom services. We then derive dynamic patterns
of diffusion, both by purchase and by rental or custom services, and their impacts on crop
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output. We assess the impacts of changes in key parameters on the diffusion process.

3.2 Model

Consider a farming area where each farmer is endowed with a vector of attributes and farm
characteristics xxx = (x1, x2, . . . , xn, L) that are the source of heterogeneity in the threshold
model. Each xi stands for a certain farmer’s attribute or farm characteristics and L stands
for farm size. The attributes could be the farmer’s wealth, human capital, ability to use
machinery, and so on. Farm characteristics may include factors such as land quality, rainfall,
or pest pressure. The joint density function of these attributes and characteristics is denoted
by f(xxx). Following the formulation of Caswell and Zilberman (1986), we use hi(xxx, s) to
denote the farmer’s yield per acre as a function of the attributes xxx, machinery adoption
choice i, and some productivity shock s, where i = 0, 1. i = 0 indicates that the farmer
does not adopt machinery and i = 1 that the farmer adopts machinery. We can define the
farmers’ ownership decision j, where j = 0, 1. j = 0 indicates that a farmer chooses to rent
the machine and j = 1 that the farmer buys the machine. Clearly, the decision j is only
triggered when the farmer chooses to adopt the machinery, i.e., i = 1. The demand for the
agricultural output is D(p) where p is the output price. The supply function for the machine
is S(I, r,M) where I is the cost of the machine, the capacity of the machine is M acres of
land, and the per acre cost of the machine is denoted by r. For simplicity, we assume that
the maximum farm size, L̄, is smaller than the capacity of the machine, M .

For simplicity, we assume profit maximizing behavior for farmers. We use πd to denote
a farmer’s profit under decision d where d = i(j + 1). Clearly, d = 0 as long as i = 0 (the
farmer does not adopt the machinery). d = 1 if and only if i = 1, j = 0, which indicates
the farmer uses the machinery through renting-in and/or purchase of machine services from
custom service providers. d = 2 if and only if i = 1, j = 1, which means that the farmer uses
the machinery through buying. The farmer’s profit is a function of output price, machine
rental fee, machine cost, and other shocks, i.e., πd = πd(xxx, p, r, I, s). Using this notation,
we define the set of adopters, renters, and buyers. Let X be the set of farmers. The set
of adopters A consists of all the farmers that increase their profit by using the machinery,
through renting or buying: A = {xxx ∈ X|π1 > π0 or π2 ≥ π0}. Then the set of non-adopters
is the complement of A: X/A or Ac. In a similar fashion, one can define the set of renters R:
R = {xxx ∈ X|π1 ≥ max{π2, π0}} and the set of buyers B: B = {xxx ∈ X|π2 ≥ max{π1, π0}}.
Clearly, we have B ∩R = ∅, B ∪R = A.1

1Here we make the assumption that if π1 = π2, the farmer will buy the machine; if π1 = π0, the
farmer will rent the machine. The assumption avoids the possibility that the intersection of B and R can be
nonempty for farmers with the same profit under different technology adoption and purchase options.
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Defining the equilibrium concept

Now we are able to define the market equilibrium condition. The total final crop output,
denoted by Qs

O, is all the production under yield function h1 for adopters and h0 for non-
adopters.

(3.1) Qs
O(p, r, I,M, s) =

∫
xxx∈A

h1(xxx)f(xxx)Ldxxx+

∫
xxx∈Ac

h0(xxx)f(xxx)Ldxxx.

It should be noted that Qs
O is a function of p, r, I,M, s because these variables/parameters

could affect the farmer’s profit and, consequently, affect the adoption set and the value of the
integral. The aggregate demand for machine rental services, denoted by Qd

R, is the integral
over the acreages in the renters’ set:

(3.2) Qd
R(p, r, I,M, s) =

∫
xxx∈R

f(xxx)Ldxxx.

To find the aggregate supply of rental services, we assume that farmers who buy machines
and have idle machine capacity, i.e. M > L, rent their machine to renters and charge the per
acre rent r. There could also be third party custom service providers that offer the service
with aggregate supply of T (r, I,M). The aggregate supply of rental services from Qs

R is the
sum of services from both machine-buying farmers and third party machine custom service
providers:

(3.3) Qs
R(p, r, I,M, s) =

∫
xxx∈B

f(xxx)(M − L)dxxx+ T (r, I,M).

Since the total rental service is measured in acres, Qs
R/M gives the number of machines

being rented out. The machines demanded, denoted by Qd
M , are either from machine-buying

farmers or third-party custom service providers:

(3.4) Qd
M(p, r, I,M, s) =

1

M
[

∫
xxx∈B

f(xxx)Ldxxx+ T (r, I,M)].

We can now define the joint equilibrium for the three markets.

Definition 3 The joint supply chain market clearing condition is determined by the follow-
ing set of conditions:

1. Clearing of the output market:Qs
O(p∗, r∗, I∗,M, s) = D(p∗).

2. Clearing of the rental service market: Qd
R(p∗, r∗, I∗,M, s) = Qs

R(p∗, r∗, I∗,M, s).
3. Clearing of the machine purchase market: Qd

M(p∗, r∗, I∗,M, s) = S(I∗, r∗,M).
4. Linkage between the machine purchase and rental service market: r∗ = I∗

M
.2

2It should be noted that this linkage equation only holds when the rental suppliers do not have market
power.
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This set of conditions simultaneously determines the crop output quantity, the number
of machines being rented, and the number of machines being purchased in equilibrium.
At the same time, these conditions implicitly define the equilibrium output price p∗(M, s),
the machine rent r∗(M, s), and the price of machines I∗(M, s) as functions of exogenous
parameters M and s.

In the next three subsections we will examine the market equilibrium under three special
cases:

Case 1. Land quality is heterogeneous, there is no scale effect,
and adoption is by renting

In this case, yield per acre is not affected by farm size. This allows us to assume that each
farm has 1 acre of land without impacting the conclusions. We also assume that the only
source of heterogeneity is land quality. It is measured by an index α, ranging from 0 to
1, where a higher value indicates better land quality. Consequently, the joint distribution
function f(xxx) reduces to f(α). We also assume that farmers rent the machine. This occurs
when the machine’s capacity is larger than the scale of farms in the region. This assumption
implies that the buyer set B in the model is empty and adoption set A is nothing but renter
set R:

(3.5) B = ∅, A = B ∪R = R.

Since all the machine rental services are provided by a third party, then the number of
machines being supplied in the region is S(I,M, r). If a farmer does not rent-in the machine,
his/her profit is ph0(α). If the farmer does rent-in the machine, the profit is ph1(α)− r. For
either adopter or non-adopter, we assume that h′i(α) > 0, h′′i (α) > 0 to reflect that yield
is increasing in land quality and marginal product is also increasing over the range of land
quality (Hellegers et al., 2011). Since farmers’ decisions only consists of renting-in or not
adopting, the farmer’s decision d reduces to the possibilities of d = 0, 1. In sum, the profit
maximization problem for the farmer is:

(3.6) max
d=0,1

πi = phi(α)− rd

Clearly, a farmer would only adopt the machine if the additional revenue coming from
using the machinery exceeds the rental fee, i.e., p[h1(α) − h0(α)] ≥ r. For convenience, we
use ∆h(α) to denote h1(α)− h0(α). Assuming that the difference of marginal productivity
of land between using the machine and not using the machine is increasing in land quality,
∂∆h(α)/∂α ≥ 0, farmers with better land quality gain more from adoption. Thus there
exists a threshold land quality αc such that all farmers with α ≥ αc will adopt the machine
while farmers with land quality lower than αc will not adopt. In this case, the adoption set
and non-adoption set are:

(3.7) A = R = {α ∈ X|α ≥ αc}, Ac = {α ∈ X|α < αc}.
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At the threshold land quality, the farmer is indifferent between using the machine or not

(3.8) p[h1(αc)− h0(αc)] = r.

The threshold condition for individual farmers implicitly defines αc as a function of output
price p and rent r. One can show that the critical land quality increases as rent increases and
decreases as output price increases3. These comparative statics suggest that the aggregate
adoption curve is positively sloped with respect to output price and is negatively sloped with
respect to rent. These properties guarantee the equilibrium in the rental service market.
Since any farmer with land quality greater than αc will adopt the machinery, then the
aggregate demand for rental services can be written in the integral form:

(3.9) Qd
R =

∫
A

f(α)dα =

∫ 1

αc(p,r)

f(α)dα.

Figure 1b demonstrates the aggregate demand for machine services. Under our assump-
tions, the total supply of machinery through third party providers is:

(3.10) Qd
M =

T (r, I,M)

M
= S(I, r,M).

Since r = I/M and the supply of machine is just a function of investment I and machine
capacity M :S(I,M), the market equilibrium condition for machine rental services is:

(3.11)

∫ 1

αc(p,I/M)

f(α)dα = MS(I).

For total crop production, as introduced in the general formulation, Qs
O can be written

as:
(3.12)

Qs
O =

∫
A

h1(α)f(α)dα +

∫
Ac

h0(α)f(α)dα =

∫ 1

αc(p,r)

h1(α)f(α)dα +

∫ αc(p,r)

0

h0(α)f(α)dα.

Thus, the output equilibrium condition can be written as:

(3.13)

∫ 1

αc(p,r)

h1(α)f(α)dα +

∫ αc(p,r)

0

h0(α)f(α)dα = D(p).

The equilibrium rent and output price are implicitly determined by the market clearing
condition. Comparative statics on the market equilibrium suggest the following result:

Result 1. As the demand for crop output increases, both the market equilibrium rent
and the number of machines supplied increases. Moreover, as the threshold land quality for
machine adoption decreases, the change in output price is higher than the increment in rent.

3Comparative statics show: ∂αc

∂p = − h1(α
c)−h0(α

c)
p(h′

1(α
c)−h′

0(α
c)) < 0, ∂α

c

∂r = 1
p(h′

1(α
c)−h′

0(α
c)) > 0.
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Figure 1a. Condition for renting in machine service
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Figure 3.1: Adoption Threshold and Aggregate Demand for Machine Rental Service
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This point is illustrated with a case from Qanti et al. (ming) for sprayer-trader service
provision in the mango sector of Java, Indonesia. On the service supply side, the sprayer-
traders are small firms that use teams of skilled workers and spraying equipment to prune and
spray trees, and grade, harvest, and market mangoes as a custom service for farmers. The
sprayer-traders have expertise such as agronomy degrees, holdings of specialized equipment
such as ladders and pruning shears and spraying tubs and machines, ability to manage teams
to prune and spray, and vehicles to transport the mangoes. They are also familiar with the
quality and safety requirements of the mango buyers.

On the service demand side, there are two types of farmers. One type is smaller farmers
who lack the expertise and equipment to service their trees. The other type is larger orchard
growers who have constraints of access to skilled labor and management personnel as well as
specialized equipment. Both types of farmers tend to have substantial off-farm employment
and thus high opportunity costs of time to attend to their mango trees. These two groups thus
demand the sprayer-trader expertise and capital-augmented-labor provision and coordination
of their operations.

Based on the stylized facts of this Indonesian case, we can illustrate the result above by
surmising that an increase in the demand for sprayer-trader services can come from several
sources: (1) a shift from the commodity variety to the higher quality variety of the product,
which requires special expertise to grow and harvest; (2) given the variety, a shift from lower
to higher quality fruit, which requires a specific set of sprayings, fertilizer application, and
careful water control for the mango trees; and (3) an increase in demand for mangoes due to
more wholesalers coming to the area, such as when the Jakarta-Bandung highway was built a
decade ago. The increased profitability of mangoes combined with great demand for volume,
induces greater demand for services of spraying, watering, pruning, and fertilization to attain
consistent quality, and hormonal application to extend the season to meet extended demand.
This led to increased costs over time of sprayer-trader services (equivalent to machine rent in
the model). But the rise in mango prices kept ahead of the rent increase, increasing farmer’s
profitability as product differentiation and quality increased. Moreover, the improvement
in fertilization and water control provided by sprayer-traders allowed mango production to
diffuse beyond an initial set of farmers with higher quality land and the best conditions for
orchards, to farmers with somewhat less optimal conditions.

Result 2. As the capacity of machinery increases, market equilibrium rent goes down and
there is more machine adoption in equilibrium.

Qanti et al. (ming) also provides an example to illustrate this point. After the high quality
variety was introduced in Indonesia it increased the demand for sprayer-trader services. The
providers of the services, in the second period, have improved their physical capital, human
capital, and social capital. This led to increased scale of the productive capacity of the
machines, which allowed service providers to make the service more affordable to farmers.
This led to more adoption of use of the service.

Result 3. A subsidy on the machinery will lead to both higher market equilibrium rent
and number of machines supplied. Moreover, the threshold land quality for machine adoption
decreases and the subsidy amount is higher than the increment in rent.
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Similarly, a subsidy on productive capital can increase the quality and quantity of the
machine service provided. An example of this subsidy to human capital can be government
provision of more and better agronomic training to prospective sprayer-traders (Qanti et al.,
ming). This expands their potential range of services included in the service package and
allows them to credibly claim that they can reduce risk of poor quality for farmer clients.
This training also allows sprayer traders to increase the overall volume of services provided.
The threshold quality of land for service adoption decreases for the same reason it did in the
earlier part of this illustration.

For the rest of the discussion of this model, we consider two types of shocks that affect the
productivity of land. First, we consider a farmer school program, s1, that only enhances the
productivity of land for non-adopters: ∂h0

∂s1
> 0, ∂h1

∂s1
= 0. This assumption is plausible when

the training program allows farmers to gain knowledge about traditional farming technology
such as how to optimally apply fertilizer, but the program has nothing to do with the modern
technology embodied in the machinery. Second, we consider a technology enhancement
program, s2 that only enhances the productivity of land for adopters: ∂h1

∂s2
> 0, ∂h0

∂s2
= 0.

Using comparative statics, we have the following result:
Result 4. If a farmer school program only enhances the land productivity for non-

adopters, then the machinery adoption farm-size threshold increases. Both market equi-
librium rent and machine adoption decrease. If a technology enhancement program only
enhances the land productivity for adopters, then the machinery adoption farm-size thresh-
old decreases. Both market equilibrium rent and machine adoption increase.

The intuition behind this observation is that since the farmer school program increases
the productivity of land under traditional technology, a direct consequence is that the extra
benefit from modern technology, if any, becomes smaller. Therefore, the threshold of adop-
tion becomes higher after the training program and aggregate demand for machine rental
service declines. Since machine service supply is not affected by the program, but aggregate
demand shifts down, the rent for machine services under the new market equilibrium is lower
than the old equilibrium.

Using a similar argument, the direct effect of a technology enhancement program is that
the gap of benefits between the new technology and the old technology becomes even larger.
As a consequence, the adoption threshold is lower. This means more farms will adopt the
technology and service providers will charge a higher rent for the machine in equilibrium.

There are many examples where a competitive farm industry comprised of farmers will
be served by firms that provide custom services. For India, Sharma et al. (1998) (pp.1) note
that: “The custom hiring got a boost with the onset of the green revolution in mid-1960s and
establishment of agro-industrial corporations and road networks in rural areas. The custom
hiring gained importance mainly due to rise in the cropping intensity and drop in average
land holding.” They argue that custom services are crucial for improved land preparation,
planting and harvesting, and allow smallholders to take advantage of new technologies. An
example of the latter is laser leveling. It enhances water use efficiency leading to increases
in yields and better weed control. It requires specialized equipment and thus has been
provided by specialized custom service companies (as shown in the Pakistani Punjab and
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Uttar Pradesh in India (Jat et al., 2006)).

Case 2: Heterogeneity in land quality with labor as variable input

In this case, we consider another dimension of farmers’ choice: variable input use. We
previously assumed that each farmer uses a certain technology without variable input use.
We now allow the possibility that after the farmer decides on whether to adopt the machine-
embodied technology, he/she chooses the optimal variable input usage. We keep the notation
from above, adding w to denote the unit cost of labor. We add the assumption that the
yield of crop production is Qo = hi(α)fi(N), where N is labor use and fi(N) is a production
function under technology i. Furthermore, the conventional technology is assumed to be
more labor intensive than the machine-embodied technology. That is, f1(N) > f0(N), for
any given N .

We use a two-stage profit maximization framework to characterize first the farmer’s
machine-embodied technology adoption decision and second his/her labor use decision.

(3.14) max
i=0,1
{max

N
{phi(α)fi(N)− wN − ri}}.

Using backward induction, the farmer first solves the optimal variable input usage under
any given technology i. Then, the farmer goes back to the first stage of the problem and
picks the technology that achieves the highest profit. Under each technology i, the farmer’s
optimal labor use, denoted by N∗i , must satisfy:

(3.15) phi(α)f ′i(N) = w.

The farmer will adopt the machine-based technology if and only if the profit under that
technology is higher: p[h1(α)f1(N∗1 ) − h0(α)f0(N∗0 )] − w(N∗1 − N∗0 ) > r. That is to say, a
farmer’s motivation for technology adoption may come from two sources: increased output
([h1(α)f1(N∗1 )− h0(α)f0(N∗0 )]), or lower labor costs w(N∗1 −N∗0 ).

Result 5. If the wage to labor increases, then the machinery adoption threshold decreases.
Both market equilibrium rent and machine adoption increase.

Notice that the machinery adoption threshold αc is given by: p[h1(αc)f1(N∗1 )−h0(αc)f0(N∗0 )]−
w(N∗1 − N∗0 ) = r, from which one can get dαc

dw
< 0. The rationale behind this inequality is

that, after the wage increases, profit decreases both under the machine-based technology
and under the conventional technology. However, since the conventional technology is more
labor intensive, the profit under conventional technology goes down further than under the
machine-based technology. Thus, after wage increases, the farmer at the critical point will
choose to adopt the machine-based technology, which means the machinery adoption farm-
size threshold decreases. Moreover, since total machine service demand increases after the
wage hike, one should observe more machine adoption and a higher rent in equilibrium.
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Case 3: Heterogeneity in both land quality and farm size when
productivity is affected by farm size

In this case, we consider another dimension of heterogeneity. Unlike above where we assumed
that each farm has one acre, we now allow the possibility that each farm has L acres. Under
this setting, some farms are big enough to justify the purchase of the machine instead of
renting it (or buying machine custom services). We use a series of specifications to show the
adoption patterns and ownership patterns. In some cases the two choices are independent,
while the two are correlated under other cases.

We keep the notation from above, and add farm size L as another exogenously given
factor. The farmer now has three choices available: not adopting the machinery, adoption
through renting-in (or buying outsourced custom machine services), and adoption through
buying the machine. Non-adopting farmers earn a profit of ph0(α)L. Renting farmers receive
revenue of ph1(α)L and pay total rent of rL. Farmers that purchase the machine will have
the same revenue as renting farmers, but incur a cost of I. It should be noted that, in this
model, the extra capacity of the machine of M − L acres is not being utilized. In sum, the
farmer’s profit maximization problem can be written as:

(3.16) max
i,j=0,1

πi = phi(α)L− rLi− Ij,

where i = 1 if the farmer adopts the technology, j = 0 if the farmer rents it, and j = 1 if
the farmer buys the machine. As above, there exists a critical αc such that, all farms with
land quality higher than αc will adopt the machinery. Moreover, there also exists a critical
farm size Lc such that for farms larger than Lc, the cost of the machine is smaller than the
total rent. This means these farms will choose to purchase rather than rent the machine.
The critical α and L are determined by:

(3.17) p∆h(αc) = r and rLc = I.

Note that in the case that Lc and αc are independent of each other, the decisions of
adoption and ownership are separated. However, under other scenarios, the two decisions
might be made jointly. In this case, we discuss the possibility that productivity under the
modern or machine-based technology is increasing in farm size. This assumption is plausible
for utilization of a new technology. Under this assumption, we have h1 not only as a function
of land quality, but as an increasing function of farm size. i.e., h1(α,L)L > 0. Foster and
Rosenzweig (1995, 2010) show that larger farm size makes possible greater experimentation.
The latter leads to better utilization of the machinery and higher productivity from the new
technology. Under this assumption, the critical farm size has not been affected as the revenue
from buying or renting is identical. However, the critical land quality is determined by:

(3.18) p[h1(αc, L)− h0(αc, L)] = r.

This equation determines the land quality threshold as a function of p, r and L. If
productivity under the machine-based technology is increasing in farm size, then the critical
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level of land quality for machine adoption is decreasing as farm size increases4. Supporting
empirical evidence of the comparative statics can be found in Khanna (2001). She shows
that in the Midwest of the US, the adoption of soil testing technology and variable rate
technology rise with farm size. One can show that dαc

dp
< 0 and dαc

dr
< 0 still hold as in the

previous model. The adoption set and buyer set then are:

(3.19) A = {(α,L)|α > αc(L, p, r)}, B = {(α,L)|L > Lc(p, r)}

In this case, the adoption threshold is affected by farm size, but the ownership decision
is not affected by land quality.

Indian literature reviewed in Bhalla and Roy (1988) showed evidence of a negative cor-
relation between farm size and productivity, related in part to land quality. They showed
that controlling for land quality gave rise to a lack of relationship between farm size and
productivity. This negative correlation suggests for our modeling purposes that larger farms
are more likely to adopt technologies that allow economic viability in locations with adverse
soil conditions. One example of large farmers adopting practices (including dams) that allow
farming in low land quality areas is the Tulare Lake in California. In this region large farms
(including the largest farm in California, the one belongs to J.G. Boswell) used heavy equip-
ment and labor to drain the lake and grow cotton and other crops (Arax and Wartzman,
2005).

The mango case discussed above could also be an example of where larger farms adopt
machine-based technology delivered by expert teams on portions of their farms that are of
lower quality land. Large mango farmers have in their land holding land of varying quality.
This raises the yields of the lower quality plots to the level of the other plots on their
farms. This is analogous to precision farming in the US on large acreages where similar
homogenization of yield occurs over heterogeneous plots.

In Case 3, farm size is exogenously given. A fuller discussion would extend the case to
also specify the land market and have land use as a variable input. When the land market is
functioning well5, if there is no heterogeneity in land quality, farmers will buy enough land
to have the minimum scale needed for the indivisible technology. Then also the machinery
rental service market would not exist. In this sense, the rental service market exists because
of the non-existence of a perfect land market. When there is limited land available or farmers
face constraints to buy available land, they take their farm size as given and use machine
rental services to compensate for their insufficient scale for machine purchase.

4Comparative statics show dαc

dL = − h1(α
c,L)L

h1(αc,L)α−h0(αc)α
< 0.

5One needs the assumptions that land is available, buyers can access credit or other liquidity sources for
land transactions, and land property rights are clear.
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Case 4: Heterogeneous land quality and farm size when ownership
affects productivity

Another possibility is that the machine ownership threshold can be affected by land quality.
Suppose ownership increases productivity because: (1) it increases time flexibility, as owners
do not have to wait for the renter or the custom service; this flexibility is valuable at peak
season or when prices are high; (2) the owner develops skills in the use of the machine
through learning-by-doing. In this case, the production function h is further modified as:
h1 = h1(α,L, η), where η is the number of machines owned by the farmer where ∂h1

∂η
> 0.

Moreover, the owner-farmer could provide renters machine services and collect r(M − L)
of total rent. The critical farm size condition for ownership is then altered as owning the
machine provides an extra benefit.

(3.20) p(
∂h1(Lc)

∂η
− ∂h0(Lc)

∂η
) + r(M − Lc) = I − rLc.

This equation shows that, at the critical farm size, the extra benefit of buying the machine
equals the additional cost of owning it. The equation determines the farm size threshold as a
function of (p, r, α, I). Comparative statics suggest that dLc

dα
< 0, dLc

dp
< 0, dLc

dr
< 0, dLc

dI
> 0.

Thus, the farm size threshold is increasing with the cost of the machine, and is decreasing
with output price, machine rent, and land quality. The discussion above suggests that the
adoption and ownership decisions are independent of each other if land productivity only
depends on land quality and on whether machinery is adopted.

However, if land productivity is increasing in farm size, then larger farms are more
likely to adopt machinery. If ownership brings about higher productivity, then farms with
better land quality are more likely to purchase the machinery. In the latter two cases, the
adoption and ownership decisions are no longer independent. Let f(α,L) be the joint density

function of α and L. Then the total farm land in the region is:
∫ L̄

0

∫ 1

0
Lf(α,L)dαdL and

the total number of adopters is:
∫∫

(α,L)∈A
Lf(α,L)dαdL, where A is the set of adopters, i.e,

A = {(α,L)|α > αc(L, p, r)}. The set A can be further decomposed into two categories: the
set of buyers B and the set of renters R. Here, we have B = {(α,L)|α > αc(L, p, r), L >
Lc(α, r, p, I)} and R = {(α,L)|α > αc(L, p, r), L < Lc(α, r, p, I)}.

Then the total acreage for which farmers demand rental services is:

(3.21) Qd
R =

∫∫
(α,L)∈R

Lf(α,L)dαdL,

and, for farmers who buy the machine, M − L is the capacity of machine that is available
for renting-out. Thus, the total capacity of rental service supply is:

(3.22) Qs
R =

∫∫
(α,L)∈B

(M − L)f(α,L)dαdL.
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Figure 3.2: Adoption and Ownership Patterns
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In equilibrium, the demand for rental services meets the supply of the service:

(3.23)

∫∫
(α,L)∈R

Lf(α,L)dαdL =

∫∫
(α,L)∈B

(M − L)f(α,L)dαdL,

which reduces6 to:

(3.24)

∫∫
(α,L)∈A

Lf(α,L)dαdL =

∫∫
(α,L)∈B

Mf(α,L)dαdL = S(I),

These equations imply that the total acreage of farmers adopting machine services equals
the total capacity of machines that machine owners have, and that the total machine demand
equals total machine supply. The output equilibrium is defined by:

(3.25)

∫∫
(α,L)∈A

h1fLdαdL+

∫∫
(α,L)∈Ac

h0fLdαdL = S(I).

The market equilibrium condition implicitly determines the equilibrium rent r∗ and,
consequently, the equilibrium threshold αc∗ and Lc∗.

Result 6. As the cost of the machine decreases, the set of adopters does not change and
some large farms switch from renting-in to buying. Equilibrium rental services and the rent
decrease. As demand for output increases, the number of adopters and farms buying the
machine increases, but the effect on equilibrium rent is uncertain.

Figure 3.2 and figure 3.3 show that after output increases, the equilibrium output price
rises. However, the effect on rent is unclear. The reason is that, after the output price rises,
more farmers adopt the machine due to a lower adoption threshold. More farmers buy the
machine because there is a lower ownership farm-size threshold. Therefore, the net effect on
aggregate rental service demand is unclear. Moreover, even if there is more rental demand,
as figure 3.3 suggests, since rental service supply also increases, and the resulting effect on
equilibrium rent is uncertain, equilibrium rental services are increased from Q∗ to Q∗∗.

US agricultural history illustrates the above proposition. In the late 1800s and early
1900s, custom combine services provided by mobile labor teams moved from the north (Dako-
tas) south over months, harvesting as they went. Many farmers were then too small or capital
poor to own combines, so they bought the service (Cochrane, 1979 and Allen and Lueck,
2004). As they expanded their farms and/or capitalized, the upper end of the distribution
switched from renting to buying machines. This continued until a substantial reduction of
demand for the mobile services occurred.

Produce processing and shipping that require adoption of indivisible technologies further
illustrates the above proposition. Larger farms may purchase the processing facilities and

6we can rearrange the terms and rewrite the equation as:
∫∫

(α,L)∈R
Lf(α,L)dαdL+

∫∫
(α,L)∈B

Lf(α,L)dαdL =∫∫
(α,L)∈B

Mf(α,L)dαdL.
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Figure 3.3: Machine Rental Equilibrium Before and After Output Demand Change

shipping equipment, even if their scale of production is below the capacity of the equipment.
They can contract out with smaller farmers to provide extra output required to meet the
capacity constraint. The contracting takes various forms as a function of transaction costs
and agency considerations (Key and Runsten, 1999).

A final illustration of the proposition is from Miyata et al. (2009) analyzing the case of
apples and green onions in China. Supermarket chains and exporters are “second (final) stage
processors/packers.” The latter contract with large farmers who act as first-stage processors
for small farmers. The large farmers buy packing and processing equipment and contract
with small farmers to pack for them to send to the second-stage processors/packers. The
small farms need this service to meet quality and volume requirements of the contracting
second-stage packers.
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3.3 Conclusions

This article develops a conceptual framework based on the threshold model of diffusion.
It explains how emergence of supply chains enables the diffusion of indivisible technologies
in agricultural regions with small farmers. The nature of the technology and local institu-
tions determine the nature of supply chain changes that may emerge to enable adoption of
indivisible technologies.

We consider cases where there are constraints on acquisition of land. If there are no
economies of scale in the gains from adoption, if there are sufficient financial markets, and
there is an entrepreneurial spirit that enables the emergence of supply chains of providers of
machine custom services or rental, then the limited scale of small farms will not impede the
adoption of machine-based technologies. We found that if ownership provides a gain from
adoption, larger farms may have the incentive to establish service supply chains that involve
them adopting indivisible technologies, owning the machine, and renting excess capacity of
the machine to smaller farmers. In these cases, and in cases where the gain from adoption
increases with scale, adoption of the technology will benefit the larger farms.

Our analysis could be expanded in several ways.
First, incorporating functioning land markets into the model would permit land to be

endogenous. In that context, when the gain from the adoption of machine-based technology
is increasing with scale or with ownership, the introduction of the indivisible technology may
lead to farmers who adopt the new technology buying land from farmers who do not adopt.
The expansion of the adopters’ farms reduces the incentive to contract out machine services
as the larger farms increasingly use the machines on their own expanding farms.

Second, one can include other elements into the model: (1) incorporate risk and risk aver-
sion. One can incorporate risk-reducing marketing practices such as money-back guarantees
and warranties by technology sellers (Zilberman et al., 2012). One can also incorporate
price and crop insurance. Furthermore, risk considerations may lead to new forms of supply
chains and contracting; (2) incorporate non-labor variable input markets, so that the model
considers the adoption of an indivisible technology that also uses variable inputs such as
fertilizer. The modeling consequence would be similar to our addition above of labor as a
variable input market; (3) production requires minimum fixed cost per acre. In this case, we
would have three types of land: land that is not in production, land that is using traditional
technology, and land that is using modern technology. If the marginal benefit for modern
technology is larger, then adoption will increase total acreage.

Third, the modeling could add welfare analysis. Our results suggest that introduction of
technologies may make consumers better off by reducing output prices, and have a negative
effect on non-adopters. When the gain from the technology is increasing with scale or
with ownership of equipment, then some of the smaller adopters of the technology may be
worse off because of low output prices. A welfare analysis could be enriched by considering
technologies of different natures. For example, in cases where the technology enhances the
value of low quality land, adopters with low land quality may be gainers of the technology.
Or, there can be a case where the technology is biased to benefit farmers with higher land
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quality. For example, fertilizer benefits farmers that get more rain. But technologies like
drip irrigation augment land quality and benefit more farms with lower land quality. Under
such a model, we will be able to obtain the adopter set and corresponding equilibrium, the
only difference being that the adoption set is farmers with land quality or other source of
heterogeneity below a certain threshold.
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Chapter 4

Innovation-induced Food Supply
Chain Design

4.1 Introduction

Innovations are the doing of new things or the doing of things that are already being done in
a new way. (Schumpeter, 1947:151). A key feature of the modern agrifood sector is the high
rate of innovation. These innovations include new production and processing practices, new
products, new locations for producing existing products, and new institutions for organizing
supply chains. There is a significant body of research on the economics of innovation in
agriculture and the adoption of technologies in agriculture (Sunding and Zilberman, 2001;
Liu, 2013). Less attention has been given to the economics of innovations that convert
agricultural feedstock (the term we use for raw materials or intermediate inputs) to consumer
products.

Our basic premise is that the implementation of such innovations requires establishing
supply chains that engage in procurement of inputs, processing, and marketing innovation-
derived products. For example, entrepreneurs develop new supply chains to implement
innovations in breeding, processing, and shipping of poultry and seafood (Reardon, 2015).
Our purpose is to analyze the agribusiness firms supply chain design problem to implement
innovations of products, production, and location. Frameworks to optimize the overall design
of supply chains (Beamon, 1998; Snyder and Shen, 2011) do not explicitly consider market
forces. Economists develop various frameworks to analyze elements of a supply chain. Hobbs
(1997) applied transaction cost theory and Goodhue (2000) used contract theory to provide
economic principles involved in supply chain design. However, these analyses cover only
part of the supply chain design problem. The transaction cost approach follows Coase
(1937) and Williamson (1985) analyze which activities are internalized within firms and
which are conducted through markets. The unit of analysis in transaction cost theory is the
transaction itself, so transaction cost theory cannot encompass the simultaneous design of
individual transactions and the overall capacity of the system, the supply chain. Contract
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theory (Bell and Zusman, 1976; Hart, 1995) emphasizes the offering of contracts to agents,
which is only part of the overall supply chain design facing the entrepreneur. There has
been a rich literature documenting and analyzing the evolution of agricultural supply chains
in the modern era. Reardon and Timmer (2007) survey the literature on how technological
innovations in agriculture and in agricultural markets led to changes in market structure
and supply chains, while Swinnen et al. (2015) show how political forces led to emergence
of new agrifood supply chains in various parts of the world. However, these studies do not
contain an explicit framework for economic principles of supply chain design, and thus our
work complements this rich and insightful economic literature.

There are several key features of our analysis.
First, we place an emphasis on the design of new markets. New markets emerge from

differentiation of commodities over a set of traits such as type, space, time, and hedonic
qualities. Supply, demand, and pricing develop as a function of this differentiation (Arrow
and Debreu, 1954; Lancaster, 1971). An extension of the literature on product differentiation
is the economics of “market design” that has emerged in the 2000s. This research focuses
on how to develop a “thick market” for a differentiated product, through the creation of
institutions and information that help consumers identify the innovative traits and reduce
the perception of risk consumers might feel in shifting to the innovative service or good
(Vulkan et al., 2013). Our analysis extends the market design literature by focusing on when
an entrepreneur introduces an innovation creating product differentiation via a new product
or technology or an existing product with some new trait, and then designs a supply chain to
assure the creation of the market for the differentiated product or technology. For example,
the companies that introduced quinoa to the US identified supply sources originally in Latin
America and spurred demand in the US. Their activities resulted in new markets for quinoa
in the US. (see Bellemare et al., 2016)

Second, while standard economic textbooks often characterize agricultural markets as an
example of competitive markets, we argue that new markets that are introduced as part of
supply chains to implement new innovations are non-competitive. Entrepreneurs introduce
new products to gain first mover advantage and escape from competition. Entrepreneurs
who introduce new agriculture-based products are frequently in the position (at least for an
initial period, and longer if they can defend their innovative advantage) of a middleman with
significant market power both as buyer and seller. There is wide use of models that recognize
market power in both input and output markets in agricultural economics (Sexton, 2013).
Innovators of new products may even be in the extreme case described by the middleman
model (Lerner, 1934) where the firm has monopsony in input markets and monopoly in
output markets. This would be a common occurrence at an early stage in the product
cycle in the market. For example, when Frieda’s wholesale company (owned by Frieda
Caplan, “the Kiwi Queen”) in Los Angeles California, introduced kiwi fruit (a New Zealand
grower/packer Turner & Growers had in 1959 changed the name from Chinese gooseberry
to “kiwifruit” (www.teara.govt.nz/en/kiwifruit) after the maori name of the New Zealand
bird, as a marketing device and Frieda adopted and used that). Frieda started importing
green kiwi fruit from New Zealand farmers to the US market in 1962. At that time she was
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the only major importer and wholesaler of kiwi. Frieda then began to source from California
growers who were the few early adopters of kiwi starting in 1960 (e.g., Tanimoto brothers,
Judd Ingram). This initial near “monopsonist-monopolist” position was quickly contested
after other wholesale firms entered to buy and sell and many farms started to grow green kiwi
in California in the 1970s/1980s. Another cycle of this monopsony-monopoly situation was
reintroduced when a new product innovation (with a much higher sweetness level), golden
kiwi, was developed by Hort Research in New Zealand and in 2000 launched on the world
market by Zespri, New Zealand’s kiwifruit marketing company, under the trade name Zespri
Gold. In another stage of contestation of the market position, by 2001 California growers
had begun planting golden kiwi and increased production over the 2000s for the US and
especially the Asian market (?).

Third, agricultural production includes multiple stages. We emphasize that entrepreneurs
who design supply chains for implementing new products or technologies must determine the
scale of the overall enterprise and the extent to which they will control economic activities
at each stage of the process or rely on others. For example, production of biofuels requires
production of a feedstock, which may be corn, sugarcane, or another agricultural product.
The entrepreneur who wants to introduce a biofuel refinery in a new location must decide the
scale of the operation, and the allocation between in-house and contracted production. The
supply chain design may also require deciding about establishing both a source for inputs
(e.g. fertilizers) for the feedstock production and processing and marketing of the residue
from the biofuel production. The residue of corn ethanol production - dried distillers grain
is being sold as animal feedstock, which significantly increases the value of corn ethanol
production (Popp et al., 2016).

Fourth, our analysis suggests that design of supply chains must take account of char-
acteristics of the innovation and especially the constraints faced by the entrepreneurs who
implement the innovations. We view the design of a supply chain as a constrained optimiza-
tion problem. Many insights about supply chain design can be obtained from static profit
maximization problems subject to relevant constraints. For example, when an innovation
is capital-intensive (e.g., a facility to process biofuels), and the entrepreneur faces credit
constraints, the credit constraints may lead to heavy reliance on external suppliers who
can finance the production of the feedstock rather than to produce the feedstock in-house.
Frequently the decision-maker faces uncertainty about market conditions and capability of
other agents, and thus seeks to maximize expected utility of profit. Supply chain design and
implementation takes time and that may lead the entrepreneur to view the supply chain
design as an expected net present value maximization problem subject to constraints. We
consider features of these solutions below.

Fifth, our analysis indicates that as circumstances change, the supply chain design needs
to be modified and enterprise behavior must change as well. This perspective is consistent
with Phillips (2011) who states that for businesses to be successful in a changing environment,
they must pursue ‘relentless innovation’. Therefore, we will emphasize the importance of
adaptive learning and recognizing dynamic processes. For example, while firms may have
significant market power as they implement new innovations, their market power may erode
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as competing products evolve and the products of the firm and its supply chain has to evolve
accordingly (as discussed above in the case of kiwi).

We proceed as follows. We begin with a simple, stylized two-stage supply chain, which
includes the farm stage (feedstock production) and the processing stage (transforming feed-
stock into final products). We initially abstract in the simple model from the pre-farm
input supply stage, and the final stage of wholesaling and retailing of the final product. We
analyze the decisions regarding the overall production capacity and allocation of feedstock
production between in-house and outside suppliers. We use this framework to establish some
general principles. We then introduce the pre-farm stage of farm inputs supply, and then
a fourth stage focused on distribution of final products to differentiated markets. We also
consider the impact of risk and constraints on the performance of the system. Finally, we
introduce dynamic considerations pertaining to: i) the introduction of a new product; ii) the
internalization/externalization of certain parts of production. Finally, we analyze the policy
implications of our framework.

4.2 A Basic Model for Innovation Induced Supply

Chain Design System

While supply chains could appear at different levels of complexity, we will start by analyzing
the design of a minimal two-stage supply chain that aims to implement a new product
innovation. The agrifood sector is part of the bioeconomy, which produces a wide variety of
products (food, fuel, fiber, and fine chemicals) from living organisms. A two-stage supply
chain has been used to convey the essence of many production processes of the bioeconomy,
including production of biofuels, aquaculture, wine and beer, beta-carotene and fatty acids
derived from algae, etc. (Zilberman et al., 2013). The two stages include production of
feedstock and then processing it to produce a final product. The decisions are about the
overall output of the system and how much of the feedstock will be produced in-house
and how much purchased from suppliers. Our analysis may apply to an entrepreneur who
produces pre-packaged lettuce or grows flowers in Kenya for export to European markets.

Consider an entrepreneur who introduces an innovative product, which requires some
input processing to produce. Let Y denote the final output. The innovator could either
produce the raw input in-house (denoted by I), or purchase from external sources (denoted
by X). The revenue from sales of the product is a function R(Y) and RC(Y) is the cost
of refining the product. The cost of in-house production is PCI(I) and expenditure on
contractors is a function of externally sourced inputs denoted by O(X). One can expect
that expenditures on external feedstock are greater than the cost of producing feedstock
externally, denoted by PCX(X) . For further discussion, it is important to recognize that
the cost of production of feedstock internally and externally may be different. For simplicity,
we assume that one unit of input is converted into one unit of output, so Y=X+I. We also
recognize that output and the two inputs must be non-negative. Thus, the optimization
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problem of the entrepreneur is:

(4.1) maxR(Y )−RC(Y )− PCI(I)−O(X)

subject to Y = I +X, the total input equality,
X, I ≥ 0, non-negativity constraints Because Y=I+X, the entrepreneur needs to deter-

mine two variables I and X. We can consider three situations.
First is the case of vertical integration where all production is done in-house, thus

Y=I,X=0. Let MR(Y) be the marginal revenue, MRC(Y) be marginal refining costs, MPCI(I)
be marginal cost of in-house production. Then the optimal allocation in the case of verti-
cal integration (Y = YV ) is where marginal revenue is equal to the sum of the marginal
processing costs and the marginal cost of in-house production:

(4.2) MR(YV ) = MRC(YV ) +MPCI(YV )

Figure 4.1 illustrates the innovator’s optimal decision and welfare implications under
vertical integration. The condition that marginal revenue equals marginal production cost
plus marginal refining cost determines the production quantity Qv. Consequently, the price
for the final product and marginal production and refining cost are given by Pv and Cv
respectively. P* and Q* are the equilibrium price and quantity under perfect competition.

In Figure 4.1 , the welfare for different parties under vertical integration include the
area APv P0 as consumer surplus; the area PvAQvO as the total revenue; EFQvO as total
production cost, DBFE as total refining cost; and the area PvABD as the total profit for
the innovator. Note that under perfect competition, social welfare is the area DCPv. Thus,
the triangle ABC is the deadweight loss under vertical integration.

Second is the case of purchasing feedstock from external sources. In this case, Y=X;
I=0. We assume that the external source is a competitive market. In this case, Y = YI .
The entrepreneur is modeled as a middleman. The middleman model was first introduced in
Lerner (1934) and further developed in Just et al. (1979). The middleman is monopolistic
in the output market and monopsonistic in the input market. The first order condition of
the optimization problem suggests that at the optimal solution, the marginal revenue will be
equal to the sum of marginal refining (MRC) costs plus the marginal outlay of purchasing
from external sources (MO). In particular:

(4.3) MR(YI) = MRC(YI) +MO(YI)

The marginal outlay is different from the marginal cost of producing feedstock by external
sources, which is denoted by MPCX (and is not necessarily equal to MPCI), and is the
supply of the external sources. Given this supply curve, when X units are purchased from
external sources, the refinery will pay XMPCX(X) for the feedstock. An increased use of
feedstock will raise the price of feedstock and therefore the marginal outlay reflects the cost
of the incremental unit plus the increase in price of all previous units.

(4.4) MO(X) = MRCX(X) +XMPCX(X)
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Figure 4.1: Outcome of Vertical Integration
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Therefore, for every level of feedstock the marginal outlay is greater than the supply
curve. In our case where all feedstock is purchased externally (X=Y), this analysis suggests
MO(Y ) > MPCX(Y ). The equilibrium outcome in this case occurs at point B in Figure 4.2,
the intersection of MR with MRC+MO. Here, the optimality condition is given by marginal
revenue equal to marginal outlay plus marginal refining cost. Thus, Qm and Pm determine
the optimal refining capacity and the price consumers pay for the final product respectively.
Area AP0Pm is the consumer surplus. To find the innovator’s profit, we first note that
the unit feedstock price paid to upstream producers is Cm, therefore the area PmAFCm
is the innovator’s profit before taking refining cost into account. Also notice that the area
DBCE is the total refining cost for the innovator. In sum, the innovator’s total profit is the
area (PmAFCm- DBCE)1.This analysis suggests that when the cost of feedstock production
is the same externally and internally, vertical integration would result in more output and
more profit. The extra profit in the case of vertical integration is resulting from the producer
surplus of production of the feedstock that is kept internally, in this case.

In the case of an internal solution where the firm buys some of the feedstock from external
sources and produces some in-house, the firm has two optimality conditions that need to be
solved simultaneously. First, the optimal feedstock produced internally is at a level where
marginal revenue equals marginal refining cost plus marginal cost of in-house production.

(4.5) MR(X + I) = MRC(X + I) +MPCI(I)

Second, the optimal feedstock purchased from external sources is at a level where marginal
revenue equals marginal refining cost plus marginal outlay.

(4.6) MR(X + I) = MRC(X + I) +MO(X)

This suggests that at the optimal solution marginal outlay of external production is equal
to marginal cost of in-house production:

(4.7) MO(X) = MPCI(I)

If there are no external constraints and the internal and external production of the
feedstock have the same cost function, more feedstock will be produced in-house. The reason
is that with in-house production each level of feedstock costs less to produce internally, since,
controlling for the level of feedstock, the entrepreneur only pays the cost of production and
does not pay the profit of the external producer.

The entrepreneurial problem can be written as a profit maximization problem where the
final output is proportional to the volume of feedstock and the entrepreneur must determine
the allocation between in-house production and external sources of feedstock. Once these
variables are determined, the total output can be calculated. There are three types of

1In order to keep the figure simple, we do not plot the deadweight loss on this graph, but interested readers
can add the MPC+MRC curve, P* and Q* (the equilibrium price and quantity under perfect competition)
from Figure 4.1 and determine the deadweight loss under this scenario.
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Figure 4.2: Outcome of Purchasing Feedstock from External Sources
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solutions vertical integration, purchasing from external sources, and a combination of the
two. Under vertical integration, the marginal revenue of total feedstock is equal to the
sum of the marginal cost of refining and production. Under full purchasing from external
sources, the marginal revenue is equal to the sum of the marginal cost of refining plus the
marginal outlay on external purchases. Note that the marginal outlay on external sources is
greater than the marginal cost of production of external sources because the marginal outlay
is equal to the marginal cost of production, plus the increase in expenditure on purchases
due to the increased price associated with more purchases. In essence, the entrepreneur (at
least initially in practice, and in this simplified model) operates as the middleman la Lerner
(1934), namely with monopoly in input markets and monopsony in output markets.

In the case of an internal solution where the firm buys some of the feedstock from external
sources and produces some in-house, the firm has two optimality conditions that need to be
solved simultaneously. First, the optimal feedstock produced internally is at a level where
marginal revenue equals marginal refining cost plus marginal cost of in-house production.
Second, the optimal feedstock purchased from external sources is at a level where marginal
revenue equals marginal refining cost plus marginal outlay. This suggests that at the optimal
solution the marginal outlay for external production is equal to the marginal cost of in-house
production. If there are no external constraints and the internal and external production
of the feedstock have the same cost function, more feedstock will be produced in-house.
The reason is that with in-house production each level of feedstock costs less to produce
internally, since the entrepreneur only pays the cost of production and does not pay the
profit of the external producer.

When the costs of producing feedstock externally and internally are different, the lower
is the relative cost of internal production, the higher is the share of internal production,
and vice versa. Internal solutions will occur when the difference between marginal costs of
producing in-house and externally are not sufficiently large to result in one or the other of
the corner solutions. There are points when specialization will occur. Vertical integration
will occur if the integrated firm has an absolute advantage in the production of feedstock
so that the marginal cost of external production of feedstock exceeds the marginal cost
of producing feedstock internally for the most profitable level of production under vertical
integration. Similarly, all the feedstock is bought from external sources if the marginal cost
of production in-house is greater than the marginal outlay of purchasing from outside for
the most profitable level of production with externally purchased feedstock, purchasing from
external sources is profitable.

Several factors will determine the nature of the solution. External feedstock production
may occur if the entrepreneur considers processing to be his/her core competency and thus
relies on feedstock suppliers. This is illustrated by POET which is a major producer of
biofuels. Even though they started as a farm, they now concentrate on refining only and
purchase feedstock. Similarly, most breweries specialize in producing beer and buy their
feedstock from various sources. Significant reliance on external production may occur if the
entrepreneur’s cost of production is higher than that of local farmers, or when local producers
may have lower costs of compliance with regulations.
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Internal production is more likely to occur when external producers lack the skills or
human capital to produce new products efficiently. Frequently, an entrepreneur imports
or transfers a crop or farming production system to a new location, and establishes their
own refinery to establish a vertically integrated operation. Much of the agriculture in the
US originated from immigrants who transplanted and adapted cropping systems from their
countries of origin, producing and processing those crops. Georges de Latour, the founder of
Beaulieu Vineyard (BV) in the Napa Valley, imported disease-resistant rootstock and grape
varieties from France in 1906 that spurred much of the development of wine production in
Napa. He established a vertically integrated operation producing and processing grapes.

Over time, as technology improves and demand increases, vertically integrated companies
may expand both their overall operations and their reliance on external suppliers. This is
what happened to BV winery and many others in the Napa Valley. Similarly, European
entrepreneurs introduced cut flowers production and processing to Kenya (Maharaj et al.,
1995; Macchiavello and Morjaria, 2015). They frequently started with vertically integrated
operations that eventually relied more heavily on external supplies from farmers.

4.3 Extension to More Complex Supply Chains

Food Supply Chain Model with The Farm Input Supply Stage
Added

Modernization of agriculture is associated with increasing reliance on modern inputs such as
fertilizers and pesticides, in the production of feedstock. To take this into account, we now
consider a three-stage supply chain that includes input supplies, production of feedstock,
and refining (processing). Entrepreneurs who consider implementing innovations embodied
in new agricultural input management strategies have several options, as possible solutions
to their optimization problem. Some entrepreneurs may only concentrate on marketing
their innovative inputs. Others may utilize the (innovative input) technology in-house or
through contracting with feedstock producers who use the improved input. For example,
drip irrigation increases water use efficiency especially on steep hillslopes and sandy soils
and enables introduction of agricultural production to marginal or drought-prone lands.
Therefore, entrepreneurs introduced agricultural production to new regions, for example
producing avocado and wine in the steep hills of California, and vegetables in the deserts
of Australia and Israel, using drip irrigation. In the case of California, the supply chain
started with irrigation manufacturers and their sales force, as well as university extension,
that provided irrigation equipment and use guidance (Taylor and Zilberman, 2017). Drip-
irrigated crops were shipped and processed by enterprises (e.g. wineries) that either grew
the feedstock or purchased it from farmers.

Aside from the case of the entrepreneur focusing on marketing the innovative input, two
major patterns emerge in cases of innovation that involve new agricultural inputs. First,
the entrepreneur may be vertically integrated, controlling the inputs, feedstock production,
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and processing. Second, the entrepreneur may use contract farming, in particular produc-
tion contracts, where the farmer may own the land and conduct much of the agricultural
activities but most of the decisions about production processes are done by the agribusiness
entrepreneur who provides proprietary inputs, guides production activities, and processes
the outputs.

There are combinations of these two approaches. For example, there is the system of
nucleus and plasma contract farming, where an enterprise runs a processing facility as well
as its own farm and also buys from many small farms that follow production specifications.
This type of dual operation is prominent for example in production of palm oil and other
high value crops in Southeast Asia (White et al., 2005) and sugarcane in Africa (see the
Malawi case, Herrmann and Grote, 2015). Contract farming and vertical integration have
growing utilization in the livestock sector in the US and China (MacDonald and Korb, 2011;
Wang et al., 2014b), and various crop sectors in Ghana, India, Madagascar, Mozambique,
and Nicaragua (Barrett et al., 2012).

Food Supply Chain Model with The Downstream Distribution
Stage with Differentiated Products

Processing and refining of agricultural feedstock may result in several products, and en-
trepreneurs have to determine how much to produce and market of these differentiated
products. Thus, our stylized analysis adds a fourth stage of the supply chain, where the
output is allocated to different uses and/or distribution channels. Adding this stage makes
the decision-making process even more intricate. One example of the final stage is between
high-quality and low-quality products. There is a tendency to bifurcation of food products
where higher-income consumers are willing to pay more for higher quality products. Thus,
in allocating resources the entrepreneur needs to balance benefits and costs of alternative
uses taking into account demand elasticities. Two examples are of note.

On the one hand, a livestock producer can provide both different qualities of meat (e.g. fat
content or organic) and different types or levels of processing of the meat. The entrepreneur
needs to recognize the size and willingness to pay of each market segment as well as the costs
of producing each product (Lusk and Hudson, 2004). In turn, the meat processor chooses
how to allocate the differentiated products over types of retailers (e.g., in Argentina, among
traditional shops, specialized butchers, and supermarkets. On the other hand, the beer and
wine industries differentiate products by quality and must decide the allocation of resources
among them as well as the retail channels used. . Wine producers determine how much to
allocate to mass-consumed ‘jug’ wine, mid-market wine, and more upscale wines and how
much to sell to retailers (and specialized shops versus supermarkets) and restaurants and
whether and what extent to develop their own showroom. Similarly, throughout history,
beer was sold at different grades to serve multiple purposes for clean water, calories, and
intoxication (?). Until 1982 in the US, it was not allowed for a brewery to sell beer at
their production facility. But the passage of an assembly bill (AB3610) allowing that sale in
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California spurred the development of microbreweries in California and elsewhere.

Food Supply Chain Model with Input, Farming, Processing, and
Distribution Segments- Illustrations

The evolution of Tyson Foods a large livestock processor in the US can illustrate the four-
stage supply chain we consider. Schaefer (2014) notes that the company started when the
founders realized in the 1930s that there was a large demand for poultry in New York that
can be supplied by farmers in Arkansas. They started as a trucking company buying poultry
from farms in Arkansas and selling it in New York (a two-segment supply chain). Then they
had another innovative idea to take advantage of their trucks and economies of scale in buying
by providing their producers with feed, which can be described by a three-segment supply
chain. Later on they realized that the new genetics improved the quality of chickens, so they
decided to invest in R&D and start providing poultry producers with genetic materials. This
means that they added another element, producing genetic material, to the first segment of
the three-segment supply chain. Lastly, they realized there was heterogeneity of consumer
preferences and invested in processing plants to produce diversified products: whole chickens,
chicken parts, and pre-made meals.

The evolution of the bioeconomy emphasizes the importance of designing supply chains
that use as much of the feedstock as possible, including residues and byproducts, profitably.
Livestock producers use residues for animal feed, pet food, and production of materials
(e.g. gelatin, bone meal). The profitability of biofuels is benefited from creative use of its
residues. Brazil is the largest producer of sugarcane-based ethanol. Its biorefineries produce
most of their own feedstock. In the US, refiners contract farmers through cooperatives of
producers. The profitability of producing only biofuels in these operations was low or even
negative. But refiners in the US introduced dried distillers grains that are used as food
additives for livestock; these provide about one-third of the revenue of biorefineries (Khanna
and Zilberman forthcoming). Similarly in Brazil, the residue bagasse is now used as a source
for energy production. Furthermore, with the introduction of second generation biofuels,
one may increase the value-added of corn and sugar production by using corn stover (i.e.
the residue of corn) and sugar cane bagasse for cellulosic ethanol. This suggests that supply
chains and their economic assessments evolve over time.

Geography is a key consideration in the design of agrifood supply chains. While some
outputs of agrifood systems have relatively low transportation costs, freshness and quality
of service require that other outputs will be distributed among many outlets over space. An
example is fast food restaurants where it is essential to be close to the final consumers who are
distributed spatially. While franchise design has many dimensions, a generic question is to
what extent an entrepreneur can rely on franchises versus selling the product directly. In this
simple supply chain design problem the entrepreneur determines total output and then the
allocation of sales between the main company and the franchisees. The optimization problem
takes into account the revenue generated by the two sources and the cost of production, and to
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some extent when the company controls sales. When we have a solution where the company
controls sales, it is akin to the vertical integration approach we solved earlier, whereas selling
through franchises is akin to contracting. If the entrepreneur has a relative advantage in
procurement and design of inputs, with limited capacity to sell finished products, they will
rely mostly on franchising. If they have high uncertainty regarding the ability of franchisees
to maintain quality standards or have a relative advantage in the design of outlets and
provision of service, they will rely more on company sales. Thus far, our analysis assumes full
information and did not explicitly consider the risks and constraints facing an entrepreneur.
We turn to risk next.

Introducing Risk

Establishing new supply chains is subject to uncertainties and random factors that need to
be taken into account in their design and we discuss them here. First consider the simple
two-stage supply chain. The demand for the final product has random variations and the
cost of the refining technology is subject to uncertainty, as is the cost of feedstock production
in-house. Furthermore, the entrepreneur is uncertain about the reliability and performance
of various external suppliers. The entrepreneur may take actions to address these challenges
that will be reflected in his/her demand and costs functions that will have deterministic
and stochastic elements. For example, the literature on contract farming in agriculture (see
Otsuka et al., 2016 for a comprehensive review) provides approaches to design contracts be-
tween buyers and suppliers that aim to overcome heterogeneity and asymmetric information.
An example is in Bellemare (2010) where asymmetric information is addressed via supervisor
visits to growers contracted to export fresh produce to Europe from Madagascar.

Application of these approaches can yield the average and the variance of costs as func-
tions of output obtained from external suppliers. Thus, the supply chain design of a risk
averse entrepreneur becomes a constrained expected utility maximization problem. It can
be approximated using the approach taken by Just and Zilberman (1983) as linear functions
of the mean and variance of profit, which are functions of total output (Y) and feedstock
from external and internal sources (X and I).

Using this approach, Du et al. (2016) show that reduction in the risks associated with
demand, improved reliability of processing technologies, and feedstock costs will lead to
increased operation capacity and feedstock use. The impacts are greater the more risk averse
is the entrepreneur. This is consistent with the firm-level proof of Sandmo (1971). This
suggests that introduction of futures markets or price insurance for outputs may increase
the likelihood of implementing an innovation and increase the size of the production or
processing activities. Furthermore, an introduction of a contracting system that reduces
the riskiness of external suppliers will increase overall activity, increase reliance on external
sources, and may reduce reliance on in-house production. Similarly, introduction of systems
that reduce the risks of internal production will increase overall activity and reliance on
internal feedstock, and may decrease reliance on external sources.
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More complex supply chains that explicitly consider agricultural inputs employ mecha-
nisms to address risks. For example, input suppliers that provide irrigation or pest control
products and management aim to a large extent to reduce exposure to risk of drought or
pest damage. Frequently, methods that reduce variability, for example improved pest con-
trol technologies, may not only decrease variance but also increase the mean, and more risk
averse entrepreneurs are more likely to adopt them because of the greater weight they give
to risk reduction. In case of storable feedstock (e.g., corn for ethanol), one way to reduce
overall risk of the system is through storage of feedstock or of the finished good. Then the
optimization problem needs to be modified to include this dynamic consideration. Increase
in the likelihood of extreme weather poses risks to agricultural supply chains. ? suggest that
to accommodate these risks, entrepreneurs may invest in protective measures to increase
resilience of their supply chains and may geographically diversify their external sources of
feedstock to reduce exposure to weather shocks. Incorporating risk considerations may ac-
tually increase the cost of investment in implementing a new innovation, especially if the
enterprise is constrained by credit.

Risk considerations are important in supply chains that directly serve consumers, such as
those of restaurants and supermarkets. The entrepreneur who decides allocation of resources
between franchises and company-owned outlets is managing a portfolio decision because less
capital is put at risk when expanding through franchises. The more a franchisee can be
relied on to maintain quality, the share of franchising will increase. Franchisers can invest
in training managers to reduce the risk of bad performance as well as increase their average
performance.

Constraints Faced by Innovating Agribusiness Firms

The constraints an agribusiness faces also shape the supply chain design. Binding constraints
impose shadow prices on certain activities, and therefore tend to change resource allocation.
For example, when the designer of a fast food chain has to design how much to rely on
franchises, the entrepreneur may have a relative advantage in sales, but may lack the financial
capacity to expand quickly enough and so may rely on franchising.

When it comes to production, constraints may determine the reliance on vertical inte-
gration versus on external sources. For example, when a European entrepreneur controls
an innovation being implemented in a developing country that restricts foreign ownership of
land, they will rely on contracting even though vertical integration would be preferred. See
for example Bellemare (2012) who shows that restrictions on foreigners owning land (plus
biodiversity over zones) in Madagascar induce widespread contract farming by foreign firms.

The literature identifies several sources of constraints that affect the implementation of
innovation, including access to land, credit, human capital, managerial capital, and business
or social connections in the locale of production. To address these constraints, entrepreneurs
may employ a range of strategies, including:

(i) adjustment in scale of production to meet constraints.
(ii) partnerships to obtain complementary assets and access to resources and markets.
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(iii) delay in implementation of innovation to establish skills and resources.
Meanwhile, factors like possible hold-up problems from upstream, reliability of upstream

producers as well as an aim to protect knowledge will make the innovator favor a vertically
integrated chain.

Table 4.1: How Do Constraints Affect The Organization of A Supply Chain

Literature
Source of con-
straint

Organizational outcome system

Tsoulouhas and Vukina (1999) on
broiler, swine, and turkey industries

Risk of
bankruptcy

Instead of tournament contracts only, use
a mixture of tournament and fixed perfor-
mance contract

Axelsson et al. (2012) Human capital

Farmers’ lack of knowledge of ad-
vanced biofuel crop may lead to vertical
integration

Du et al. (2016)
Risk considera-
tions

Risks involving contracted farmers’ perfor-
mance reduce production of output and
outsourcing

Ogishi et al. (2003) on animal
waste policy

Environmental
regulation

Contract with small family farmers to re-
duce animal waste liability

Rubin (1978) on the design of
franchise

Franchisers
face resource
constraint

Combination of self-owned and franchise
stores

Minkler (1992)
Uninformed
about local
market

Franchisees provide complementary input
of local knowledge

Table 4.1 lists some of the literature on how constraints may affect the organization of
a supply chain. Some of the studies address the two-stage supply chain when processors of
feedstock need to determine reliance on vertical integration and contracting. Tsoulouhas and
Vukina (1999) find that risk of bankruptcy and credit constraints will push food processors to
choose marketing contracts rather than production contracts since the latter have a greater
risk of credit shortage for processors. Axelsson et al. (2012) suggest that farmers’ lack of
knowledge about advanced biofuel crops may restrain them from accepting a production
contract. This implies that biofuel refineries may have to adopt vertical integration for
feedstock production. Du et al. (2016) illustrate how risk considerations tend to reduce
the volume of operation and the relative shares of internal versus external production are
affected by the firms exposure to risk. Ogishi et al. (2003) suggest that if local farmers
receive favorable treatment from environmental agencies, then a foreign agribusiness may
rely more heavily on contracting for production, while concentrating on processing.

Other studies consider innovations in fast food chains and address the question of the
size and reliance on franchisees. Fast food concepts are disembodied innovations that can
be easily copied. The nature of the innovation determines that a fast food chain has to gain
market share as soon as possible to escape from a highly contested market. Rubin (1978)
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explains the emergence of franchising as a resource constraint argument. The basic rationale
is that when a firm starts a business or would like to expand its size, it may find a lack of
capital from financial markets even if the firm’s brand has some established reputation. In
this case, franchising becomes a necessary and appealing option. Minkler (1992) argues that
franchisees are, more often than not, better informed than franchisers about local markets.
For instance, a local franchisee might be able to better deal with local legislation issues than
franchisers. And the franchisee may have other unique knowledge such as understanding of
local demands and location selection.

Dynamics

Implementing innovation is a lengthy process and the analysis of the supply chain designed
to implement innovation has to be done within a dynamic framework. Such frameworks need
to model appropriately the dynamics of demand and diffusion of the products produced as
results of the innovation, the evolution of agricultural inputs and technologies for processing,
producing feedstocks, and the dynamics of prices, learning, and relevant human, natural, and
physical capital.

A plausible dynamic framework for the design of a two-stage supply chain would aim to
select overall production, feedstock production in and outside the enterprise, and investments
in capital over time to maximize expected net present value of profits over time. Note
that temporal profits from operation include revenues from sales minus costs of processing,
internal production of feedstocks, and costs of purchasing feedstock from outside providers.
The costs also include the initial investment in the processing facility and the farm and the
net present value of the costs of capital improvement and repair. The optimization will be
constrained by an equation of motion of the capital goods (investment and depreciation), with
the dynamic of technology. The producing and processing of feedstock will be affected by
capital stocks and learning, and by the dynamics of demand. Using the dynamic optimization
principles in Chiang (2000), some of the properties of optimal solutions can be identified.

First, the static optimization decision rules used to allocate resources between in-house
and external production of feedstock apply to temporal allocation of these resources. In
the case of an internal solution, at each period in-house feedstock production will be at a
level where marginal revenue equals the sum of marginal costs of processing and of in-house
feedstock production. External production will be where the marginal revenue is equal to
the sum of marginal processing cost plus the marginal outlay of expenditure on purchasing of
feedstock from external suppliers. This analysis allows for an outcome with corner solutions
of either full vertical integration or complete reliance on external suppliers.

Second, the dynamic analysis emphasizes the importance of efficient investment decisions.
A key optimization condition is that investments in production and processing will be made
in each period as long as the marginal net discount value of the benefits throughout the life of
the investment is greater than the costs of the investment taking into account depreciation.
During the initial stage, it is likely that there is significant investment to build capital stock.
This is consistent with evidence in the literature on the need to overcome threshold invest-
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ments when establishing supply chains of foods, for example new supermarket facilities and
distribution chains (Reardon and Timmer, 2012). A smaller interest rate and/or deprecia-
tion rate increases the size of initial investment. The investment is likely to grow the larger
is the demand for the final product. Capital goods that increase feedstock use efficiency are
more valuable when demand for final product is high, and feedstock costs are high. If the
interest rate and the depreciation are high and the demand is expected to grow over time,
the investment may be spread over years. A substantial amount of investment in expansion
of agribusiness in developing countries has been done by foreign investors. Foreign investors
had contributed human capital to modernizing supply chains and they obtained their capital
in developed countries with lower interest rates (Reardon et al., 2009). As domestic agribusi-
ness firms have made investments competitive with foreign investors, and the interest rate in
in developing countries has declined to make access to investment funds greater, developing
countries’ dependence for supply chain investments on finance from foreign and hedge funds
has decreased.

The dynamic analysis suggests that innovating entrepreneurs will take advantage of mar-
ket power and will have a monopoly in output markets and monopsonistic power in input
market at least in the initial stages of the product cycle. As time passes however, the system
may change as new competitors and innovators arise, and may even cause the innovation to
become obsolete. The entrepreneur thus must continue to optimize and modify the innova-
tion over time taking advantage of processes of learning by doing and dynamics of diffusion.
As Zilberman et al. (2012) suggest, the potential buyers of a new product are heterogeneous
and early buyers tend to have more to gain from the new product. Then over time, as the
product becomes more affordable because of learning by doing at the producer level, and as
users become more efficient in the use of the new product and as reputation is built, the de-
mand for the product is likely to increase. But to address competition, the product itself has
to be reinvented to appeal to various markets. For example, Khanna and Crago (2012)show
that the cost and economic viability of corn and sugarcane ethanol have improved because of
learning by doing in processing as well as feedstock production. Introducing and perfecting
new innovations is a random process, and the economic conditions that face a technology
also vary over time. Thus more advanced analysis of design of the supply chain may rely
more on the “real option” approach of Dixit and Pindyck (1994) to incorporate these uncer-
tainties. This approach suggests that a key element in innovations is timing, and innovators
must overcome certain thresholds (i.e. hurdle levels) of key variables (e.g. knowledge, output
price, consumer acceptance) before implementing, and then further developing, a new inno-
vation. Learning takes time, and the dynamics of knowledge accumulation affect the timing
of introduction of new innovations, their refinement, and their commercialization. Timing
can also affect the decision regarding both the capacity of a new innovation and the extent
of reliance on external sources.

An illustration of adaptive innovation is as follows. Pre-packaged lettuce has been an
important agribusiness innovation. The idea of pre-packaged lettuce originated in the 1970s
by Bruce Church, a large family farm, who recognized that consumers would be willing
to pay for the labor-savings and reduced spoilage gained by pre-packaged produce. Its
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research unit initially introduced large bags of packaged lettuce for institutional buyers in
the mid-1970s, and then pursued a strategy of “relentless innovation” to expand the reach
and diversity of the product set. By 1989, they had introduced pre-mixed salads with all the
fixings, various sizes of pre-packaged greens for consumers, and expanded their geographic
reach nationwide. Initially, the company was vertically integrated, but then increased their
reliance on contracting with external suppliers and finally sold the family farm to concentrate
entirely on processing and logistics.

The importance of adaptive learning and improvement of innovation is especially im-
portant in supply chains that produce differentiated consumer products. Innovators that
introduce new supply chains and aim to build a franchise face a trade-off between quality of
system performance that allows them to increase demand for franchises and thus earn higher
fees and their concern that imitators may decrease their market share. Improving quality
requires learning and experimentation, and is time-consuming, and therefore, the real op-
tion approach suggests that the timing and scale of franchising will depend on reaching a
threshold of quality of system performance. Accelerating the process may require significant
further investment in the innovation. It took McDonald’s a few years to perfect the opera-
tion of its two first stores before launching large-scale franchising (Boas and Chain, 1976).
Furthermore, the expansion was gradual, first in the US and then globally, and at each new
location, the company made significant effort to adapt the product set to local tastes.

4.4 Discussion and Conclusions

We developed a framework for the design of supply chains to implement innovations. This is
a wide-open area and our analysis provides a starting point for further work. Nevertheless,
we were able to establish several policy implications. First, implementation of innovations
by profit-seeking entrepreneurs may create new markets, and entrepreneurs use their initial
market power and pursue some degree of monopolistic and monopsonistic behavior. We
reached Schumpeterian conclusions that the implementation of innovations leads to non-
competitive behavior or market structure. Over time, market power changes with obsoles-
cence and emerging competition. Firms may re-establish their market power by expanding
and improving their innovation.

Second, new product innovations may lead to departure from traditional market transac-
tions to contract farming and vertical integration. Entrepreneurs aim to control the quality,
or capture more value, of the products associated with their innovation; these arrangements
allow them better control. Contract farming enables better control of the overall system
while franchising provides a source of revenue from products not produced directly. Vertical
integration provides more control overall and efficiency of the system, but may not be feasible
due to credit or capacity constraints.

Third, innovations are more likely to be implemented and on a larger scale in an economy
where entrepreneurs have more access to credit, insurance, complementary assets that en-
hance their own human capital, and lower cost of transport and other costs of doing business.
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One advantage of foreign direct investments in developing countries is that it expands credit
availability and access to capital and international markets.

Fourth, many of the agrifood innovations that we considered increased the value-added
of agricultural resources either by identifying non-food uses of agricultural products and
residues as part of the bioeconomy, or producing differentiated products by increasing their
convenience and quality. Thus, much of the drive for profitable innovation in agriculture
and the bioeconomy is to meet the needs associated with increasing income levels and the
challenges of climate change and sustainability.

Fifth, continuous innovation tends to create new markets, impacts relative prices of goods,
and is a source of uncertainty and instability in the system. Therefore, dynamics and risk
considerations need to be taken into account when analyzing and designing supply chains and
to develop mechanisms for adapting the supply chain in response to changes. Sixth, policy
making should take into account the behavior of entrepreneurs as they implement innovations
and introduce supply chains. There needs to be a degree of tolerance to non-competitive
behavior associated with implementing new innovations. Implementation of policies that
aim to preserve competitive market structures may diminish the innovative spirit. A vibrant
and innovative agribusiness sector may lead to improved social and environmental welfare.
Policy makers should aim to develop mechanisms to reduce risk, increase access to credit,
and decrease the cost of doing business in order to foster innovation in the agrifood sector.

Our analysis opens several avenues of research. They include: (i) empirical research on
the structure of supply chains and their links to innovation and markets (for example how
concentration, joint ventures, and clusters in supply chains interact with rates and types of
innovation); (ii) understanding of consumer demand for product characteristics, and their
implications for the creation of new products and supply chains to carry them out (for
example how changing consumer preferences for meat characteristics induces innovations in
processing and farming by meat companies); and, (iii) development of criteria to regulate
non-competitive behavior in a dynamic economy while maintaining high rates of innovation.
We hope the conceptual framework developed here will provide insight into the growing
literature on the transformation of agriculture, as well as the interplay between product
characteristics and supply chains with agronomy, business management, and processing and
logistics technology development.
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Appendix A

Appendices for The Economics of
Agricultural Supply Chain Design: A
Portfolio Selection Approach

A.1 Proof for Lemma 1

Proof. Let F (x) = C(x)+ r(x)− r(x+g(x)). The F (x) captures whether the innovator has
absolute advantage or disadvantage over input production. The first two terms, C(x)+r(x),
measures the total cost of production is the innovator relies solely on upstream supplier and
the third term, r(x + g(x)), is the total cost of the innovator if production is completely in
house. Clearly, F (0) = 0. Note that

(A.1) F ′(x) = C ′(x) + r′(x)− r′(x+ g(x))(1 + g′).

If, for all x > 0, g′(x) < C′(x)
r′(x)

, then F ′(x) > 0, which means that F (x) is monotonically
increasing, then making has absolute cost advantage than buying. The other half of the
proof is by symmetry. Figure 2.1 gives an illustration for the lemma. When g′(x) < C′(x)

r′(x)
,

the total cost of capital is r1. It is easy to see that, for any unit of x, making incurs lower
cost. Similarly, r2 shows the case where purchasing from upstream has absolute advantage.
Essentially, the lemma suggests that, in order for mixing make and buy a preferred supply
chain than make or buy only, the functions C(x) + r(x) and r(x + g(x)) must intersect at
some level of x, as r3 curve depicts.

A.2 Proof for Lemma 2

Proof. The isocost curves are implicitly defined by: G(x1, x2) = r(x1+x2+g(x1))+C(x2)−c̄,
where c̄ is some total cost level.
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Using implicit function theorem, we notice that:

(A.2)
dx1

dx2

= −Gx2

Gx1

= − C ′ + r′

r′(1 + g′)
< 0,

and

(A.3)
d2x1

dx2
2

= −
Gx2x2G

2
x1
− 2Gx1x2Gx2Gx1 +Gx1x1G

2
x2

G3
x1

,

where Gx2x2 = C ′′+r′′, Gx1x1 = r′′(1+g′)2 +r′g′′, and Gx1x2 = r′′(1+g′). After some algebra,

we can show that the numerator of d
2x1
dx22

is C ′′r′(1+g′)2+r′′C ′2(1+g′)2+(r′c′g′′+r′2g′′)(c′+r′) >

0. Therefore, we have d2x1
dx22

< 0.

A.3 Proof for Proposition 1

Proof. The bordered Hessian for the problem is:

|H| =

∣∣∣∣∣∣
0 1 1
1 r′′(1 + g′)2 + r′g′′ r′′(1 + g′)
1 r′′(1 + g′) C ′′ + r′′

∣∣∣∣∣∣(A.4)

It is easy to verify that |H| = −C ′′− r′′g′2− r′g′′ < 0. Our goal is to find
dx∗1
dx

and
dx∗2
dx

. Total
differential w.r.t the equations yielded from first order conditions, we have:

(A.5) H

 dλ∗

dx
dx∗1
dx
dx∗2
dx

 =

 1
0
0


Using the Cramer’s rule, we can find that:

(A.6)
dx∗1
dx

= −C
′′ − r′′g′

|H|
,

Therefore,
dx∗1
dx

> 0 as long as C ′′ − r′′g′ > 0. Moreover,

(A.7)
dx∗2
dx

= −r
′′(g′2 + g′) + r′g′′

|H|
≥ 0.

It is easy to see that
dx∗2
dx

= 0 only if r′′ = g′′ = 0. Notice that

(A.8) C ′′ − r′′g′ = dC ′

dx2

− g′ dr
′

dx2

=
dC ′

dx2

x2

C ′
− g′ dr

′

dx2

x2

C ′

Meanwhile, at optimal, we have C ′ = r′g′, thus,

(A.9) C ′′ − r′′g′ = dC ′

dx2

x2

C ′
− dr′

dx2

x2

r′
= εC′ − εr′ .

Then we have,
dx∗1
dx

> 0 as long as εC′ > εr′ .
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A.4 Proof for Corollary 3

Proof. This follows directly from proposition 1. Notice that, if the innovator does not have
monopsony power on upstream, then C ′′ = 0. And we have

dx∗1
dx

= −r′′g′
|H| < 0. Similarly, if

r′′ = 0, then
dx∗1
dx

= C′′

|H| > 0.

A.5 Proof for Proposition 2

Proof. The comparative statics we are looking for are
dx∗1
dθ
,
dx∗2
dθ

respectively. Note that,

(A.10)
dx∗1
dθ

=
dx∗1
dx

dx∗

dθ
.

dx∗

dθ
> 0 as it’s the best response to positive demand shifters. Thus,

dx∗1
dθ

is of the same sign

as
dx∗1
dx

.
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