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ABSTRACT

Driven by economic motives, dairy farmers adulterate milk to increase its perceived quality, posing a serious
risk to consumer health. We analyse a milk supply chain in which smallholder dairy farmers can adulterate
milk and explore the feasibility of selling it to end consumers through an aggregator. Using a non-cooperative
sequential game between the aggregator and farmers, we examine the impact of two testing strategies offered
by the aggregator to curb adulteration - (i) individual (testing milk procured from each farmer individually)
and (ii) composite (testing the milk after aggregating the portions procured from all the farmers). Our analyses
reveal that the aggregator can control milk adulteration by judiciously using testing and penalty mechanisms.
We find that a higher market price (aggregation effect), fetched by the aggregator because of its bargaining
power owing to the consolidation of milk supplies, is essential for its operation. It leads to higher revenue
for the aggregator and expands the zone in which it is profitable for the aggregator to operate. However,
our results show that the efficiency heterogeneity among farmers, which leads to the less efficient farmers free-
riding on the more efficient ones, has a detrimental effect on the aggregator operation. We also explore the
impact of external uncertainties on the supply chain and observe that the composite testing strategy becomes
more profitable for the aggregator when external uncertainties increase. Our results provide important policy

recommendations for aggregators adopting optimal testing strategies.

1. Introduction

Milk adulteration is a major global concern that poses serious
public health hazards and often leads to fatal diseases. Melamine-
contaminated milk products caused severe illness to nearly 300,000
children, including the death of six infants in China in 2008 (Li et al.,
2019). In 2016, at least 127 school children fell ill after consuming
adulterated milk at an elementary school in Mathura district of India.
The incident resulted in the deaths of two students and one adult (India
Today, 2018). A widespread milk adulteration with formaldehyde was
reported in Brazil, causing serious health concerns (Handford et al.,
2016). In Kenya, unscrupulous milk traders caused large-scale milk
adulteration by using chemicals to prolong milk life (Business Line,
2016). There are multiple other instances of milk adulteration in coun-
tries across the globe such as Colombia (Vera-Bravo et al., 2022),
Ethiopia (Banti, 2020), Iran (Moosavy et al., 2019), Sudan (Mohammed
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& Shuming, 2021) and Uganda (Daily Monitor, 2017). The possi-
ble factors for adulteration can be attributed to the lack of strict
regulations, large demand-supply gap, perishable nature of milk, non-
availability of quality inputs, and limited knowledge about farming
practices (Handford et al., 2016). Considering the nutritional value
of milk and its affordability, milk adulteration causes serious social
harm (Mu et al., 2014) and receives considerable attention from poli-
cymakers and researchers.

1.1. Motivation and background

Dairy is the largest agricultural commodity, which accounts for
5.3% of the national GDP in India. The total milk production in the
country is essentially carried out by about 80 million smallholder dairy
farmers. India contributed to 23% of global milk production in 2021-
22 (PIB, 2022). Although India is the world’s largest milk-producing
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country, the quality of milk is often questionable. In a nationwide sur-
vey by the regulator Food Safety and Standards Authority of India (FSSAI)
in 2018, 41% and 7% of the total 6432 milk samples showed non-
compliance for quality and safety issues, respectively (FSSAI, 2018).
According to the FSSAI the possible reasons for non-compliance are an
inadequate effort by farmers, contamination in cattle feed, and wilful
adulteration by farmers.

We conducted an extensive study of the milk supply chain in
different parts of India to gain a better understanding of the various
associated issues. In India, an aggregator directly purchases milk from
farmers at a collection center, transports it to the factory, and sells it to
consumers thereafter. Similar practices are observed in Brazil, China,
Ethiopia, Kenya, Nepal, Rwanda, Sudan and Thailand Adesogan and
Dahl (2020), Mu et al. (2014). Our focus is on the quality dilemma
that dairy farmers face, leading them to choose between investing
in honest efforts and adopting unfair means to improve perceived
quality by adulteration. Milk should be of a certain threshold quality
as specified by the regulator in terms of factors that include fat content
and solid-non-fat level among others (Corpbiz, 2016). The aggregator
adheres to the regulator-specified threshold quality while procuring
milk from dairy farmers. The aggregator performs two categories of
tests to ascertain the quality of milk and ensure that it is free from
adulteration. First, the quality of the milk is measured through simple
tests such as the Gerber test that measures the fat content in milk (Mu
et al., 2016). Milk from an individual farmer is accepted if it reaches
the threshold quality level (Times of India, 2011). The farmers are
paid weekly or fortnightly based on the supplied quantity (volume) of
milk that attains the threshold quality level (Salokhe, 2019). Second,
extensive adulteration tests are carried out to ensure milk is free from
adulterants. For example, the resazurin test, liquid chromatography-
mass spectrometry (LC-MS) test and enzyme-linked immune sorbent
assay (ELISA) test are performed to detect different types of adulterants
in milk (Azad & Ahmed, 2016). The aggregator rejects the milk if
adulteration is detected and penalizes farmers who are at fault.

Even though farmers can obtain a higher price from the aggregator,
we observe that they often sell milk directly to consumers. This can
be attributed to various factors, such as strict testing regimes adopted
by aggregators, deferred payment schemes, and aggregator capacity
constraints. Meanwhile, the regulator is committed to zero tolerance
towards adulterated milk. It periodically samples and tests milk sold
in the market (FSSAIL 2018). It imposes stringent cash penalties or
even imprisons the offender (FSSAIL, 2006). The offenders face a severe
goodwill loss owing to the reputation loss that negatively impacts their
profitability (Forbes, 2014).

1.2. Research context and research questions

From the viewpoint of attaining the threshold quality level, the hon-
est effort of the farmers is essential to achieve desired quality without
mixing adulterants. It includes arranging high-quality feed and inputs,
adopting good farming practices, providing veterinary arrangements
and ensuring proper dairy environments. The higher the honest effort
level, the higher is the chance of milk exceeding the threshold quality
level. However, farmers often fail to impart sufficient honest effort
because that involves higher costs. The aggregator does not accept
milk below the threshold quality level. This leads to a dilemma for
the farmers and they often resort to unfair practices and increase the
perceived quality of milk by adding adulterants (Johnson, 2014). For
example, detergent and low-cost vegetable fat are mixed to increase
the fat content in milk. The cost of these adulterants is negligible
compared to honest effort costs (Levi et al., 2020). Hence, the farmers
are economically motivated to adulterate the milk.

One of the salient aspects of milk production is quality uncertainty.
While interviewing dairy farmers, we found various sources of un-
certainty and grouped them into two broad categories. First, process
uncertainty includes the factors associated with the production process.
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For example, milk quality depends on the breed, health and lactating
phase of the animal. Second, external uncertainty considers external
factors, such as weather conditions, variations in fodder quality and
outbreak of diseases. This categorization is in line with (Linn, 1988)
and Levi et al. (2020). The quality uncertainty causes fluctuations in
milk quality and influences the farmers’ adulteration decisions.

Two broad categories of tests are conducted on the milk by the
aggregator, quality and adulteration tests. The objective of quality tests
is substantially different from that of adulteration tests (Levi et al.,
2020). The aggregator performs quality tests to ensure the milk meets
the desired standard. Based on our field study, we observed that quality
tests are done individually for each farmer, while adulteration tests
are done either individually or collectively to prevent adulterated milk
from reaching consumers. The adulteration tests are more complex and
costly compared to the quality tests. In this study, we specifically model
the adulteration tests and their implications. While there is an entire
range of tests available to detect different adulterants, the aggregator
often fails to employ all of them owing to high costs (Mu et al., 2014)
and operational feasibility (Mu et al., 2016). We define the term testing
level, which denotes the extent of adulteration tests employed by the
aggregator. For example, if the aggregator performs six out of ten types
of adulteration tests, the testing level would be 60%.

The aggregator usually performs adulteration tests at its factory,
which is located away from the collection center. However, owing
to technological advancements, portable testing machines are avail-
able (PIB, 2023), which help the aggregator perform adulteration tests
even at the collection center. Based on the availability of the testing
infrastructure and its operational feasibility, the aggregator could em-
ploy two different strategies for adulteration tests. In the individual
testing strategy, the aggregator tests milk procured from each farmer
separately. However, the overall testing cost in this strategy is high
owing to a higher number of testing instances. The composite testing
strategy involves mixing of milk procured from individual farmers
before performing adulteration tests. The testing cost is lower due
to lesser testing instances required. However, due to mixing of milk
before testing, the composite testing fails to identify the farmers who
indulge in adulteration. Hence, there is an incentive for farmers to
put lesser honest effort and free-ride. The negative consequences of
free-riding become severe when farmers are heterogeneous in terms
of efficiency (Zhou et al.,, 2021) — the less-efficient farmers would
resort to higher level of adulteration. This free-riding behaviour due to
efficiency heterogeneity imposes a challenge to the sustainability of the
aggregator operation (Bonroy et al., 2019). The efficient farmers may
become reluctant to sell milk to the aggregator because of the possible
free-riding by the less-efficient ones.

The aggregator plays a vital role in the milk supply chain. First, the
aggregator curbs milk adulteration by adopting an appropriate testing
strategy. Second, the aggregator enjoys a higher bargaining power
owing to supply consolidation (Getnet et al., 2018; Mu et al., 2019). It
enables the aggregator to fetch a higher price in the market compared
to the farmers selling directly. The aggregation effect represents the price
premium enjoyed by the aggregator. With a higher aggregation effect,
the aggregator can pass on some benefits to the farmers, who then
receive a higher procurement price. Hence, it creates new opportunities
for dairy farmers to sell milk to the aggregator and improve their
income (Shi et al., 2019).

In this study, we aim to explore how the aggregator optimizes its
testing policy and how that impacts the farmers’ effort level and adul-
teration decision. We consider a quantity-based (volumetric) payment
scheme, in which the aggregator pays the farmers for the quantity of
milk that meets the threshold quality level (Times of India, 2011).
We found this payment scheme popular because of its operational
simplicity. As discussed above, dairy farmers are often economically
motivated to increase the perceived quality of milk through adulter-
ation. To the best of our knowledge, no study in the extant literature
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analyzes economically motivated adulteration in the volumetric pay-
ment scheme considered in this paper. The aggregation effect helps
the farmers improve their income. However, efficiency heterogeneity
among farmers leads to free-riding behaviour and impacts individual
farmers’ adulteration decisions.

Motivated by the above-mentioned dynamics in a milk supply chain,
we aim to address the following research questions: (1) Under what
conditions would the dairy farmers sell milk to an aggregator? (2) How
does the testing level of the aggregator influence the farmers’ honest
effort? (3) What are the impacts of the efficiency heterogeneity among
the farmers and the quality uncertainty on the farmers’ honest effort?
How do these factors influence the aggregator operation?

To address these research questions, we develop a sequential game-
theoretic model with three players (one aggregator and two dairy farm-
ers). The aggregator decides the testing level first, and then the farmers
decide their efforts. We summarize key insights and contributions of
this study in the following sections.

1.3. Related literature and theoretical contributions

Quality management in agricultural supply chains has received
significant attention from many researchers (An et al., 2015; Hsu
et al., 2019). First and foremost, quality management in agricultural
supply chains is fundamentally different from that in traditional supply
chain management (Sodhi & Tang, 2014). A notable difference is
the completeness of the final product with regard to the suppliers.
In manufacturing, different components from various suppliers are
assembled to form the final product. Hence, tracing the problem to
a particular component or supplier is not a challenge when product
failure occurs (Dai et al., 2021). However, the agricultural produce
from a particular farm is a complete product. It poses a problem of
traceability owing to the final product being procured from multiple
farmers since landholdings are small (Levi et al., 2020). Though an
inspection-based mechanism is essential to improve efforts from the
farmers, it is often not possible to check each supplying entity owing
to the higher inspection costs (Mu et al.,, 2016, 2014). In addition,
farmers often differ in efficiency owing to their variations in capability
and farming knowledge (Zhou et al., 2021). As a result, the lack of
traceability leads to free-riding by the less efficient farmers.

The uncertainty in agricultural production influences the output
quality. The possibility of achieving the desired quality in agricultural
products exposes the supply chain to quality risk (Borodin et al.,
2016; Fahimnia et al., 2015; Sodhi & Tang, 2012). Various studies in
the extant literature connect the suppliers’ efforts to the performance
risk (Nikoofal & Giimiis, 2020; Quigley et al., 2018; Tang et al., 2018)
or to the compliance measures adopted by the buyers (Caro et al., 2018;
Gao et al., 2024; Lin et al., 2020). Levi et al. (2020) extend the perfor-
mance risk to wilful adulteration by farmers to increase product quality.
Deferred payment schemes can be adopted to control economically
motivated adulteration (Babich & Tang, 2012; Rui & Lai, 2015). Mu
et al. (2016, 2014) examines the impact of inspections on improving
milk quality while limiting adulteration by dairy farmers. Table S1 (in
supplementary material) summarizes the various aspects studied in the
milk adulteration literature and highlights our contribution.

We contribute to the literature by incorporating various unique
features from practice. We analyse milk adulteration by dairy farmers in
a volumetric payment scheme in which they are paid if supplied milk
exceeds a pre-defined threshold quality level (Draaiyer et al., 2009).
We extend the literature (Levi et al.,, 2020) on how the endogenous
effort decision and quality uncertainty influence milk adulteration.
We detail the detection of adulteration (Azad & Ahmed, 2016) and
differentiate complex adulteration tests from simple quality tests, as
followed in the literature (Hsu et al.,, 2019; Mu et al., 2016, 2014,
2019). Our model also emphasizes the detrimental effect of efficiency
heterogeneity among dairy farmers on the milk aggregator operations
and the overall milk supply chain. The efficiency heterogeneity exposes

688

European Journal of Operational Research 323 (2025) 686-700

the milk supply chain to the free-riding behaviour of the less efficient
farmer. The literature on the impact of efficiency heterogeneity and
free-riding behaviour on adulteration decisions is sparse.

1.4. Key insights

Based on the unique features of our study, we derive various insights
that address the problem of milk adulteration under different practical
conditions. First, we obtain the necessary conditions, under which
farmers sell milk to the aggregator. If the individual testing strategy
is adopted, farmers would choose the aggregator over direct selling
even if the aggregator offers the same wholesale price that farmers
receive directly from consumers. However, they sell milk to the aggre-
gator adopting the composite testing strategy if they receive a higher
wholesale price. We define this additional wholesale price essential for
farmers under the composite testing strategy as producer leverage. Our
results show that as efficiency heterogeneity among farmers increases,
the producer leverage also increases.

Second, we provide an optimal testing policy for the aggregator
under different market conditions. When testing is inexpensive, the
aggregator would inspect milk procured from each farmer individually.
When testing is costly and the aggregation effect is high, the aggre-
gator employs the composite testing strategy; it is not feasible for the
aggregator to offer this testing service when testing is costly and the
aggregation effect is low.

Third, the aggregator opts for a higher testing level in the composite
testing strategy compared to the individual testing strategy. Since the
effort by the individual farmers is not revealed by the composite testing
strategy, the farmers do not have enough incentives to impart a high
effort level in this strategy. Thus, the farmers put a higher effort in
the individual testing strategy in comparison to the composite testing
strategy.

Fourth, as efficiency variability among farmers increases, the profit
of the aggregator (farmers) decreases (increase) in the composite test-
ing strategy owing to the higher producer leverage. Intuitively, the
less efficient farmers would prefer efficiency heterogeneity in order to
improve their profit. We define the zone of operation as the scenario
in which both the aggregator and the farmers selling milk to the
aggregator may operate profitably. We find that the zone of operation
gets restricted due to efficiency variability. Hence, beyond a certain
limit, the farmers would not find efficiency variability to be beneficial.
Moreover, the effect of free-riding increases with efficiency variability,
which decreases (increases) the profit of the efficient (less efficient)
farmers. This may dissuade the efficient farmers from selling milk to
the aggregator under the composite testing strategy.

Finally, we observe the impact of external uncertainty on the re-
alized milk quality and on the farmers’ adulteration behaviour. Un-
certainty causes significant variations in quality, which reduces the
farmers’ earnings when their effort is high. Hence, they impart lesser
effort and prefer to sell milk to the aggregator adopting the composite
testing strategy. Anticipating the farmer’s behaviour, the aggregator
increases its zone of operation under the composite testing strategy.
Further, managerial insights are provided based on model extensions
related to (i) quantity heterogeneity among farmers, (ii) advanced
testing technology adoption, (iii) competition among milk aggregators,
and (iv) information asymmetry about farmers’ types.

The rest of the paper is organized as follows. Section 2 introduces
the modelling framework and optimal decisions under different strate-
gies. We compare the equilibrium results in Section 3. The impact
of efficiency heterogeneity and the impact of external uncertainty
are described in Sections 4 and 5, respectively. The managerial in-
sights under different conditions and efficiency variability among the
farmers are elicited in Section 6. In Section 7, we analyse model
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extensions. Conclusion and suggestions for future research are provided
in Section 8.

2. Modelling framework

We consider a stylized model comprising two smallholder dairy
farmers i € {1,2} located in the same geographical area and with the
same production capacity, and a milk aggregator. In Sections 2 and 3,
the farmers are identical in their production efficiency (An et al., 2015);
the term homogeneous is used synonymously to denote identical farm-
ers. We relax the identical production efficiency condition in Section 4.
Much of milk sold in a retail market falls under the commodity category
and hence, we assume that the retail price of milk is exogenous (Hsu
et al., 2019; Mu et al., 2014). Moreover, the smallholder farmers are
assumed to be price-takers (Chintapalli & Tang, 2022b; Pagare et al.,
2023). Without loss of generality, we assume that each farmer produces
one unit of milk (Chintapalli & Tang, 2022a).

The farmers’ production cost comprises input and honest effort
costs. For ease of exposition, we normalize the input cost to zero. Milk
quality improves with the farmer’s honest effort. However, it is subject
to process uncertainty which impacts the final quality of the output.
This uncertainty is influenced by factors such as breed, health and
lactating phase of the animals, and is a known-unknown whose impact
can be estimated ex-ante by the farmers. Various agricultural studies
show that dairy farmers can predict milk quality based on various
factors such as health, age and breed of the lactating animal (Wongpom
et al,, 2017). We model this uncertainty as the probability of milk
attaining the threshold quality level, which increases as the farmer’s
honest effort increases. Farmer i imparts an honest effort level s; and
incurs an effort cost A,-hl?. Here, h; € [0,1] represents the probability
of attaining milk quality beyond the specified threshold level without
adulteration. This notion is commonly used in the literature, where
supplier compliance (Caro et al., 2018) or supplier performance (Tang
et al., 2018) depends on efforts. We extend our model to incorporate ex-
ternal uncertainty as an unknown-unknown, which could be exemplified
by uncertainties in weather conditions, variations in fodder quality and
disease outbreaks in Section 5. The impact of this uncertainty unravels
ex-post at the end of the production process.

While interviewing the farmers, we observed that the impact of hon-
est effort to achieve the threshold quality has a diminishing returns to
scale. A non-linear quadratic effort cost (/lihiz) captures the diminishing
rate of return of the effort on attaining the threshold quality level (Hsu
et al., 2019; Mu et al., 2016). The effort cost parameter 4; > 0 denotes
the production efficiency of the farmers. For instance, proper cattle
grazing, access to vaccination, early diagnosis of diseases, medicines for
cattle and insemination process help farmers to maintain a conducive
environment and follow the standard operating procedures for dairy
farming. These result in a better production efficiency, which reduces
the effort costs of the farmer for producing high-quality milk (Zhu et al.,
2023). We consider 4, = 4, = 4 when the farmers are identical on
production efficiency.

An honest effort level of h; by farmer i implies that the milk passes
the quality tests at the collection center without any adulteration &;
proportion of time. In (1 — h;) proportion of time when the milk
is of lower quality, the farmer adulterates the milk to increase its
perceived quality. Otherwise, the milk is not accepted by the aggregator
at the collection center. We assume zero salvage value for milk that
is below the threshold quality. The cost of adulteration is negligible
compared to the honest effort (Babich & Tang, 2012; Levi et al., 2020)
and hence, normalized to zero. We use the terms good milk and bad
milk interchangeably to refer to unadulterated and adulterated milk,
respectively. In our base model, we analyse the farmers’ efforts when
they sell milk directly to the consumers. This is followed by modelling
the farmers’ efforts when they sell through the aggregator.
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2.1. Base model: Direct selling (O)

In this section, we consider a scenario in which the farmers sell milk
directly to the consumers at a unit-selling price w,, € (4, 1) that ensures
they always earn profit for their honest effort (Caro et al., 2018). We
assume the threshold quality level of milk is at the regulator specified
level. While consumers do not perform tests to detect adulterants, the
regulator monitors milk quality and adulteration (FSSAL 2018). Any
negative report on adulteration would impact profitability of the farmer
(or aggregator in Section 2.2) through reputation loss and breach of
consumer trust. We model this as a goodwill loss to the farmer (or
the aggregator). The regulator cannot test all the milk sold in the
market. Hence, the regulator resorts to sampling. The probability of
milk sourced from a particular farmer (or the aggregator) getting picked
up in a sample is small. However, if adulteration is detected after
sampling, its negative consequence on the offender is severe. Hence,
expected goodwill loss to the offender is normalized to one without loss
of generality. We assume the expected unit goodwill loss to be greater
than w,,, and hence, w,, < 1. As the probability of milk not reaching
(by honest effort only) the threshold quality is (1 — &;), which is also
the probability of adulteration, the expected goodwill loss to the farmer
would then be (1 — &;). Hence, the expected profit of the farmer i is,

max m(h) = w, — Ah> = (1= h), i€{l,2} 1)

The first two terms denote the revenue earned and the honest effort
cost, respectively. The last term denotes the expected goodwill loss.
The optimal honest effort of farmer i in equilibrium is hl.o = 2%1 Since
h? € [0,1] and w, € (4 1), we have % < 1 < w,. The optimal
equilibrium profit ”io (hl.o) would act as a reservation profit for farmer
i ensuring his participation in selling milk through the aggregator.

2.2. Sales through the aggregator

Through a quality test, the aggregator accepts milk that attains the
regulator specified threshold quality level at the collection center. The
aggregator offers a unit wholesale price w, > w,,; otherwise, there is
no incentive for the farmers to sell milk to the aggregator. Adulteration
tests are performed on milk that passes quality tests. If no adulterants
are detected, the aggregator sells milk to the consumer at a unit market
price p € (w,,1). The condition p > w,, implies that the aggregator is
able to earn a higher market price than the farmers selling directly to
the consumers. The price difference p—w,, denotes the aggregation effect
that represents the bargaining power of the aggregator, owing to its
control over larger milk supplies (Getnet et al., 2018; Mu et al., 2019).

The quality test is relatively simple and its cost is very low compared
to that of the adulteration tests. We normalize the quality test cost to
zero for expositional brevity. We hereafter use tests to denote adul-
teration tests unless otherwise explicitly mentioned. The aggregator
incurs a testing cost ax? for a testing level x € (0,1], where a > 0 is
the testing cost parameter. Here x denotes the extent of testing, the
number of different tests to be performed out of the available tests
to detect the possible adulterants. We exclude the trivial case x = 0,
which corresponds to no testing in practice. A non-linear testing cost
incorporates cost variation among the tests and diminishing marginal
utility in performing costlier tests (Plambeck & Taylor, 2016). Hence,
we assume the costlier tests at higher testing levels follow the cheaper
tests at lower testing levels. Though each test (level) can be assumed to
be accurate for detecting the target adulterant at that level, the overall
detection of different types of adulterants depends on the extent of
tests (levels) performed. Thus, x denotes the probability of detecting
adulteration in a milk sample. Similar modelling approach has been
adopted for the probability of detecting non-compliance (adulteration
in this study) in the extant literature (Babich & Tang, 2012; Caro et al.,
2018; Plambeck & Taylor, 2016).
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+|«--- Aggregator - - -»

Farmers sells milk
to the Aggregator

Farmer decides
Effort Level (h)

Farmer adulterates milk

Aggregator tests and sells

if required milk to the consumers

Fig. 1. Sequence of events (sales through the aggregator).

The aggregator can detect adulterated milk sourced from farmer
i in x(1 — h;) proportion of time in individual testing and reject it.
Similarly, it can detect adulteration in x(1—h) proportion of time, where
h = Y h;/2, in the aggregate quantity received from the farmers in
composite testing (Levi et al., 2020). This is analogous to the internal
failure in quality control literature (Balachandran & Radhakrishnan,
2005; Erkoc et al., 2023). However, the aggregator fails to identify
the adulterated milk in (1 — x)(1 — A;) and (1 — x)(1 — h) proportion of
time in individual and composite testing, respectively. In such cases, the
adulterated milk is sold to the consumers as good milk. It corresponds
to the external failure in quality control literature (Balachandran &
Radhakrishnan, 2005; Erkoc et al., 2023). The adulterated milk sold
in the market leads to a goodwill loss for the aggregator, as discussed
in Section 2.1.

As milk adulteration causes serious harm to consumer health, the
aggregator remains vigilant and takes strict action against the farmers
when adulteration is detected. In such situations, the aggregator rejects
the adulterated milk and imposes monetary penalties on the farmers at
fault (Levi et al., 2020; Mu et al., 2016, 2014). Deferred (weekly or
fortnightly) payment cycle to the farmer helps implement the payment
net of penalty (Babich & Tang, 2012; Rui & Lai, 2015). The expected
penalty to the farmer i is Kx(1—#;) and Kx(1—h) in individual and com-
posite testing, respectively. Here, K denotes the unit internal penalty.
To ensure the fairness criterion (Balachandran & Radhakrishnan, 2005),
the unit internal penalty cannot exceed the expected unit goodwill
loss and hence, K < 1. We assume K > w,, which ensures that the
farmers invest in more honest efforts. The unit internal penalty should
not exceed the unit market price, K < p; otherwise, it would incentivize
the aggregator to claim unadulterated milk as adulterated. We consider
the same internal penalty K for both testing strategies (Mu et al., 2014).

We assume all the parameters are common knowledge to the farm-
ers and the aggregator. Table S2 (in supplementary material) summa-
rizes the main notations used in this paper. The aggregator adopts two
testing strategies, j € {N, M}, where N and M denote the individual
and composite testing strategy, respectively. Just before the commence-
ment of production, the aggregator first announces the testing level x/
for testing strategy j that maximizes its profit. Note that x/ is the same
for both farmers. While a particular testing strategy would be more
attractive to the aggregator under certain conditions, it offers both
testing strategies to maximize the possibility of the farmers selling milk
to the aggregator. Once the aggregator has decided the optimal testing
level x/, the farmers simultaneously respond to that decision with an
optimal honest effort level hf . The sequence of events is summarized
in Fig. 1.

2.2.1. Individual testing strategy (N)

In the individual testing strategy, the aggregator tests milk from
each farmer separately. The internal penalty, imposed on adulterated
milk detected by testing, is applicable to the individual farmer. Fig. 2
depicts the aggregator’s payoffs for farmer i under this strategy. The
expected profit of farmer i can be expressed as:

max ,(h; | x)=w, — A? —x(1 -h)K , i€ (1,2} 2)

The first two terms denote the revenue earned and the farmer’s
honest effort cost, respectively. The last term denotes the expected
internal penalty imposed by the aggregator. For a given testing level
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x decided by the aggregator, each farmer i responds with the effort
level decision th x) = % The aggregator anticipates the farmers’
best-responses A (x), and accordingly maximizes its expected profit:

max M(x)= Y {[1 —x(1=hM)] p+x(l—th)K—(1—x)(1—h:V)}—2wc—2ax2

i€{l1,2}
3

The first three terms, within summation, denote the market revenue
earned, the internal penalty imposed on the farmers, and the goodwill
loss incurred by the aggregator, respectively; their sum is the aggre-
gator’s net revenue from individual testing. The terms 2w, and 2ax?
denote the wholesale price paid to the farmers and the total testing
costs incurred by the aggregator, respectively. The aggregator chooses
the optimal testing level xV = w, where AV = hV for
homogeneous farmers discussed in this section. In subsequent analysis,
we use v = (1 + K — p) for notational simplicity. The optimal decisions
for the individual testing strategy are presented in Table S3 in supple-
mentary material. Substituting these values in (2) and (3), and noting
hN(x) = KxV , we obtain the equilibrium profits #V(h") and 1TV (xV)
of the farmers and the aggregator, respectively. The individual testing
strategy can be employed when the individual rationality constraints
of both the decision-makers are satisfied, i.e., zV(h") > z°(h0) and
N (xN) > 0. Referring to (2) and (3), while the sum of the profits
of all the entities does not depend on w, and K, these parameters
impact the profit allocation between the different entities and the zone
of operation.

2.2.2. Composite testing strategy (M)
In the composite testing strategy, the milk from both farmers is
mixed first, and then the aggregator tests the combined milk. The inter-
nal penalty, imposed on adulterated milk detected by testing, is based
on the combined milk. Following (Levi et al., 2020), we consider that
the detection of adulteration depends on the amount of adulterants;
hence, the probability of detection would be x(1—h), where h = Y h; /2.
Fig. 3 describes the aggregator’s payoffs in this strategy. The expected
profit of the farmers in the composite testing strategy can be expressed
as follows:
B+ h_,

K,
7 )

max 7,(h; | x) = w, — Ak} = x(1 - ie{l,2} @

The first two terms denote the revenue earned and the farmer’s hon-
est effort cost, respectively. The last term denotes the expected internal
penalty imposed by the aggregator. From farmer i’s perspective, h_;
denotes the honest effort level of the other farmer. For a given testing
level x decided by the aggregator, each farmer i responds with the effort
level decision hM(x) = %. The aggregator anticipates the farmers’

best-responses th (x), and accordingly optimizes its expected profit:
max J1(x) =2 [1 - x(1 - A*)] p+2x(1-nM)K-2(1-x)(1-hM) 2w, —ax?
5

The first three terms denote the market revenue earned, the inter-
nal penalty imposed on the farmers, and the expected goodwill loss
incurred by the aggregator, respectively; their sum is the aggregator’s
net revenue from the composite testing strategy. The terms 2w, and
ax? denote the wholesale price paid to the farmers and the total
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Market Revenue: ph;
Penalty on farmers: 0
Goodwill Loss: 0

Market Revenue: p(1 — x)(1 — h;)
Penalty on farmers: 0
Goodwill Loss: (1 —x)(1 — hy)

{
{

Market Revenue: 0
Penalty on farmers: Kz (1 — h;)
Goodwill Loss: 0

Fig. 2. Aggregator’s payoffs in the individual testing strategy for farmer i.

o Market Revenue: 2ph
%, Penalty on farmers: 0
@j?, 1{'0 . .
Oy 150 W 3 Goodwill Loss: 0
AN WA~
%’21 w\w
(S8 r\).'(\’@
Mixing
" N Market Revenue: 2p(1 — z)(1 — h)
& A Penalty on farmers: 0
A % A\ { y
S eﬁq’ 7 < /w\k Goodwill Loss: 2(1 —z)(1—h)
\\X\ ;'@;\’& 4 & ILQ
S Z
§o
2 © <
W NN Market Revenue: 0
2 Penalty on farmers: 2Kz(1 — h)

Goodwill Loss: 0

Fig. 3. Aggregator’s payoffs in the composite testing strategy.

testing costs incurred by the aggregator, respectively. The aggregator
chooses the optimal testing level x™ = w, where AM =
hM for homogeneous farmers discussed in this section. The optimal
decisions for the composite testing strategy are presented in Table S3
in supplementary material. Substituting these values in (4) and (5),
and noting 1M (x) = Kx

AM , we obtain the equilibrium profits M (g™)
and ITM(x™) of the farmers and the aggregator, respectively. The
farmers and the aggregator can engage in composite testing when their
individual rationality constraints are satisfied, i.e., zM(hM) > z0(h?)
and ITM(xM) > 0. Similar to individual testing, the impact of w, and
K on profit allocation and zone of operation under composite testing
is discussed in Section 3.

3. Equilibrium analyses

We now perform equilibrium analyses when the farmers are iden-
tical in their production efficiency. We analyse the implications of
these decisions under equilibrium in two different testing strategies and
compare the profits of the farmers and the aggregator across the testing
strategies to obtain desired testing policies under different conditions.
The proofs of all lemmas, propositions, and theorems are provided in
the supplementary material.

3.1. Optimal decisions
This section discusses the implications of optimal testing and hon-

est effort levels (refer to Table S3 in supplementary material). The
following lemma summarizes the relationship between the decisions.
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Lemma 1. Under equilibrium, (i) x/ =1 when a < o/, and x/ < 1 when
a>al, for je {N.M}; (i) h! < x/, fori e {1,2}, j€ {N.M}.

A higher testing level enables the aggregator to identify more types
of adulterants. Hence, the chances of revealing adulteration are higher
in such cases and the aggregator imposes a higher internal penalty on
the farmers. To avoid the loss of revenue due to penalties, the farmers
enhance their effort levels. However, the aggregator must optimize the
testing level, based on the testing cost parameter a. The aggregator
can afford to perform maximum testing level x/ = 1 for a < &/ with
aN < aM. As a increases, the aggregator reduces its testing level, and
correspondingly, the farmers also reduce their effort levels.

Proposition 1. Between the two testing strategies, the testing level in
individual testing never exceeds that in composite testing: (i) xM = xN
for 0 < a < aV; (i) xM > xV for a > . However, the effort levels

in individual testing are always higher than that in composite testing or
hN > nM.

For a given testing level, the total testing cost is higher in individual
testing compared to composite testing. As « € (a”,a™] increases, the
aggregator reduces x"V to optimize overall testing costs in individual
testing. For « > aM, the aggregator reduces both, xV and x™. However,
the relation x® > x" holds for « > «". The second part of the
proposition is a significant finding. We may expect that the higher
testing level in composite testing may lead to farmers putting a greater
effort. Instead, farmers reduce their effort assuming that the other
would put a greater effort since the internal penalty depends on the
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presence of adulterants in aggregated milk. As a result, the effort of
the farmers decreases in composite testing.

3.2. Profit comparisons

The following proposition summarizes the acceptable wholesale
prices offered by the aggregator in different testing strategies.

Proposition 2. The wholesale price, offered by the aggregator, is accept-
able to the farmers at (i) wY = w,, in individual testing and (i) w™ = w,
for K < K; and wM = w,, + Aw,, for K > K in composite testing.

For K < K, the aggregator offers w’/ = w,, j € {N,M}. High
th helps the aggregator earn more revenue in individual testing. How-
ever, the aggregator incurs higher testing costs owing to more testing
instances. For a < a0, the benefit of higher net revenue outweighs the
higher testing costs in individual testing and makes it the preferred
choice for the aggregator. As a increases beyond o, the testing cost
dominates the net revenue in individual testing and the aggregator
finds composite testing more profitable. For K > K;, the aggregator
needs to offer w, = w, + 4w,, > w,, in composite testing and the
benefit of higher net revenue in the individual testing extends till €,
where «© > a©. Beyond o€, the aggregator prefers composite testing.
The conditions, K < K; and K > K, are referred to as low K and
high K, respectively. For expositional brevity, we provide the detailed
analysis of a® and «€ in the supplementary material (refer to proof of
Proposition 2 and Theorem 1).

High A" helps the farmers earn more revenue and reduce the
expected internal penalty loss in individual testing. These benefits dom-
inate the higher effort cost of the farmers. Even when the aggregator
offers w, = w,, + Aw,, in composite testing, the farmers obtain lesser
profits in composite testing due to low hM. The following theorem
compares the equilibrium profits of the farmers =] and the aggregator
11/ for the two testing strategies.

Theorem 1. In the case of homogeneous farmers, (a) II™ > IIM for (i)
a < a® when K < K; and (ii) a < a© when K > K;, where a€ > a%; (b)
xN > zM forie{1,2}.

The homogeneous farmers always earn more profit under individual
testing compared to composite testing because of higher effort, and
hence, prefer the individual testing strategy if offered by the aggrega-
tor. The aggregator prefers to offer individual testing when the testing
cost is low.

4. Impact of farmers’ heterogeneity

In this section, we extend the models discussed in Section 2 to study
the impact of efficiency heterogeneity between the farmers. The farmers
are heterogeneous in terms of their production efficiency (Skevas &
Martinez-Palomares, 2023). As explained in Section 2, effort costs
depend on the various initiatives such as access to veterinary services,
high-quality insemination process, and proper and scientific knowledge
of dairy farming. However, the farmers often differ not only in their
knowledge but also in accessing the various processes and infras-
tructure essential for dairy farming. It leads to different production
efficiencies for the dairy farmers. We consider farmer 1 to be more
efficient than farmer 2, which implies that the effort cost of farmer 1 is
less than that of farmer 2 for the same honest effort level. Hence, 4, <
Ay, where, 4; = A—e, 4, = A+eand 1/2 < 4; < 4, < w,,, € > 0. Given the
efficiency variation between the farmers, we hereafter refer to farmer
1 and farmer 2 as high and low, respectively. The profit functions of
the heterogeneous farmers and the aggregator in the different scenarios
can be obtained by substituting 4 with 4; in (1) to (5) (refer to Section
S4 in supplementary material). The symbol "~ is used to distinguish
the decision variables and profit functions in Section S4 from those
in Section 2; for instance, /; denotes the honest effort of high when
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the farmers are heterogeneous, whereas h, denotes the honest effort
of farmer 1 when the farmers are homogeneous. The optimal decisions
for the case of heterogeneous farmers are represented in Table S4 in
supplementary material.

We perform equilibrium analyses for the heterogeneous farmers
case and compare the results with that of the homogeneous farmers in
Section 3, which helps us understand the impact of efficiency hetero-
geneity on the decision of the farmers to sell milk to the aggregator and
on the decision of the aggregator to operate under different conditions.

4.1. Optimal decisions

Proposition 3. Under efficiency heterogeneity, (i) the testing level of the
aggregator remains the same as in case of homogeneous farmers or %/ = x/
for j € {N,M}; (i) the effort level increases for high and decreases for
low or izé < h{ < iz{,forj e {N,M)}.

The aggregator optimizes its testing level, which depends on the
probability of adulteration by the farmers. As the probability remains
the same owing to how efficiency heterogeneity is defined in this
study, the optimal testing level also remains unchanged or %/
for j € {N,M}. High (Low) incurs less (more) effort cost to impart
a given effort level because of better (poorer) production efficiency.
Hence, the effort level of high (low) increases (decreases) compared to
the homogeneous farmer. This variation in effort between the farmers
is due to the difference in production efficiency, which is denoted by
e. This induces free-riding in composite testing as the internal penalty
is based on the mixed milk. In other words, low earns a higher revenue
even after imparting a lower effort, which may discourage high from
selling milk to the aggregator under composite testing. Hence, ¢ can be
used to quantify the free-riding behaviour of the less efficient farmer.
In subsequent sections, we denote the conditions € < e, and ¢ > e, as
low ¢ and high ¢, respectively.

= x/

4.2. Profit comparisons

Theorem 2.  Under efficiency heterogeneity, (a) TN > IT™ for (i)
@ <o when K < K; and ¢ < ey, and (ii) a < a© + 4a© when K > K;
or e > er, or both, (b)fr]N > frlM and (c) ﬁ;’ > ﬁé"’ for e <er,.

When K and e are low, the aggregator offers the same wholesale
price ) = w,, in both the testing strategies. As the probability of
milk adulteration remains the same, the comparison of the aggregator’s
profit between the two testing strategies also remains the same as in the
case of homogeneous farmers. Hence, it prefers individual testing for
a < 9. The aggregator needs to offer a higher wholesale price M =
w,, + Aw,, + A,, in composite testing as K or e or both increase. This
incremental requirement in wholesale price is more under efficiency
heterogeneity. Hence, the benefit of higher revenue owing to high effort
in individual testing extends up to a comparatively higher « < a€ + 4a€
in case of heterogeneous farmers.

For both the farmers, izf\’ > iz[M ; they earn more revenue and incur
less internal penalty in individual testing. High incurs lesser effort costs
due to better production efficiency. The marginal gain for choosing
higher effort in individual testing dominates the marginal effort cost
and high always prefers individual testing. For ¢ < er,, low prefers
individual testing as the effort cost is not very high and the marginal
gain from choosing higher effort dominates the marginal effort cost.
However, the effort cost of low becomes very high for ¢ > ¢p, and
dominates the marginal gain due to higher effort in individual testing.
Hence, low with € > ey, prefers composite testing.

5. Impact of external uncertainty
Milk quality is influenced by two different types of uncertainties. As

described in Section 2, process uncertainty considers the factors related
to the production process, while external uncertainty considers various
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external factors that influence milk quality. In this section, we analyse
the variability in the realized milk quality owing to these external
factors such as weather conditions, fodder quality, and outbreak of
diseases. Since the dairy farmers are located close to each other,
these external factors affect them similarly, and we assume that milk
qualities realized by the individual farmers are perfectly and positively
correlated (Chintapalli & Tang, 2022a). This assumption is commonly
adopted in the extant literature when external circumstances impact
the farmers in a similar way (Alizamir et al., 2019).

While interviewing the farmers, we understand that the impact of
external uncertainty on the realized milk quality is two-sided. In a
conducive environment, the realized milk quality is higher than what is
expected. However, the realized milk quality falls below the expected
level in an adverse situation. We model this phenomenon by incorporat-
ing variation in the realized milk quality. In line with Bian et al. (2022),
we assume that the realized milk quality follows a uniform distribution,
which captures inherent uncertainty in agricultural production. For
farmer i imparting an effort A;, we assume the realized milk quality
g; ~ Ulg; — a4/2, g; + q4/2] when only process uncertainty is present;
here, g, denotes the variation in milk quality. The quality variation
increases under external uncertainty and is modelled as g ~ Ulg; —
q,(1+7)/2, q;+q,(1+7)/2], where = > 0 quantifies the impact of external
uncertainty. Here, E[g; ] = E[¢/] = ¢; and SD[§*]/SDI[g;] = (1 + 7).
The following lemma summarizes the impact of external uncertainty on
the farmer’s adulteration behaviour.

Lemma 2. Under external uncertainty, adulteration by farmer i (i)
increases when h; > % and (ii) decreases when h; < %

In the individual testing strategy, the farmers impart more honest
effort and expect to obtain milk beyond the threshold quality most
of the time. As the quality variation increases owing to external un-
certainty, the likelihood of attaining the threshold level decreases.
Therefore, the farmers indulge in more adulteration to increase the
perceived quality of milk that passes the quality tests. In the composite
testing strategy, the farmers impart a lesser honest effort; so, their
expectation to attain milk quality reaching the threshold level is less
compared to the case of individual testing. Owing to the higher quality
realization in the conducive situation, the likelihood of realizing milk
beyond the threshold quality level increases. Hence, the farmers resort
to lesser adulteration. Thus, the testing strategy adopted has a bearing
on adulteration behaviour of the farmer under external uncertainty.
The farmers will adulterate more (less) in the individual (composite)
testing strategy as the impact of external uncertainty increases.

6. Managerial insights

Having studied the operational feasibility of the testing strate-
gies and the preferences of each supply chain entity under different
conditions, we now elucidate the managerial implications of our re-
search. There are significant differences in the aggregator decisions
when the farmers are heterogeneous in terms of their production
efficiency. The efficiency variability leads to changes in the optimal
testing strategy of the aggregator as well as the farmers’ decision of
selling milk to the aggregator. Moreover, external uncertainty signifi-
cantly impacts the strategic decisions of the supply chain entities under
different conditions. Next, we determine the optimal testing strategy
of the aggregator through data-calibrated numerical analysis. Further,
we study the impact of the farmers heterogeneity and external effi-
ciency on the aggregator decisions. Finally, we provide testing policy
recommendations under different conditions.

6.1. Data collection and parameter calibration

In this section, we present our analysis on data collected through
primary sources. We conducted in-depth interviews of dairy farmers

693

European Journal of Operational Research 323 (2025) 686-700

to understand their production process, associated costs, and the un-
certainties that impact their production. We also met supply chain
managers of a major milk aggregator in India to evaluate the pro-
curement process and obtain an estimation of their cost parameters.
Based on the collected data, we examine the strategic decisions of the
entities (aggregator and farmers) under various conditions. We report
the parametric values calibrated from data that are essential for our
study. Our approach is in line with data type under the real category,
as explained in Gupta et al. (2023).

(i) The retail price (p) of full-cream milk sold by the aggregator
is 66 per litre." The price of full-cream milk in case of direct
selling (w,,) by the dairy farmers is ¥53 per litre. We consider
full-cream milk for analytical parity between direct sales and
aggregator-based models as farmers sell milk without skimming
the fat in either case.

The production process involves two types of costs — fixed cost
and variable cost for quality improvement. From comprehensive
discussions with the farmers, we estimate the fixed cost to be
%20 per litre and the honest effort cost (4) at #; = 1 to be 30 per
litre. In other words, the cost of production of a litre of milk at
h; =1 is equal to %50.

Based on discussions with the aggregator’s manager, our esti-
mate of expected goodwill loss is ¥70 per litre. We normalize
the retail prices under direct sales and aggregator-based models
and the goodwill loss by fixed cost based on our modelling
consideration, as explained in Section 2. Finally, we scale all the
parametric values such that the normalized goodwill loss is equal
to 1 (refer to Fig. 4).

(i)

(iii)

Considering the above scaled and normalized parameter values, we
obtain K; ~ 0.77. We use K = 0.72 and K = 0.84 for low K and high
K conditions, respectively, in the subsequent analysis. We assume the
maximum value of the testing cost parameter («) such that it ensures
profit for the aggregator at any possible testing level in either testing
strategy. In the Figs. 5 to 8, same range of « and the aggregation effect
is considered to facilitate a visual comparison of the areas under each
strategy.

We consider ¢ € (0,.06] to study the impact of efficiency hetero-
geneity (under high K condition) on the profit of the different entities
in Fig. 6. For the given parametric conditions with high K, we obtain
er, = 0.026. Low prefers the individual (composite) testing strategy
when e < (>)er,. We choose ¢ 0.024 or € 0.060 to depict
the impact of efficiency heterogeneity on optimal testing strategy in
Fig. 7. The conditions = = 0.5 and r = 0 in Fig. 8 represent the
scenarios with and without external uncertainty, respectively. Though
specific parameter values are used to describe the strategic decisions
under different conditions, we perform extensive analysis with other
parametric conditions and obtain similar results.

6.2. Testing strategy

We analyse the testing strategy of the aggregator under different
conditions based on the unit internal penalty, testing cost and aggrega-
tion effect. As defined in Section 2, the aggregation effect symbolizes
the bargaining power owing to a larger quantity sold by just one entity
(the aggregator) instead of smaller quantities sold by many producers
(the farmers). A higher aggregation effect implies a greater revenue for
the aggregator, which it may share with the farmers through a higher
wholesale price.

The honest effort of the farmers decreases with lower unit internal
penalty, which leads to more adulteration. It also causes a fall in the

1 Ris the symbol of Rupee, the Indian Currency. 1 USD ~ ¥83.92 (as on
October 2, 2024).
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Fig. 7. Optimal testing strategy for the case of heterogeneous farmers.
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(a) Without External Uncertainty
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Fig. 8. Impact of external uncertainty on optimal testing strategy.

revenue for the aggregator. At a low aggregation effect, the aggregator
does not make a profit to operate (refer to Fig. 5(a)). When unit internal
penalty is high and the aggregation effect is low, the aggregator offers
individual testing at low testing cost (refer to Fig. 5(b)). This result may
seem counter intuitive because the aggregator should have favoured
composite testing owing to a lower margin at low aggregation effect.
However, the high unit internal penalty ensures a higher effort and
lesser adulteration from the farmers, which results in increased profit
for the aggregator. As testing cost increases, irrespective of the unit
internal penalty, a low aggregation effect dissuades the aggregator from
operating (refer to Fig. 5(a) and (b)), and hence, the farmers would sell
milk directly to consumers.

When the aggregation effect is high, the aggregator earns more
revenue and can afford higher testing costs compared to the situation
with a low aggregation effect. Though it is feasible for the aggregator
to offer either of the testing strategies at low testing cost, it prefers to
offer the individual testing strategy owing to greater profit resulting
from higher honest effort compared to that of composite testing. It
results in an alignment of the aggregator’s and farmers’ preferences. As
the testing becomes costlier, adulteration increases in the individual
testing strategy due to a lower testing level, and hence, the profit of
the aggregator becomes greater in the composite testing strategy. Thus,
the aggregator offers the composite testing strategy, which results in a
conflict in the preferences as the farmers prefer the individual testing
strategy (refer to Theorem 1). In such cases, the entities would nego-
tiate and the one with the higher bargaining power will prevail. For
further increase in testing cost, individual testing is no more profitable
for the aggregator, and hence, it offers composite testing only. This is
acceptable to the farmers because the composite testing strategy is more
profitable for them than selling directly to the consumers though less
profitable than the individual testing strategy. The aggregator offers
higher wholesale prices in the composite testing strategy for high K.
We define producer leverage (PL) as the increase in producers’ (farmers)
revenue due to the increase in wholesale price. High PL attracts the
farmers to sell milk to the aggregator under the composite testing strat-
egy despite its limitation to distinguish honest effort and adulteration
behaviour of individual farmers. For an even further increase in the
testing cost, neither testing strategy is profitable for the aggregator,
and the zone of operation does not prevail. Moreover, we observe that
with a higher unit internal penalty, the honest effort (adulteration)
increases (decreases) owing to a higher testing level. It results in a
higher zone of operation for the aggregator, and hence, farmers’ direct
selling to consumers decreases. If the unit internal penalty is low,
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the aggregator’s zone of operation is severely limited. Hence, from a
practical point of view, the aggregator enforces a high unit internal
penalty. In subsequent discussions, we emphasize the scenarios where
a high unit internal penalty is adopted by the aggregator.

6.3. Impact of heterogeneity

In the individual testing strategy, farmers’ revenue depends on the
individual honest effort and adulteration decisions. Hence, the revenue
increases (decreases) for high (low) due to higher (lower) honest ef-
fort compared to the homogeneous farmers case. The variability in
production efficiency between the farmers leads to a difference in
effort exerted by high and low. Therefore, the profit for high (low)
increases (decreases) in the individual testing strategy as variability in
production efficiency between the farmers increases (refer to Fig. 6(a)).
When w, = w,,, the aggregator, as well as the farmers, prefer individual
testing compared to direct selling. As unit internal penalty increases,
the aggregator penalizes low more compared to high, owing to its
less (more) honest effort (adulteration). Hence, the profit difference
between high and low increases with efficiency variability and unit
internal penalty.

In the composite testing strategy, the revenue of the farmers de-
pends on the mixed or aggregated milk, and hence, their revenue is
same in spite of the variation in individual effort. Thus, high has a loss
of revenue despite better honest effort. We define free-riding effect (FE)
as the impact of efficiency heterogeneity on each farmer’s revenue in
comparison to the homogeneous case. Hence, the profit for high (low)
decreases (increases) due to FE. Moreover, PL increases with efficiency
heterogeneity between the farmers. The combined impact of PL and FE
increases the profit of low. However, the profit of high increases owing
to PL but decreases owing to FE. Hence, the profit of low is greater
than that of high in the composite method (refer to Fig. 6(b)). PL must
be sufficiently greater than FE to ensure high attains its reservation
profit level. PL also increases with unit internal penalty, which causes
more difference in profit between low and high. On the other hand,
the aggregator’s profit decreases with increasing PL, and hence, the
zone of operation shrinks when efficiency variability is high (refer to
Fig. 6(c)). Low internal penalty increases adulteration by the farmers,
which reduces the aggregator’s profit. Thus, low internal penalty and
high efficiency variability have a negative impact on the aggregator’s
operation.

In the case of heterogeneous farmers, we limit the discussion to
high unit internal penalty as mentioned in Section 6.2. When the
aggregation effect is low, the aggregator offers the individual testing
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Table 1
Decision matrix for the aggregator without external uncertainty.
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Internal Aggregation Low efficiency variability High efficiency variability
Penalty Effect Low testing High testing Low testing High testing
cost cost cost cost
Low Low Direct Selling Direct Selling Direct Selling Direct Selling
High Individual Composite Either Direct Selling
Strategy Strategy Testing
Strategy
High Low Individual Direct Selling Individual Direct Selling
Strategy Strategy
High Individual Composite Either Direct Selling
Strategy Strategy Testing
Strategy

Note: In Either Testing Strategy, the preference of the entity(ies) with higher bargaining power prevails.

Table 2
Decision matrix for the aggregator with external uncertainty.

Internal Aggregation Low efficiency variability High efficiency variability
Penalty Effect Low testing High testing Low testing High testing
cost cost cost cost
Low Low Direct Selling Direct Selling Direct Selling Direct Selling
High Individual Composite Either Composite
Strategy Strategy Testing Strategy
Strategy
High Low Composite Direct Selling Composite Direct Selling
Strategy Strategy
High Individual Composite Either Composite
Strategy Strategy Testing Strategy
Strategy

Note: In Either Testing Strategy, the preference of the entity(ies) with higher bargaining power prevails.

strategy at low testing costs, as in the case of homogeneous farmers
(refer to Fig. 7). As the testing cost increases, the aggregator does not
operate. When aggregation effect is high, the aggregator is profitable
for both the testing strategies when the testing cost is low. However,
it prefers the individual testing strategy because higher (lower) effort
(adulteration) leads to higher profit. This aligns with the farmers’
preference when efficiency variability is low (refer to Fig. 7(a)). At
high efficiency variability (¢ > er,), low free-rides more on high’s
effort in the composite testing strategy. As a result, low prefers the
composite testing strategy, which is in conflict with the preference of
high and the aggregator (refer to Fig. 7(b)). For moderate values of
the testing cost, the aggregator prefers the composite testing strategy,
which again leads to a conflict of preferences as high (for all ¢) and
low (for e < er,) prefer the individual testing strategy. When efficiency
variability is high, the aggregator’s profit in the composite testing
strategy starts decreasing with increasing PL. In such cases, it is not
profitable for the aggregator to offer composite testing, and hence, it
offers individual testing only (refer to Fig. 7(b)). However, for further
increase in the testing cost, the aggregator cannot offer individual
testing and offers composite testing only. As the efficiency variability
increases, the aggregator’s profit decreases in the composite testing
strategy due to increase in PL and it ceases to offer composite testing,
which shrinks the zone of operation. Eventually, this zone becomes zero
for even higher efficiency variability. For very high values of testing
cost, the aggregator does not operate. To summarize, the aggregator’s
zone of operation decreases, and hence, direct selling increases with
increase in efficiency variability.

6.4. Impact of uncertainty

As discussed in Section 5, external uncertainty significantly influ-
ences the realized milk quality. In the individual testing strategy, the
farmers impart a higher effort and incur more effort costs. As quality
risk increases with external uncertainty, the likelihood of reaching the
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specified threshold quality level decreases. Hence, the farmers become
reluctant to invest in higher effort costs under uncertain situations. On
the other hand, in the composite testing strategy, farmers’ investment
in effort cost is less compared to the individual testing strategy. As
the testing is done after mixing the milk obtained from the farmers,
the impact of quality risk is distributed among them. As a result, the
farmers prefer composite testing and impart lower effort. Anticipating
the farmers’ behaviour under uncertainty, the aggregator optimizes its
testing strategy to detect as many types of adulterants as possible. We
observe that the testing level is higher in composite testing compared
to individual testing under similar testing costs. Hence, rather than
opting for individual testing at lower testing levels, the aggregator
prefers composite testing at higher testing levels. Consequently, the
zones (refer to zones 3, 5 in Fig. 8(b)) under composite testing preferred
by the different entities increase under external uncertainty.

External uncertainty causes substantial variations in quality, which
reduces the likelihood of reaching the threshold quality level. As the
farmers are directly exposed to the impact of quality risk in direct
selling, their earnings reduce significantly. However, they earn more in
the composite testing strategy owing to producer leverage. Hence, the
farmers prefer selling milk to the aggregator under composite testing
rather than directly selling milk to consumers. As the aggregation effect
increases, the aggregator can offer testing even for a higher testing
cost; hence, the zone of operation under the composite testing strategy
increases (refer to zone 3 A in Fig. 8(b)).

6.5. Recommendations

From the previous discussions, we find that two parameters, the
efficiency variability between the farmers and the unit internal penalty,
significantly impact the decisions of the entities and the zone of op-
eration. We summarize the testing strategy recommendations for the
aggregator under two scenarios namely, without (refer to Table 1) and
with external uncertainty (refer to Table 2). The recommendations are
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useful to determine the optimal testing strategies depending on the
exposure of the particular milk supply chain to external uncertainties.

We observe that when efficiency variability between the farmers is
low, their profits increase because of producer leverage. However, as
efficiency variability increases, the aggregator ceases to operate. This
negatively impacts farmers because they now have to sell milk directly
to consumers at a lower price. Hence, higher efficiency variability
between the farmers is detrimental for all the entities. From a manage-
rial perspective, the aggregator should try to minimize the efficiency
variability between the farmers. It may strategically select farmers with
similar production efficiency. The aggregator may also adopt measures
such as training programs, technology improvement and modern dairy
farming practices to reduce efficiency variability between the farmers.

The unit internal penalty is another important lever for the aggre-
gator to ensure higher (lower) effort (adulteration) from the farmers.
It also enables the aggregator to perform costlier testing, which ex-
pands its zone of operation. However, from a practical viewpoint, an
exorbitantly high internal penalty may deter the farmers from selling
milk to the aggregator. Therefore, we recommend that the aggregator
adopts a policy of enforcing maximum permissible internal penalty. It is
highly essential under uncertain environments when the entities often
prefer the composite testing strategy. From the farmers’ perspective,
the less efficient ones need to improve their production efficiency;
otherwise, the efficient farmers would not partner with them when the
aggregator offers the composite testing strategy. This would lead to a
lower aggregation effect, reduction of producer leverage, and shrinkage
of the operating zone.

Under external uncertainty (refer to Table 2), we observe that under
certain conditions, the aggregator shifts from individual testing to
composite testing, namely when the aggregation effect, testing cost are
low and the internal penalty imposed by the aggregator is high. Simi-
larly, composite testing becomes a dominant strategy when aggregation
effect, efficiency heterogeneity and testing cost are all high.

7. Extensions

In this section, we extend the modelling framework to study how
the variation in farmers’ production quantity impacts the aggregator’s
decisions. We also analyse the impact of advanced technology adoption
that improves testing cost efficiency, i.e., makes the testing cheaper.
Further, we examine the strategic decisions of the aggregator when it
faces competition from other aggregators. We also study whether it is
more profitable for the aggregator to offer different incentives (and
penalties) to heterogeneous farmers when their types (high or low on
production efficiency) are not apparent to the aggregator.

7.1. Quantity heterogeneity

In this section, we study the impact of quantity heterogeneity, i.e., the
disparity in production quantities between the farmers. For analytical
brevity, we assume one of the farmers, either high or low, produces
(1 + 6) unit of milk. Here, § denotes variation in production quantity
and is unrestricted in sign. We assume § is very small compared to one
unit of milk as the production quantity of the smallholder farmers does
not differ much (Chintapalli & Tang, 2022a). The profit functions and
optimal decisions are represented in Section S11 in supplementary ma-
terial. The following proposition summarizes how quantity heterogeneity
impacts the optimal testing level decisions of the aggregator.

Proposition 4. Under quantity heterogeneity, (a) in either testing
strategy, the testing level of the aggregator increases (decreases) with the
increase (decrease) in production quantity; and (b) the testing level further
increases in individual testing when the production quantity of low (high)
increases (decreases) for a given production quantity of high (low).
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An increase in production quantity reduces per unit testing cost in
either testing strategy. Hence, the aggregator increases its optimal test-
ing level, which increases the honest effort from the farmers. We refer
to this as Quantity Effect. It aligns with prior work (Mu et al., 2014),
which found that larger production quantity led to higher quality
because of supply consolidation. In addition to the Quantity Effect, the
milk quality also impacts the testing level in individual testing. If the
production quantity of low (high) increases (decreases), the aggregator
employs a higher testing level to balance the proportion of low-quality
milk, and hence, the honest effort of either farmer increases. Similarly,
the testing level decreases with a decrease (increase) in production
quantity of low (high). We refer to this as Quality Effect. It is observed
(refer Section S11) that the impact of the Quantity Effect is stronger
than that of the Quality Effect. However, in composite testing, there is
no Quality Effect as the milk from both the farmers is mixed before
testing.

7.2. Adoption of advanced testing technology

With the development of advanced testing technology, the cost
efficiency of testing done by the aggregator improves (Himshweta &
Singh, 2023). There are two important aspects that drive the aggre-
gator’s decision to adopt advanced testing technology: (i) investment
required for technology adoption, and (ii) impact of advanced tech-
nology on testing cost; the higher the technology impact, the cheaper
is testing. Though advanced technology adoption increases with its
impact, it is restrained by investment costs. Table 3 summarizes various
conditions for advanced technology adoption (refer to Section S12 in
supplementary material for a detailed analysis).

It is obvious from above that a low investment cost strongly favours
the adoption of advanced testing technology. The aggregator would
adopt advanced technology when testing cost (a) is relatively higher.
Through technology adoption, the aggregator reduces its testing costs,
which helps increase its zone of operation. The benefit of testing cost
reduction owing to advanced technology outweighs the investment cost
when testing is expensive, making it attractive for the aggregator to
adopt advanced technology. Moreover, the aggregation effect should be
sufficient enough to justify the advanced technology investment cost.

7.3. Aggregator competition

So far, we have studied the testing strategies of an aggregator when
it faces no competition. We now explore how competition from other
aggregators (i.e., competitors) influences the strategic decisions of the
aggregator and impacts the overall supply chain. We observe that com-
petition leads to less milk supply for the aggregator when competitors
increase their zone of operation based on their cost-efficiencies and
offer incentives to the farmers. In response to competition, the aggre-
gator can attract more farmers by offering better incentives through
higher wholesale prices (refer to Section S13 in supplementary material
for a detailed analysis). The incentive increases as the number of
competitors increases. The increase in wholesale price reduces the
aggregator’s profit and restricts its zone of operation. The aggregator, in
turn, reduces the testing level to remain profitable, and this leads to a
reduced honest effort exerted by the farmers and a higher adulteration
level (Mu et al., 2016). In other words, while the competition among
aggregators is beneficial to the farmers, it could have harmful side
effects on the testing, the honest effort and the overall quality of milk.

7.4. Information asymmetry in farmers heterogeneity

Though the farmers differ in their production efficiencies, the ag-
gregator has no prior information to identify the type of a particular
farmer, high or low. Hence, it offers the same testing level to both
farmers, irrespective of their types. The information asymmetry to the
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Table 3
Conditions for adoption of advanced testing technology.
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Technology Investment cost for technology adoption

Impact High Low

High Aggregation Effect: Moderate to High, Aggregation Effect: Low to High,
Testing Cost (a): Moderate to High. Testing Cost («): Low to High.

Low Aggregation Effect: High, Aggregation Effect: Low to High,

Testing Cost (a): High.

Testing Cost (a): Moderate to High.

aggregator about the farmers’ type may cause insufficient effort by the
farmers, leading to a reduction in profit for the aggregator. As the
testing level depends on the internal penalty, the aggregator can influ-
ence farmers’ efforts by varying the penalty imposed for adulteration.
In the previous sections, we assumed that the aggregator offers the
same reward-penalty option, comprising the identical wholesale price
and internal penalty, to both the farmers. Designing a menu of reward-
penalty options, with different wholesale prices and internal penalties,
can help the aggregator identify the farmers’ type from their choices of
suitable options based on their respective production efficiencies (refer
to Section S14 in supplementary material for a detailed analysis).

Under information asymmetry, when the aggregator offers a menu
of reward-penalty options, we observe that high chooses the option with
higher wholesale price and internal penalty, whereas low chooses the
option with lower wholesale price and internal penalty. This leads to
different testing levels for high and low and, hence, both have to impart
sufficient efforts under the individual testing strategy. As a result, the
profit of the aggregator increases. Both farmers are subjected to the
same testing level under the composite strategy, as testing is done after
mixing milk from different sources. Hence, it is impractical to offer the
options menu while adopting the composite strategy.

8. Conclusion

Smallholder dairy farmers find it difficult to attain high-quality
milk due to their limitations in employing costly inputs and adopting
effective farming practices. They often indulge in adulteration activi-
ties to increase the perceived quality of milk. Though their action is
economically motivated, it causes harm to public health, and hence,
receives serious attention from the regulators. A milk aggregator plays
a vital role in curbing economically motivated adulteration. It rewards
the farmers by paying better prices for high-quality milk without
adulterants.

In this paper, we analysed two different adulteration testing strate-
gies (individual and composite) adopted by an aggregator to assess
the farmers’ milk quality. We first modelled a sequential-move game
involving a milk aggregator and two homogeneous dairy farmers. We
next analysed and compared the equilibrium outcomes of these testing
strategies and identified conditions under which the aggregator pro-
cures milk from the farmers and performs adulteration tests (zone of
operation). We extended the analyses to the case where the farmers
are heterogeneous in their production efficiency. We also studied the
impact of uncertainty in this context. Finally, we provided an opti-
mal testing strategy to be adopted by the aggregator under different
conditions based on uncertainty, aggregation effect, internal penalty,
efficiency variability and the testing cost.

Our analyses yield several significant findings: (i) The aggregator
adopts the individual testing strategy when testing cost is low, while it
chooses the composite testing strategy when testing becomes costlier.
(ii) The farmers sell milk to the aggregator adopting the individual test-
ing strategy if the wholesale price they receive is at least equivalent to
the price they obtain by directly selling to consumers. However, under
the composite testing strategy, the aggregator offers a higher wholesale
price to farmers due to producer leverage. (iii) The aggregator can use
the unit internal penalty as a lever to improve the honest effort by
the farmers. However, the aggregator needs to be judicious because a
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very high internal penalty would deter the farmers from selling milk
to the aggregator. (iv) When the farmers sell milk to the aggregator,
the bargaining power of the aggregator increases due to its control
over a larger production quantity (aggregation effect). This leads to
higher revenue, which is shared with the farmers through a higher
wholesale price in the composite testing strategy because of producer
leverage. As a result, the aggregator’s zone of operation increases at
higher testing costs. (v) At high-efficiency variability, the participating
farmers obtain higher wholesale prices due to producer leverage in the
composite testing strategy. However, as efficiency variability increases,
the aggregator’s profit decreases, causing the zone of operation to
shrink. Consequently, this situation negatively impacts all the entities.
Therefore, the aggregator may choose farmers with similar efficiency or
adopt measures to improve the less efficient ones to resolve the nega-
tive effects of the efficiency variability. (vi) Under external uncertainty,
the aggregator, as well as the farmers, increasingly prefer the composite
testing strategy. The farmers are reluctant to invest in higher efforts
owing to quality uncertainty. The aggregator adopts the composite
testing strategy to keep a judicious balance between testing costs and
detection of adulterants at higher testing levels. Additional insights are
derived based on model extensions related to quantity heterogeneity
among farmers, competition among milk aggregators, and information
asymmetry about farmers’ types.

Our research can be extended in multiple directions. This study is
based on a volumetric payment scheme made to the farmers when the
milk attains a threshold quality. It can be extended to analyse other
prevalent payment schemes, such as quality-differentiated payment.
In practice, different modes of business models are adopted by the
milk aggregators. A comprehensive study comparing the competitive
dynamics in the different business models could be an interesting
future research project. Researchers could explore possible measures
that aggregators can adopt to improve the production efficiency of less
efficient farmers and their impact on reducing free-riding behaviour.

CRediT authorship contribution statement

Samir Biswas: Conceptualization, Formal analysis, Investigation,
Methodology, Software, Validation, Visualization, Writing — original
draft, Writing — review & editing. Preetam Basu: Conceptualization,
Methodology, Supervision, Validation, Visualization, Writing — original
draft, Writing — review & editing. Balram Avittathur: Conceptual-
ization, Investigation, Methodology, Supervision, Validation, Visualiza-
tion, Writing — original draft, Writing — review & editing.

Appendix A. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.ejor.2024.12.001.

References

Adesogan, A., & Dahl, G. (2020). Interactions of traceability and reliability optimization
in a competitive supply chain with product recall. Journal of Dairy Science, 103(11),
9677-9680. http://dx.doi.org/10.3168/jds.2020-18313.

Alizamir, S., Iravani, F., & Mamani, H. (2019). An analysis of price vs. Revenue
protection: Government subsidies in the agriculture industry. Management Science,
65(1), 32-49. http://dx.doi.org/10.1287/mnsc.2017.2927.


https://doi.org/10.1016/j.ejor.2024.12.001
http://dx.doi.org/10.3168/jds.2020-18313
http://dx.doi.org/10.1287/mnsc.2017.2927

S. Biswas et al.

An, J., Cho, S., & Tang, C. (2015). Aggregating smallholder farmers in emerging
economies. Production and Operations Management, 24(9), 1414-1429. http://dx.
doi.org/10.1111/poms.12372.

Azad, T., & Ahmed, S. (2016). Common milk adulteration and their detection tech-
niques. International Journal of Food Contamination, 3(22), http://dx.doi.org/10.
1186/540550-016-0045-3.

Babich, V., & Tang, C. S. (2012). Managing opportunistic supplier product adulteration:
Deferred payments, inspection, and combined mechanisms. Manufacturing & Service
Operations Management, 14(2), 301-314. http://dx.doi.org/10.1287/msom.1110.
0366.

Balachandran, K., & Radhakrishnan, S. (2005). Quality implications of warranties in a
supply chain. Management Science, 51(8), 1266-1277. http://dx.doi.org/10.1287/
mnsc.1050.0408.

Banti, M. (2020). Food adulteration and some methods of detection, review. Interna-
tional Journal of Nutrition and Food Sciences, 9(3), 86. http://dx.doi.org/10.11648/
j.ijnfs.20200903.13.

Bian, Y., Yan, S., Yi, Z., Guan, X., & Chen, Y. (2022). Quality certification in agricultural
supply chains: Implications from government information provision. Production and
Operations Management, 31(4), 1456-1472. http://dx.doi.org/10.1111/poms.13623.

Bonroy, O., Garapin, A., Hamilton, S. F., & Souza Monteiro, D. M. (2019). Free-riding
on product quality in cooperatives: Lessons from an experiment. American Journal
of Agricultural Economics, 101(1), 89-108.

Borodin, V., Bourtembourg, J., Hnaien, F., & Labadie, N. (2016). Handling uncertainty
in agricultural supply chain management: A state of the art. European Journal
of Operational Research, 254(2), 348-359. http://dx.doi.org/10.1016/j.ejor.2016.03.
057.

Business Line (2016). Brookside calls for action against milk adulteration.
https://www.businessdailyafrica.com/bd/corporate/companies/brookside-calls-
for-action-against-milk-adulteration-2111678, (Accessed 2 October 2024).

Caro, F., Chintapalli, P., Rajaram, K., & Tang, C. S. (2018). Improving supplier
compliance through joint and shared audits with collective penalty. Manufacturing &
Service Operations Management, 20(2), 363-380. http://dx.doi.org/10.1287/msom.
2017.0653.

Chintapalli, P., & Tang, C. S. (2022a). Crop minimum support price versus cost
subsidy: Farmer and consumer welfare. Production and Operations Management,
31(4), 1753-1769. http://dx.doi.org/10.1111/poms.13642.

Chintapalli, P., & Tang, C. (2022b). The implications of crop minimum support price
in the presence of myopic and strategic farmers. European Journal of Operational
Research, 300(1), 336-349. http://dx.doi.org/10.1016/j.ejor.2021.09.034.

Corpbiz (2016). FSSAI standards for milk and milk products. https://corpbiz.io/
learning/fssai-standards-for-milk-and-milk-products/#Adulteration_of Milk_and_
Milk_Products. (Accessed 2 Ocober 2024).

Dai, B., Nu, Y., Xie, X., & Li, J. (2021). Interactions of traceability and reliability
optimization in a competitive supply chain with product recall. European Journal
of Operational Research, 290(1), 116-131. http://dx.doi.org/10.1016/j.ejor.2020.08.
003.

Daily Monitor (2017). Contaminated milk seized as Kasese dealers flee DDA raid.
https://www.businessdailyafrica.com/bd/corporate/companies/brookside- calls-for-
action-against-milk-adulteration-2111678. (Accessed 2 October 2024).

Draaiyer, J., Dugdill, B., Bennett, A., & Mounsey, J. (2009). Milk testing and payment
systems. Food and Agriculture Organization.

Erkoc, M., Gurnani, H., Ray, S., & Jin, M. (2023). Quality investment, inspection policy,
and pricing decisions in a decentralized supply chain. Production and Operations
Management, 32(1), 207-226. http://dx.doi.org/10.1111/poms.13831.

Fahimnia, B., Tang, C., Davarzani, H., & Sarkis, J. (2015). Quantitative models for
managing supply chain risks: A review. European Journal of Operational Research,
247(1), 1-15. http://dx.doi.org/10.1016/j.ejor.2015.04.034.

Forbes (2014). Battling the threat of adulteration and other food fraud.
https://www.forbesindia.com/blog/food-for-thought/battling- the- threat-of-
adulteration-and-other-food-fraud/. (Accessed 2 October 2024).

FSSAI (2006). Food safety and standards act, 2006. Food Safety and Standards Au-
thority of India. https://fssai.gov.in/cms/food-safety-and-standards-act-2006.php.
(Accessed 2 October 2024).

FSSAI (2018). National milk safety and quality survey 2018. https://fssai.gov.
in/upload/uploadfiles/files/Report Milk Survey NMQS_18_10_2019.pdf. (Accessed 2
October 2024),

Gao, R., Yao, S., & Yang, R. (2024). Responsible audit and consumer awareness
under collusion risk. European Journal of Operational Research, 314(2), 466-476.
http://dx.doi.org/10.1016/j.ejor.2023.10.011.

Getnet, K., Kefyalew, G., & Berhanu, W. (2018). On the power and influence of
the cooperative institution: Does it secure competitive producer prices? World
Development Perspectives, 9, 43-47. http://dx.doi.org/10.1016/j.wdp.2018.04.001.

Gupta, S., Rikhtehgar Berenji, H., Shukla, M., & Murthy, N. N. (2023). Opportunities
in farming research from an operations management perspective. Production and
Operations Management, Article in Advance, http://dx.doi.org/10.1111/poms.13967.

Handford, C. E., Campbell, K., & Elliott, C. T. (2016). Impacts of milk fraud on food
safety and nutrition with special emphasis on developing countries. Comprehensive
Reviews in Food Science and Food Safety, 15(1), 130-142. http://dx.doi.org/10.1111/
1541-4337.12181.

699

European Journal of Operational Research 323 (2025) 686-700

Himshweta, & Singh, M. (2023). Nanosensor platforms for detection of milk adulterants.
Sensors and Actuators Reports, 5, Article 100159. http://dx.doi.org/10.1016/j.snr.
2023.100159.

Hsu, V. N., Lai, G., & Liang, G. (2019). Agricultural partnership for dairy farming.
Production and Operations Management, 28(12), 3042-3059. http://dx.doi.org/10.
1111/poms.12992.

India Today (2018). At least 127 children ill and three dead after consuming mid-day
meal milk in Mathura. https://www.indiatoday.in/india/north/story/at-least-
127-children-ill-and-three-dead- after-consuming-mid-day-meal-milk-in-mathura-
322086-2016-05-06. (Accessed 2 October 2024).

Johnson, R. (2014). Food fraud and “economically motivated adulteration” of food
and food ingredients. https://sgp.fas.org/crs/misc/R43358.pdf. (Accessed 2 October
2024),

Levi, R., Singhvi, S., & Zheng, Y. (2020). Economically motivated adulteration in
farming supply chains. Management Science, 66(1), 209-226. http://dx.doi.org/10.
1287/mnsc.2018.3215.

Li, S., Sijtsema, S., Kornelis, M., Liu, Y., & Li, S. (2019). Consumer confidence in the
safety of milk and infant milk formula in China. Journal of Dairy Science, 102(10),
8807-8818. http://dx.doi.org/10.3168/jds.2019-16638.

Lin, Q., Zhao, Q., & Lev, B. (2020). Cold chain transportation decision in the vaccine
supply chain. European Journal of Operational Research, 283(1), 182-195. http:
//dx.doi.org/10.1016/j.ejor.2019.11.005.

Linn, J. (1988). Factors affecting the composition of milk from dairy cows. Designing
Foods: Animal Product Options in the Marketplace, National Research Council (US)
Committee on Technological Options to Improve the Nutritional Attributes of
Animal Products. https://www.ncbi.nlm.nih.gov/books/NBK218193/. (Accessed on
2 October 2024).

Mohammed, A., & Shuming, Y. (2021). Detection and quantification of cow milk adul-
teration using portable near-infrared spectroscopy combined with chemometrics.
African Journal of Agricultural Research, 17(2), 198-207. http://dx.doi.org/10.5897/
ajar2020.15321.

Moosavy, M., Kordasht, H., Khatibi, S., & Sohrabi, H. (2019). Assessment of the
chemical adulteration and hygienic quality of raw cow milk in the northwest
of Iran. Quality Assurance and Safety of Crops and Foods, 11(5), 491-498. http:
//dx.doi.org/10.3920/QAS2019.1605.

Mu, L., Dawande, M., Geng, X., & Mookerjee, V. (2016). Milking the quality
test: Improving the milk supply chain under competing collection intermedi-
aries. Management Science, 62(5), 1259-1277. http://dx.doi.org/10.1287/mnsc.
2015.2171.

Mu, L., Dawande, M., & Mookerjee, V. (2014). Improving the milk supply chain
in developing countries: Analysis, insights, and recommendations. Production and
Operations Management, 23(7), 1098-1112. http://dx.doi.org/10.1111/poms.12086.

Mu, L., Dawande, M., & Mookerjee, V. (2019). Shaping the values of a milk cooperative:
Theoretical and practical considerations. Production and Operations Management,
28(9), 2259-2278. http://dx.doi.org/10.1111/poms.13049.

Nikoofal, M., & Giimiis, M. (2020). Value of audit for supply chains with hidden
action and information. European Journal of Operational Research, 285(3), 902-915.
http://dx.doi.org/10.1016/j.ejor.2020.02.024.

Pagare, D., Biswas, 1., Agrahari, A.,, & Ghosh, S. (2023). A small farmer’s market
choice in the presence of multiple markets: The Indian case. European Journal
of Operational Research, 311(2), 739-753. http://dx.doi.org/10.1016/j.ejor.2023.05.
012.

PIB (2022). Milk production in India: The journey of India’s dairy sector. Press Infor-
mation Bureau. https://pib.gov.in/FeaturesDeatils.aspx?Noteld=151137. (Accessed
on 2 October 2024).

PIB (2023). IIT madras researchers develop pocket-friendly device to detect milk adul-
teration in 30 seconds. https://pib.gov.in/PressReleasePage.aspx?PRID=1911071.
(Accessed 2 October 2024).

Plambeck, E., & Taylor, T. (2016). Supplier evasion of a buyer’s audit: Implications
for motivating supplier social and environmental responsibility. Manufacturing &
Service Operations Management, 18(2), 184-197. http://dx.doi.org/10.1287/msom.
2015.0550.

Quigley, J., Walls, L., Demirel, G., MacCarthy, B., & Parsa, M. (2018). Supplier quality
improvement: The value of information under uncertainty. European Journal of
Operational Research, 264(3), 932-947. http://dx.doi.org/10.1016/j.ejor.2017.05.
044.

Rui, H., & Lai, G. (2015). Sourcing with deferred payment and inspection under supplier
product adulteration risk. Production and Operations Management, 24(6), 934-946.
http://dx.doi.org/10.1111/poms.12313.

Salokhe, S. (2019). Problems and prospects of dairy farming in Pune districts. Journal
of Critical Reviews, 6(6), 2838-2849. http://dx.doi.org/10.31838/jcr.06.6.438.

Shi, J., Zhao, Y., Kiwanuka, R. B. K., & Chang, J. (2019). Optimal selling policies for
farmer cooperatives. Production and Operations Management, 28(12), 3060-3080.
http://dx.doi.org/10.1111/poms.13091.

Skevas, T., & Martinez-Palomares, J. C. (2023). Technology heterogeneity and sustain-
ability efficiency: Empirical evidence from peruvian coffee production. European
Journal of Operational Research, 310(3), 1192-1200. http://dx.doi.org/10.1016/j.
ejor.2023.03.025.


http://dx.doi.org/10.1111/poms.12372
http://dx.doi.org/10.1111/poms.12372
http://dx.doi.org/10.1111/poms.12372
http://dx.doi.org/10.1186/s40550-016-0045-3
http://dx.doi.org/10.1186/s40550-016-0045-3
http://dx.doi.org/10.1186/s40550-016-0045-3
http://dx.doi.org/10.1287/msom.1110.0366
http://dx.doi.org/10.1287/msom.1110.0366
http://dx.doi.org/10.1287/msom.1110.0366
http://dx.doi.org/10.1287/mnsc.1050.0408
http://dx.doi.org/10.1287/mnsc.1050.0408
http://dx.doi.org/10.1287/mnsc.1050.0408
http://dx.doi.org/10.11648/j.ijnfs.20200903.13
http://dx.doi.org/10.11648/j.ijnfs.20200903.13
http://dx.doi.org/10.11648/j.ijnfs.20200903.13
http://dx.doi.org/10.1111/poms.13623
http://refhub.elsevier.com/S0377-2217(24)00943-3/sb9
http://refhub.elsevier.com/S0377-2217(24)00943-3/sb9
http://refhub.elsevier.com/S0377-2217(24)00943-3/sb9
http://refhub.elsevier.com/S0377-2217(24)00943-3/sb9
http://refhub.elsevier.com/S0377-2217(24)00943-3/sb9
http://dx.doi.org/10.1016/j.ejor.2016.03.057
http://dx.doi.org/10.1016/j.ejor.2016.03.057
http://dx.doi.org/10.1016/j.ejor.2016.03.057
https://www.businessdailyafrica.com/bd/corporate/companies/brookside-calls-for-action-against-milk-adulteration-2111678
https://www.businessdailyafrica.com/bd/corporate/companies/brookside-calls-for-action-against-milk-adulteration-2111678
https://www.businessdailyafrica.com/bd/corporate/companies/brookside-calls-for-action-against-milk-adulteration-2111678
http://dx.doi.org/10.1287/msom.2017.0653
http://dx.doi.org/10.1287/msom.2017.0653
http://dx.doi.org/10.1287/msom.2017.0653
http://dx.doi.org/10.1111/poms.13642
http://dx.doi.org/10.1016/j.ejor.2021.09.034
https://corpbiz.io/learning/fssai-standards-for-milk-and-milk-products/#Adulteration_of_Milk_and_Milk_Products
https://corpbiz.io/learning/fssai-standards-for-milk-and-milk-products/#Adulteration_of_Milk_and_Milk_Products
https://corpbiz.io/learning/fssai-standards-for-milk-and-milk-products/#Adulteration_of_Milk_and_Milk_Products
https://corpbiz.io/learning/fssai-standards-for-milk-and-milk-products/#Adulteration_of_Milk_and_Milk_Products
https://corpbiz.io/learning/fssai-standards-for-milk-and-milk-products/#Adulteration_of_Milk_and_Milk_Products
http://dx.doi.org/10.1016/j.ejor.2020.08.003
http://dx.doi.org/10.1016/j.ejor.2020.08.003
http://dx.doi.org/10.1016/j.ejor.2020.08.003
https://www.businessdailyafrica.com/bd/corporate/companies/brookside-calls-for-action-against-milk-adulteration-2111678
https://www.businessdailyafrica.com/bd/corporate/companies/brookside-calls-for-action-against-milk-adulteration-2111678
https://www.businessdailyafrica.com/bd/corporate/companies/brookside-calls-for-action-against-milk-adulteration-2111678
http://refhub.elsevier.com/S0377-2217(24)00943-3/sb18
http://refhub.elsevier.com/S0377-2217(24)00943-3/sb18
http://refhub.elsevier.com/S0377-2217(24)00943-3/sb18
http://dx.doi.org/10.1111/poms.13831
http://dx.doi.org/10.1016/j.ejor.2015.04.034
https://www.forbesindia.com/blog/food-for-thought/battling-the-threat-of-adulteration-and-other-food-fraud/
https://www.forbesindia.com/blog/food-for-thought/battling-the-threat-of-adulteration-and-other-food-fraud/
https://www.forbesindia.com/blog/food-for-thought/battling-the-threat-of-adulteration-and-other-food-fraud/
https://fssai.gov.in/cms/food-safety-and-standards-act-2006.php
https://fssai.gov.in/upload/uploadfiles/files/Report_Milk_Survey_NMQS_18_10_2019.pdf
https://fssai.gov.in/upload/uploadfiles/files/Report_Milk_Survey_NMQS_18_10_2019.pdf
https://fssai.gov.in/upload/uploadfiles/files/Report_Milk_Survey_NMQS_18_10_2019.pdf
http://dx.doi.org/10.1016/j.ejor.2023.10.011
http://dx.doi.org/10.1016/j.wdp.2018.04.001
http://dx.doi.org/10.1111/poms.13967
http://dx.doi.org/10.1111/1541-4337.12181
http://dx.doi.org/10.1111/1541-4337.12181
http://dx.doi.org/10.1111/1541-4337.12181
http://dx.doi.org/10.1016/j.snr.2023.100159
http://dx.doi.org/10.1016/j.snr.2023.100159
http://dx.doi.org/10.1016/j.snr.2023.100159
http://dx.doi.org/10.1111/poms.12992
http://dx.doi.org/10.1111/poms.12992
http://dx.doi.org/10.1111/poms.12992
https://www.indiatoday.in/india/north/story/at-least-127-children-ill-and-three-dead-after-consuming-mid-day-meal-milk-in-mathura-322086-2016-05-06
https://www.indiatoday.in/india/north/story/at-least-127-children-ill-and-three-dead-after-consuming-mid-day-meal-milk-in-mathura-322086-2016-05-06
https://www.indiatoday.in/india/north/story/at-least-127-children-ill-and-three-dead-after-consuming-mid-day-meal-milk-in-mathura-322086-2016-05-06
https://www.indiatoday.in/india/north/story/at-least-127-children-ill-and-three-dead-after-consuming-mid-day-meal-milk-in-mathura-322086-2016-05-06
https://www.indiatoday.in/india/north/story/at-least-127-children-ill-and-three-dead-after-consuming-mid-day-meal-milk-in-mathura-322086-2016-05-06
https://sgp.fas.org/crs/misc/R43358.pdf
http://dx.doi.org/10.1287/mnsc.2018.3215
http://dx.doi.org/10.1287/mnsc.2018.3215
http://dx.doi.org/10.1287/mnsc.2018.3215
http://dx.doi.org/10.3168/jds.2019-16638
http://dx.doi.org/10.1016/j.ejor.2019.11.005
http://dx.doi.org/10.1016/j.ejor.2019.11.005
http://dx.doi.org/10.1016/j.ejor.2019.11.005
https://www.ncbi.nlm.nih.gov/books/NBK218193/
http://dx.doi.org/10.5897/ajar2020.15321
http://dx.doi.org/10.5897/ajar2020.15321
http://dx.doi.org/10.5897/ajar2020.15321
http://dx.doi.org/10.3920/QAS2019.1605
http://dx.doi.org/10.3920/QAS2019.1605
http://dx.doi.org/10.3920/QAS2019.1605
http://dx.doi.org/10.1287/mnsc.2015.2171
http://dx.doi.org/10.1287/mnsc.2015.2171
http://dx.doi.org/10.1287/mnsc.2015.2171
http://dx.doi.org/10.1111/poms.12086
http://dx.doi.org/10.1111/poms.13049
http://dx.doi.org/10.1016/j.ejor.2020.02.024
http://dx.doi.org/10.1016/j.ejor.2023.05.012
http://dx.doi.org/10.1016/j.ejor.2023.05.012
http://dx.doi.org/10.1016/j.ejor.2023.05.012
https://pib.gov.in/FeaturesDeatils.aspx?NoteId=151137
https://pib.gov.in/PressReleasePage.aspx?PRID=1911071
http://dx.doi.org/10.1287/msom.2015.0550
http://dx.doi.org/10.1287/msom.2015.0550
http://dx.doi.org/10.1287/msom.2015.0550
http://dx.doi.org/10.1016/j.ejor.2017.05.044
http://dx.doi.org/10.1016/j.ejor.2017.05.044
http://dx.doi.org/10.1016/j.ejor.2017.05.044
http://dx.doi.org/10.1111/poms.12313
http://dx.doi.org/10.31838/jcr.06.6.438
http://dx.doi.org/10.1111/poms.13091
http://dx.doi.org/10.1016/j.ejor.2023.03.025
http://dx.doi.org/10.1016/j.ejor.2023.03.025
http://dx.doi.org/10.1016/j.ejor.2023.03.025

S. Biswas et al.

Sodhi, M. S., & Tang, C. S. (2012). Managing supply chain risk: vol. 172, Springer Science
& Business Media.

Sodhi, M. S., & Tang, C. S. (2014). Supply-chain research opportunities with the
poor as suppliers or distributors in developing countries. Production and Operations
Management, 23(9), 1483-1494. http://dx.doi.org/10.1111/poms.12161.

Tang, C. S., Yang, S. A., & Wu, J. (2018). Sourcing from suppliers with financial
constraints and performance risk. Manufacturing & Service Operations Management,
20(1), 70-84. http://dx.doi.org/10.1287/msom.2017.0638.

Times of India (2011). State to review milk pricing method to check adulteration.
https://timesofindia.indiatimes.com/city/pune/state- to-review-milk-pricing-
method-to-check-adulteration/articleshow/7323847.cms.  (Accessed 2 October
2024).

Vera-Bravo, R., Herndndez, A., Pefia, S., Alarcén, C., Loaiza, A., & Celis, C. (2022).
Cheese whey milk adulteration determination using casein glycomacropeptide as
an indicator by HPLC. Foods, 11, http://dx.doi.org/10.3390/foods11203201.

700

European Journal of Operational Research 323 (2025) 686-700

Wongpom, B., Koonawootrittriron, S., Elzo, M., & Suwanasopee, T. (2017). Milk yield,
fat yield and fat percentage associations in a Thai multibreed dairy population.
Agriculture and Natural Resources, 51(3), 218-222. http://dx.doi.org/10.1016/j.
anres.2016.12.008.

Zhou, J., Fan, X., Chen, Y., & Tang, C. (2021). Information provision and farmer welfare
in developing economies. Manufacturing & Service Operations Management, 23(1),
230-245. http://dx.doi.org/10.1287/msom.2019.0831.

Zhu, L., Schneider, K., & Oude Lansink, A. (2023). Economic, environmental, and
social inefficiency assessment of Dutch dairy farms based on the dynamic by-
production model. European Journal of Operational Research, 311(3), 1134-1145.
http://dx.doi.org/10.1016/j.ejor.2023.05.032.


http://refhub.elsevier.com/S0377-2217(24)00943-3/sb51
http://refhub.elsevier.com/S0377-2217(24)00943-3/sb51
http://refhub.elsevier.com/S0377-2217(24)00943-3/sb51
http://dx.doi.org/10.1111/poms.12161
http://dx.doi.org/10.1287/msom.2017.0638
https://timesofindia.indiatimes.com/city/pune/state-to-review-milk-pricing-method-to-check-adulteration/articleshow/7323847.cms
https://timesofindia.indiatimes.com/city/pune/state-to-review-milk-pricing-method-to-check-adulteration/articleshow/7323847.cms
https://timesofindia.indiatimes.com/city/pune/state-to-review-milk-pricing-method-to-check-adulteration/articleshow/7323847.cms
http://dx.doi.org/10.3390/foods11203201
http://dx.doi.org/10.1016/j.anres.2016.12.008
http://dx.doi.org/10.1016/j.anres.2016.12.008
http://dx.doi.org/10.1016/j.anres.2016.12.008
http://dx.doi.org/10.1287/msom.2019.0831
http://dx.doi.org/10.1016/j.ejor.2023.05.032

