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Abstract

Traditional food distribution networks often operate through centralized systems,
which makes them vulnerable to single-point failures, inconsistencies in product quality, data
loss, and manipulation. Across India, daily reports continue to surface regarding cases of
adulterated, contaminated, or fraudulent food—especially in the dairy sector—highlighting
the urgency for a more transparent and decentralized solution. For a nation like India, whose
future rests significantly on its young population, ensuring the availability of pure and
nutritious dairy products such as milk, butter, and cheese is critical to combating child
malnutrition. In response to these concerns, this study introduces a blockchain-integrated
dairy supply chain framework aimed at overhauling traditional mechanisms. Leveraging the
decentralization, immutability, and transparency of blockchain, the platform promises to
enhance traceability, mitigate fraud, and uphold the nutritional integrity of dairy items.
Moreover, the model incorporates advanced tools like smart contracts, QR codes, and IoT
devices to foster real-time monitoring and seamless data management. This proposed system
doesn't just stop at food tracking—it also aims to elevate the economic sustainability of dairy
farms, detect counterfeit products, and bolster operational efficiency. The innovation is
assessed across four impact-driven dimensions: social benefit, economic upliftment,
operational improvement, and environmental sustainability. Through this transformation, the
dairy industry in India can pave the way for safer, more reliable, and future-ready supply

chains.
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1. Introduction

The Indian dairy industry, one of the largest in the world, is undergoing a significant
transformation through the integration of modern technology into its supply chain

management. Traditionally fragmented and dominated by small-scale farmers, the industry is
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now embracing digital tools and smart systems to streamline operations, enhance
productivity, and ensure product quality from farm to consumer. Technologies such as the
Internet of Things (10T), blockchain, Artificial Intelligence (Al), and cloud-based platforms
are being leveraged to monitor cattle health, optimize milk collection, improve cold chain
logistics, and ensure traceability throughout the supply chain. Sensors and wearable devices
help farmers track the health and productivity of livestock in real time, while GPS-enabled
milk collection systems and automated testing units ensure hygienic and timely transportation
to processing units. Blockchain technology is increasingly used to ensure transparency and
build trust among stakeholders by recording every step of milk production and delivery.
Additionally, Al-powered analytics aid in demand forecasting, inventory management, and
route optimization, reducing wastage and improving efficiency. Mobile applications are also
empowering farmers with real-time access to market prices, weather updates, and veterinary
services, bridging the information gap in rural areas. As India moves toward a more tech-
enabled dairy ecosystem, these innovations collectively contribute to enhancing supply chain
efficiency, reducing costs, improving milk quality, and ultimately supporting the livelihoods

of millions involved in the dairy sector which is shown in figure 1.

Trasnportation
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Testing sealing sealing

Figure 1 Dairy industry supply chain management

Supply chain management practices emerged as fundamental drivers of competitive
advantage in the dairy industry. These practices encompassed strategies such as integration of
suppliers, improved logistics coordination, efficient procurement processes, and inventory

control systems. Firms that actively adopted these supply chain techniques experienced
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improved product quality, timely delivery, and better responsiveness to market demand,
ultimately enhancing their market position and operational excellence [1]. Moreover, the
effectiveness of supply chain operations significantly influenced organizational performance
when mediated by customer satisfaction. The interplay between supply chain capabilities and
consumer-centric strategies led to enhanced loyalty, better brand reputation, and sustainable
revenue streams for dairy firms [2].Similarly, a supply chain management approach focused
on improving operational efficiencies contributed to superior organizational outcomes. Key
improvements included cost reductions, enhanced distribution mechanisms, and increased
flexibility to respond to market changes, all of which facilitated the development of a
competitive, performance-oriented environment in the dairy sector [3]. Furthermore, the
integration of 10T technologies into dairy supply chains provided real-time visibility and
enhanced tracking capabilities. These ontological frameworks enabled more efficient
resource allocation and quicker identification of bottlenecks, ultimately optimizing the flow

of goods and data across the supply chain [4].

Consequently, energy management strategies became essential in striving toward a
net-zero dairy supply chain, especially under the looming threat of climate change. Firms
employed predictive analytics and circular practices to minimize carbon emissions, optimize
energy use, and improve sustainability in production and logistics [5]. Additionally, the
implementation of Internet of Things (loT)-enabled circular supply chain models introduced
smart monitoring systems and adaptive logistics. This transformation fostered better waste
management and recycling processes, thereby aligning economic gains with environmental

responsibility [6].

Correspondingly, a system dynamics approach to risk assessment in dairy supply
chains identified potential disruptions and provided simulations to mitigate them. This
analytical model helped stakeholders in anticipating market shocks, labor issues, and
logistical constraints, leading to more resilient decision-making frameworks [7]. Likewise,
the COVID-19 pandemic underscored the importance of resilient supply chain modeling in
the dairy industry. The use of simulation and digital twins allowed stakeholders to adapt to

sudden changes, minimize disruptions, and maintain supply continuity under crisis scenarios
[8].

In addition, analysis of the value chain highlighted how productivity improvements

and trade performance enhancements depended on effective integration of input suppliers,
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processors, and distributors. These interactions played a pivotal role in increasing the
industry's competitiveness and global trade capability [9]. Nevertheless, while sustainability
goals were often emphasized, some practices revealed ethical and operational contradictions,
such as worker exploitation and ecological harm, thus exposing the dark side of sustainable
supply chain initiatives [10].Subsequently, blockchain technology facilitated traceability
within dairy supply chains, enhancing transparency, food safety, and trust among consumers.
Immutable data records allowed for quick verification of product origins, thereby reducing
fraud and reinforcing regulatory compliance [11]. Furthermore, sustainable management
principles were adopted to align economic objectives with ecological responsibility. These
involved resource optimization, ethical sourcing, and community engagement, which

contributed to long-term profitability and stakeholder trust [12].

Moreover, optimization techniques applied across the entire supply chain enabled
firms to balance material and energy flows effectively. The integration of mathematical
models and computational tools helped streamline operations and reduce inefficiencies in
processing and logistics [13]. In the same vein, blockchain-based smart supply chains
facilitated digital transformation, offering real-time decision-making capabilities and
decentralized data management. These innovations supported the scalability and agility of
dairy enterprises in rapidly changing markets [14].Equally important, robust quality control
mechanisms were incorporated across production, storage, and transportation phases. These
measures ensured compliance with hygiene standards and consistency in product quality,
which in turn elevated consumer satisfaction and market reputation [15]. Finally, the
vulnerabilities of dairy supply chains during the COVID-19 pandemic were assessed using
empirical models. The findings emphasized the need for redundancy planning, local sourcing,

and dynamic supply contracts to withstand unexpected shocks and preserve continuity [16].

2. Materials and methods
2.1.Data Collection

To develop a robust blockchain-integrated dairy supply chain, accurate and
comprehensive data collection was pivotal. The data were collected from three major dairy
clusters in India—Amul (Gujarat), Nandini (Karnataka), and Aavin (Tamil Nadu)—which
represent a diverse range of supply chain models. These datasets encompassed milk yield per
farm, storage conditions, transportation timelines, testing results for contaminants

(adulterants such as starch, detergent, and urea), sales records, and customer complaints. In
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addition to structured datasets from cooperatives, real-time I0T sensor data were captured for

temperature, humidity, and GPS location during transport. The following tablel summarizes

the types and sources of data collected for system validation:

Table 1 Data collection

Data Type Source Format Frequency

Milk Yield Records Dairy Cooperatives CSVv Daily

Quality Testing Results Milk Testing Labs JSON/XML | Per Batch

loT Sensor Logs | Cold Chain Transport Units | MQTT/CSV | Real-Time

(Temperature) (1)

GPS Tracking Data Delivery Trucks GeoJSON Real-Time

Sales & Consumer Feedback | Retail Outlets and e-Portals | SQL Weekly
Database

Smart Contract Transaction | EthereumBlockchainTestnet | Solidity Log | Continuous

Logs

2.2.System Architecture

The proposed system adopts a multilayered architecture integrating blockchain, 10T,

and smart contracts. The first layer consists of l1oT-enabled data acquisition nodes, installed at

collection points, cold storage units, and retail outlets, to capture real-time data such as

temperature, contamination test results, and location which is shown in figure 2.
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Blockchain
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Figure 2 Proposed architecture

This data is then transmitted to the middleware layer, which preprocesses and formats
it using edge computing algorithms for faster decision-making. The third layer comprises a
smart contract-enabled blockchain, deployed on Ethereumtestnet, which ensures tamper-
proof recording of transactions related to milk collection, processing, packaging, and
delivery. Each stage is authenticated via a unique QR code, generated and linked to
immutable blockchain entries, thereby facilitating real-time traceability and verification. The
final layer is the consumer interface, which allows end-users to scan the QR codes to access

the full lifecycle of the product and verify its authenticity.
2.3.Data Preprocessing and Validation

Before integrating the raw and sensor-acquired data into the blockchain, a rigorous
preprocessing pipeline was employed. First, redundant and duplicate entries were eliminated
using hash-matching algorithms. Next, missing values in 10T logs were handled through
time-series interpolation. For contamination reports, data normalization was applied to unify
values across different testing labs. Validation of sensor accuracy was conducted by

comparing 10T logs with manual thermometer readings, showing a +0.5°C deviation, which
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falls within acceptable standards for dairy transport. Outliers, such as GPS jumps or
impossible delivery timelines, were flagged and quarantined through a custom-built anomaly
detection algorithm using z-score thresholds. Only after passing this cleaning and validation
phase was the data pushed into the blockchain system.

2.4.Smart Contract Deployment and Logic

The smart contracts were written in Solidity and deployed on the EthereumRinkeby
Test Network. These contracts define event-triggered mechanisms: for instance, if the milk
temperature exceeds a threshold during transport, an alert is triggered and recorded on-chain.
Contracts also include payment-release logic tied to the quality and delivery timelines which

is shown in figure 3.

Collection Processing Cold End
l Osiry Form I Center l Center l Storage I SRRETRIr l o l Customer
| |

7 | | | |

. § -} - § - § - 4 > § > d
Company & Company & Farmer & Company & Company & Distributor Retailer &
‘ company End
Farmer Supplier Transportation Distributor & Retailer
Units Customer

Figure 3 Execution flow of smart contract

The lifecycle of a milk product is divided into stages: collection, testing, transport,
storage, and sale. Each stage triggers a smart contract function that checks compliance
parameters, validates the responsible party’s digital signature, and then appends a block with
a hash of the data. These contracts automate trust without relying on human intervention and
ensure accountability by penalizing delays, misreporting, or contamination through enforced

logic.
2.5.Integration of QR Codes and Consumer Feedback

To enhance consumer trust and participatory verification, each dairy product was
assigned a dynamic QR code. This QR code is linked to the blockchain record and updates at
each supply chain stage. When scanned via the mobile app, it provides a full audit trail: from
farm name, animal ID, and test results to temperature logs and delivery timestamps.
Additionally, consumers can provide post-purchase feedback, which is hashed and added to

the blockchain to influence future supply chain optimization. This feedback mechanism also
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triggers quality control reviews for products with consistent negative ratings, enabling

proactive recalls or supplier audits.
2.6.Proposed Techniques

The proposed system applies a hybrid of blockchain cryptography, smart contract
logic, and optimization algorithms for transparency and fraud prevention. The mathematical

model includes seven core equations:
2.6.1. Contamination Index (CI):

The Contamination Index (CI) is a weighted average formula designed to evaluate the
overall contamination level of milk by considering multiple contaminants. Mathematically, it
IS expressed as:

SO % W

Ol = ==L

SW,

Lai=1

1)
where C; is the concentration of contaminant i, and Wi is the weight factor for its

health impact.

The Temperature Deviation Score (TDS) measures the deviation of actual storage or

transport temperature from the optimal standard temperature over time. It is calculated as:

S
TDS = Z; Ty — Topn
)
Where T is the temperature recorded at time t, and Topt is the predefined optimal
storage temperature (typically 4°C for milk). A higher TDS indicates poor thermal
compliance, which may compromise milk quality. This metric is crucial for blockchain

logging and can automatically trigger quality alerts or initiate penalty clauses via smart

contracts.
2.6.2. Smart Contract Trigger Function (SCT)

The Smart Contract Trigger Function (SCT) is a binary function used to automate

quality validation within the blockchain network. It is defined as:
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SCT(x) = {1 il = > threshold

0 otherwise
©)

Here, x can be any quality metric such as temperature, pH, or contamination level. If
the observed value meets or exceeds a predefined threshold, the function returns 1, activating
the smart contract for approval. Otherwise, it returns 0, blocking further processing. This
function enables rule-based automation, removing the need for human intervention and

ensuring unbiased enforcement of safety protocols.
2.6.3. GPS Route Anomaly Detection (GRAD)

The GPS Route Anomaly Detection (GRAD) equation calculates the spatial deviation

of the actual vehicle route from the planned logistics path:

2

[-;I?*ilﬂ — {:r".'ﬂ". wal — :r'!j.ll.i'.lllll.':]::lz T {_yhl.'llml - .i::llpliml:u'll]
(4)

In this expression, Xactual,Yactual are the actual coordinates of the delivery vehicle, and
Xplanned,Yplanned are the expected route coordinates. A significant GRAD value indicates route
deviation, which may imply tampering, delays, or unauthorized diversions. Real-time
anomaly detection supports geofencing and route verification, and any deviations can be

immediately logged to the blockchain for traceability and auditing.
2.6.4. Transaction Integrity Score (TIS)

The Transaction Integrity Score (TIS) evaluates the consistency and authenticity of

transactional records on the blockchain. It uses a keyed hash comparison, represented as:

TIS = Hy(D,) & Hy(D;)
(5)

Here, Hx is a cryptographic keyed hash function applied to datasets D; and Dj, which
are records from two different stages of the supply chain. The XOR (&) operation compares
these hashes; a zero or near-zero result indicates that the records are identical, signifying no
tampering. This ensures that the chain-of-custody remains intact, and any alterations can be

promptly detected and flagged.

2.6.5. Delivery Efficiency Ratio (DER)
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The Delivery Efficiency Ratio (DER) measures the reliability of the supply chain in

terms of timely delivery. It is given by:

Milk Delivered on Time

DER =
Total Milk Dispatched

(6)

This ratio quantifies operational efficiency and serves as a performance indicator for
logistics partners. A high DER reflects a punctual and trustworthy supply chain, which is
essential for preserving milk quality and minimizing losses due to spoilage. This ratio may

also influence future smart contract negotiations with transport vendors.
2.6.6. Consumer Trust Index (CTI)
The Consumer Trust Index (CTI) reflects customer satisfaction and trust in the milk

traceability system. It is computed using:

Verified Scans + Positive Feedbacks
Total Sales

CTI =
()

Here, “Verified Scans” refer to QR code scans by consumers validating the product’s

blockchain-backed origin, while “Positive Feedbacks” are consumer reviews or ratings. A

high CTI indicates strong consumer engagement and trust, and it can be used to optimize

branding, enhance marketing strategies, and build consumer loyalty.
2.6.7. System Evaluation Framework

To evaluate the impact of the proposed blockchain-integrated system, a multi-
dimensional assessment was conducted using both qualitative and quantitative metrics. The
social benefit was measured through survey responses on consumer confidence and
transparency. Economic upliftment was assessed by tracking increased income stability and
reduced product loss for farmers. Operational improvements were gauged by measuring
reductions in spoilage rates, delivery delays, and supply chain inconsistencies pre- and post-
deployment. Lastly, environmental sustainability was quantified through CO: emission
reductions and optimized route planning metrics. Together, these indicators provided a

holistic view of how a decentralized dairy network can transform the industry for the better.

3. Results
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To validate the proposed blockchain-integrated dairy supply chain framework,
extensive evaluations were conducted using datasets from Amul, Nandini, and Aavin dairy
clusters. The following results are structured across system reliability, contamination
detection, temperature compliance, route anomaly handling, consumer trust, and economic

and environmental sustainability.
3.1.Contamination Index (Cl) Comparison

The implementation of blockchain in the dairy supply chain has significantly
improved contamination control, as evidenced by the reduction in Contamination Index (ClI)
across all major networks was shown in table 2. For the Amul network, urea contamination
dropped from an average of 2.4 mg/L to 0.6 mg/L post-blockchain, reducing its CI from 1.11
to 0.27. Similarly, detergent traces in Amul’s supply showed a marked decline, with a CI
improvement from 0.33 to 0.06. Nandini experienced a similar trend with starch levels
decreasing from 3.2 mg/L to 0.8 mg/L, and CI dropping from 0.96 to 0.24. Aavin saw one of
the most significant improvements: urea levels reduced from 2.9 mg/L to 0.5 mg/L (CI
reduced from 1.16 to 0.20), and detergent levels went from 1.5 mg/L to 0.3 mg/L (CI reduced
from 0.45 to 0.09). These figures demonstrate the enhanced traceability and accountability
introduced by blockchain in mitigating chemical contamination in milk products.

Table 2: Contamination Index (CI) Comparison

Dairy Contaminant | Pre- Post- Weight | CI Cl
Network BlockchainAvg | BlockchainAvg | Factor | (Pre) | (Post)
(mg/L) (mg/L) (Wi)

Amul Urea 2.4 0.6 0.4 1.11 |0.27
Amul Detergent 1.1 0.2 0.3 0.33 | 0.06
Nandini | Starch 3.2 0.8 0.3 096 |0.24
Aavin Urea 2.9 0.5 0.4 1.16 | 0.20
Aavin Detergent 1.5 0.3 0.3 0.45 |0.09

3.2. Temperature Deviation Score (TDS)
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Temperature maintenance during transit is critical for milk quality which is shown in
table figure 4 and table 3. The Temperature Deviation Score (TDS) illustrates a substantial
reduction in deviations post-blockchain implementation. Amul reduced its TDS from 10.0 to
1.2 by narrowing the temperature deviation from the optimal 4°C during a 4-hour transit.
Nandini, which had a longer transit duration of 6 hours and an initial mean temperature of

5.7°C, achieved a significant TDS improvement from 14.4 to 2.1.

Mean Temperature During Transit (°C)

= Amul
= Nandini

= Aavin

Figure 4 Mean temperature analysis

Aavin also showed positive changes with TDS declining from 9.0 to 0.8 during a 3-
hour transit, despite the higher mean pre-blockchain temperature of 7.0°C. These results

affirm the role of blockchain-based monitoring in stabilizing cold chain logistics.

Table 3: Temperature Deviation Score (TDS)

Dairy | Mean Temperature During | Optimal Duration TDS TDS
Transit (°C) (4°C) (hrs) Pre Post
Amul 6.5 4.0 4 10.0 1.2
Nandini | 5.7 4.0 6 14.4 2.1
Aavin | 7.0 4.0 3 9.0 0.8
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3.3.Smart Contract Trigger Function (SCT) Activation Events

The adoption of smart contracts led to a dramatic decline in non-compliance events
triggering alerts was displayed in table 4. The percentage of blockchain-triggered events
when temperature exceeded 6°C fell from 35.6% pre-blockchain to just 4.2% post-
blockchain. Contamination levels exceeding 1.5 mg/L also saw reduced trigger rates—from
28.9% to 2.7%. Likewise, pH deviations outside the acceptable 6.5-7.5 range dropped from
18.2% to 1.5%. These reductions demonstrate how smart contracts can automate quality

checks, providing real-time alerts and improving regulatory adherence.

Table 4: Smart Contract Trigger Function (SCT) Activation Events

Quality Metric Threshold | Pre-Blockchain ~ Trigger | Post-Blockchain  Trigger
Rate (%) Rate (%)

Temperature > 6°C | 1 35.6 4.2

Contamination 1.5mg/L |28.9 2.7

Level

pH Outside 6.5- |1 18.2 1.5

7.5

3.4.GPS Route Anomaly Detection (GRAD)

Blockchain-enabled route tracking significantly minimized deviations and anomalies
in milk transportation. Amul's planned vs. actual distance deviation of 32 km resulted in 14

anomalies before blockchain, which reduced to only 1 afterward which is illustrated in table 5

Table 5: GPS Route Anomaly Detection (GRAD)

Dairy | Planned Actual GRAD  (km | Anomalies Anomalies
Distance Distance deviation) Detected Pre Post
(km) (km)

Amul 210 242 32 14 1

Nandini | 170 199 29 9 0
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Aavin | 250 260 10 6 1

Nandini’s deviation of 29 km led to 9 anomalies pre-blockchain, entirely eliminated
post-implementation. Aavin’s deviation was already lower at 10 km, and the anomalies
decreased from 6 to 1. These reductions highlight improved logistics management and route

integrity using blockchain and GPS synchronization.
3.5.Transaction Integrity Score (TIS)

The Transaction Integrity Score (TIS) captures discrepancies between stages in the
dairy supply chain. All three dairies initially displayed notable hash differences—Amul
(0.78), Nandini (0.64), and Aavin (0.95)—indicating high tampering risks. Post-blockchain,
the hash differences were near-zero (0.00-0.01), affirming no tampering across Collection <
Transport, Processing <> Storage, and Transport < Retail stages. This indicates that the
blockchain ledger effectively preserved data integrity throughout the transaction lifecycle
which is shown in table 6.

Table 6: Transaction Integrity Score (TIS)

Dairy | Stage Pair (Di < | TIS Pre (@ Hash | TIS Post (@ Hash | Tampering
Dj) Diff) Diff) Detected

Amul Collection <~ | 0.78 0.00 Yes — No
Transport

Nandini | Processing < | 0.64 0.01 Yes — No
Storage

Aavin | Transport <> Retail | 0.95 0.00 Yes — No

3.6.Delivery Efficiency Ratio (DER)

The Delivery Efficiency Ratio (DER), representing the proportion of on-time
deliveries, improved across all dairies following blockchain integration. Amul’s DER rose
from 0.772 to 0.985 out of 2,500 tracked deliveries, indicating near-perfect efficiency which
is shown in table 7. Nandini improved from 0.711 to 0.973 for 1,800 deliveries, while Aavin
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real-time monitoring and streamlined supply chain coordination enabled by blockchain.

Table 7: Delivery Efficiency Ratio (DER)

Dairy | Deliveries Tracked | On-Time Deliveries | DER Pre | DER Post
Amul 2500 1930 0.772 0.985
Nandini | 1800 1280 0.711 0.973
Aavin | 2000 1400 0.700 0.961

3.7.Consumer Trust Index (CTI)

Consumer trust, a critical measure of brand perception and product reliability, was
significantly bolstered post-blockchain deployment which is shown in table 8. Amul achieved
a CTI increase from 0.510 to 0.864, based on 1,450 verified QR scans and 1,130 positive
feedbacks. Nandini’s CTI went up from 0.492 to 0.849 with 970 scans and 740 positive
reviews. Aavin also saw an increase from 0.480 to 0.825. These improvements suggest that

transparent tracking and traceability have positively influenced consumer satisfaction and

confidence.
Table 8: Consumer Trust Index (CTI)
Dairy | Verified QR Scans | Positive Feedbacks | CTI Pre | CTI Post
Amul 1450 1130 0.510 0.864
Nandini 970 740 0.492 0.849
Aavin 890 680 0.480 0.825

3.8.Multi-Dimensional Impact Summary

The comprehensive impact of blockchain on the dairy industry spans social,
economic, operational, and environmental domains. Social benefits, measured by consumer
transparency scores, rose by 57%—from 58.3 to 91.6 which is shown in table 9.

Economically, farmers experienced a notable income boost of 35.6%, with average earnings
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increasing from 323,000 to 231,200 per month. Operationally, blockchain drastically cut

supply chain delays by 85.4%, reducing delays from 29.5% to just 4.3%. Environmentally,

CO: emissions per kilometer were reduced from 258 g/km to 174 g/lkm—a 32.6% decrease.

These outcomes demonstrate the transformational effect of blockchain in fostering

sustainability, profitability, and consumer well-being.

Table 9: Multi-Dimensional Impact Summary

Impact Area Indicator Pre-System Post-System Improvement
Score Score (%)
Social Benefit Consumer Survey | 58.3 91.6 +57%
Transparency
Score
Economic Avg Farmer | 323,000/month | ¥31,200/month | +35.6%
Upliftment Income  Increase
(%)
Operational Supply Chain | 29.5 4.3 -85.4%
Improvement Delay  Reduction
(%)
Environmental CO: Emissions | 258 174 -32.6%

Benefit

Reduced per Km
(9/km)

4. Conclusion

The integration of blockchain technology into the dairy supply chain has emerged as a

transformative solution for enhancing transparency, traceability, and operational efficiency.

By embedding smart contracts, real-time data logging, and secure record-keeping, the

technology ensures quality assurance and strengthens consumer confidence. The results from
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multiple analytical indices clearly demonstrate the multidimensional benefits achieved

through this adoption.

Specifically, the Contamination Index (CI) showed significant reductions, with urea
and detergent levels across networks like Amul, Nandini, and Aavin dropping by over 75%,
bringing CI values down to as low as 0.06 from previous highs of over 1.1. The Temperature
Deviation Score (TDS) also reflected sharp improvements—Amul’s TDS dropped from 10.0
to 1.2, and Nandini’s from 14.4 to 2.1—indicating better cold chain compliance. Smart
Contract Trigger (SCT) events declined dramatically, with temperature-based violations
dropping from 35.6% to 4.2% and contamination triggers from 28.9% to just 2.7%,
showcasing proactive automated quality management. Furthermore, GPS Route Anomaly
Detection (GRAD) exposed notable gains in logistics integrity, with anomalies plummeting
from 14 to 1 in Amul, and from 9 to 0 in Nandini. Similarly, the Transaction Integrity Score
(TIS), which measured data tampering risks, showed complete elimination of discrepancies—
scores dropping to nearly 0.00 post-blockchain. The Delivery Efficiency Ratio (DER)
improved across the board, reaching over 0.96 for all networks, and Consumer Trust Index
(CTI) surged significantly, with Amul rising from 0.510 to 0.864. Finally, the Multi-
Dimensional Impact Summary revealed a 57% boost in consumer transparency, a 35.6%
increase in farmer income, an 85.4% reduction in supply chain delays, and a 32.6% cut in
CO: emissions. Altogether, these findings underscore that blockchain is not merely a
technological enhancement but a catalyst for holistic growth—social, economic,

environmental, and operational—in the dairy industry.
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