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Abstract

Food waste in dairy supply chains represents a global challenge, driven by perishability, cold-chain inefficiencies,
demand uncertainty, traceability gaps, and information asymmetry among stakeholders. Dairy products are among the
most vulnerable food categories, with losses occurring at farm, processing, distribution, retail, and consumer levels. The
current study proposes an integrated blockchain-based framework combined with loT monitoring and predictive analytics
to reduce waste across the dairy value chain. A hybrid blockchain architecture is developed to ensure end-to-end
traceability, dynamic shelf-life estimation, and automated compliance validation via smart contracts. The framework
integrates environmental sensors, milk quality indicators, and machine learning models to predict spoilage risk and
optimize logistics decisions. Empirical validation conducted over a one-month pilot across a dairy production and
distribution network demonstrates a 21% reduction in product waste, a 17% improvement in inventory turnover accuracy,
and a 28% decrease in cold-chain-related losses. The findings highlight blockchain’s transformative potential not only
as a traceability tool but as a decision-enabling infrastructure that aligns incentives, enhances transparency, and
supports sustainable food system transitions.

Key words: Dairy Supply Chain, Food Waste Reduction, Blockchain, Traceability, Cold Chain Optimization, Smart
Contracts, Sustainability.

INTRODUCTION occurs at each stage due to different structural
causes, namely at the stage of farm (antibiotic
Food waste constitutes approximately one-third ~ contamination, rejected batches), processing

of food produced globally, generating severe  (overproduction, microbial deviation),
economic, environmental, and  ethical distribution (temperature fluctuations), retail
implications (Aslam et al., 2024). Among all  (expired inventory), and consumer

food categories, dairy products exhibit (misinterpretation of date labels) (Meshrefet al.,
disproportionately high vulnerability due to  2023).

biological perishability and strict temperature  Traditional information systems rely on
sensitivity (Wang et al., 2025). Milk begins  centralized  databases and  fragmented
microbial degradation rapidly when exposed to ~ documentation processes (Amiri-Zarandi et al.,
temperatures above 4°C, and processed dairy  2022). These systems lack transparency and
products such as yogurt, cream, and soft cheeses  interoperability, limiting timely intervention
require uninterrupted cold-chain conditions to ~ when spoilage risks emerge (Mu et al., 2024;
preserve quality and safety (Ntuli et al., 2023). Vasileiou et al., 2025; Galanakis et al., 2025).
Dairy supply chains are structurally complex  Dairy supply chains operate reactively rather
and typically include farm-level milk than predictively.

production, processing and pasteurization  Blockchain technology introduces immutable,
packaging and storage, distribution and logistics,  distributed, and consensus recordkeeping,
retail inventory management, and consumer  offering transparency and trust without reliance
handling (Shamsuddoha et al., 2023). Waste  on centralized authorities (Kareklas et al., 2025).
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Most current implementations focus on
provenance tracking rather than dynamic waste
prevention (Vasileiou et al., 2024). The current
research addresses the gap by developing and
empirically validating an integrated blockchain-
IoT-AI architecture aimed at dairy waste
reduction. The remainder of the paper is

structured as  follows. Following the
Introduction, the Materials and Methods section
develop the conceptual and theoretical

foundations of dairy food waste, transaction cost
economics, supply chain coordination, and
circular economy perspectives, and presents the
proposed three-layer blockchain-IoT-Al
architecture. This section also details the pilot
design, data collection procedures, blockchain
configuration, smart contract logic, and
predictive modeling methodology. The Results
and Discussion section then provides empirical
validation of the framework through statistical
comparison of baseline and intervention periods,
evaluation of cold-chain performance, inventory
turnover accuracy, and environmental impact
assessment. It further presents the development
and benchmarking of the LSTM spoilage
prediction model, sensitivity analyses, stress-
testing under extreme cold-chain disruptions,
and structural mediation analysis to clarify
causal mechanisms  linking  blockchain
deployment to waste reduction. The paper
concludes with theoretical and managerial
implications, scalability considerations,
limitations, and future research directions,
highlighting the role of digital infrastructures in
advancing sustainable dairy supply chains.

MATERIALS AND METHODS

Food waste in dairy systems is structurally
distinct from other agri-food sectors due to high
biological perishability and microbiological
safety thresholds (Hooda et al., 2025). Raw milk
is sensitive to temperature abuse, microbial
contamination, and delayed processing (Dasriya
et al.,, 2024). Even minor deviations in cold-
chain conditions can shorten shelf life and
accelerate spoilage kinetics (Liao et al. 2024).

Dairy waste arises across five major supply
chain nodes (Virto et al., 2022). The first one to
name is at primary production level, from
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discarded milk due to antibiotic residues,
mastitis-related quality failure, or bacterial
contamination. Secondly, at processing stage,
from rejected batches caused by pH deviations,
fermentation irregularities, or packaging defects.
Third, distribution and logistics, with
temperature fluctuations during transport and
storage. Another node is represented by retail,
from expired inventory and overstocking driven
by inaccurate demand forecasting. Lastly,
consumer stage, from confusion between best-
before and use-by labels.

Unlike cereals or dry goods, dairy products
require uninterrupted refrigeration (0-4°C),
strict humidity control, and rapid turnover (Goff,
2019). Consequently, the cold chain is both a
physical infrastructure and an information
management challenge (Marchi et al., 2022).
Existing literature identifies three primary
systemic drivers of dairy waste given by
information asymmetry, fragmented traceability
systems, and delayed quality verification (Malik
et al., 2024; Cordeiro & Ferreira, 2025).
Traditional  centralized  databases  lack
interoperability and real-time visibility (Miryala,
2024). Data silos prevent dynamic intervention,
resulting in reactive waste disposal rather than
predictive prevention (Kusumawati, 2025).
Blockchain technology offers decentralized,
immutable, and consensus-validated
recordkeeping across distributed networks (Ijiga
et al., 2025). In food supply chains, blockchain
applications have primarily focused on
provenance verification, fraud reduction, and
food safety traceability (Indap & Tanyas, 2023;
Bosona & Gebresenbet, 2023). However,
limited empirical research links blockchain
deployment directly to quantitative food waste
reduction outcomes.

Blockchain enables immutable batch tracking,
automated smart contract execution, transparent
compliance auditing, and reduced reconciliation
costs (Sakib, 2024; Alaka et al., 2025;
Roumeliotis et al., 2024).

In dairy systems, these features can be leveraged
to monitor cold-chain performance in real time,
dynamically adjust shelf-life estimation, trigger
redistribution of near-expiry products, and
create accountability among logistics providers
(Ablegue et al., 2025).
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Figure 1. Integrated framework for dairy waste prevention

The current study extends prior research by
moving beyond traceability toward waste
prevention governance. This research integrates

four  theoretical  perspectives. Firstly,
information  asymmetry, as  imperfect
information regarding product condition
increases safety stock and precautionary

disposal. Blockchain reduces asymmetry by
ensuring transparent and tamper-proof quality
records (Alves Batista, 2024). Secondly,
transaction cost economics, as monitoring and
enforcement costs contribute to inefficient
coordination. Blockchain reduces verification
and enforcement costs through automated
consensus mechanisms (Venkatesan & Rahayu,
2024). Nevertheless, supply chain coordination
with  misaligned incentives lead to
overproduction and inventory inefficiencies
(Zhu et al.,, 2024). Smart contracts realign
incentives by automating accountability and
penalties. Finally, circular economy framework,
as dairy waste reduction contributes to resource
efficiency, emission mitigation, and nutrient
cycle optimization (Latif et al., 2023; Marin et
al., 2017; Marin et al., 2010).

This study proposes a three-layer integrated
model, as in Figure 1, starting with data
acquisition layer (IoT sensors and quality

inputs), followed by Blockchain governance
layer, and predictive analytics and decision-
support layer.

Our research examines blockchain-enabled
transparency that reduces dairy product disposal
caused by cold-chain failures. Another factor of
interest is played by smart contract automation
which reduces waste caused by delayed
compliance validation. Additionally, integration
of predictive analytics with blockchain
improves inventory turnover efficiency.
Nevertheless, blockchain adoption reduces
transaction costs associated with quality
verification. Lastly, dairy waste reduction

through blockchain generates measurable
environmental benefits.
To empirically evaluate the impact of

blockchain-enabled traceability on dairy food
waste reduction, a one-month pilot study was
conducted within a vertically coordinated dairy
production and distribution network. The
network consisted of one commercial dairy farm
(average daily production: 8,500 L of milk), one
processing facility (pasteurized milk and fresh
yogurt lines), one central distribution hub, and
four retail outlets.

The pilot followed a quasi-experimental pre-
post intervention design. Baseline operational



data were collected for four weeks prior to
blockchain deployment. These were compared
against performance metrics recorded during
four weeks of active blockchain-enabled
operations. The study focused on three primary
performance indicators related to product waste
rate (% of total volume discarded), inventory
turnover accuracy (forecast deviation ratio), and
cold-chain-related loss incidence. Secondary
indicators included response time to temperature
deviations, redistribution rate of near-expiry
products, and compliance reporting latency.

A permissioned blockchain architecture was
implemented using a Proof-of-Authority (PoA)
consensus protocol. Nodes were distributed
among the farm, processor, distributor, and
retail actors to ensure decentralized validation
while maintaining operational efficiency.

Each dairy batch was assigned a unique digital
identifier recorded on chain at production.
Subsequent supply chain events (processing
time, storage duration, transport conditions,
retail display time) were immutably logged
through automated IoT integration.

Smart contracts were developed to trigger alerts
when temperature thresholds (>4°C) were
exceeded for more than 15 consecutive minutes,
dynamically adjust remaining shelf-life
estimations, flag near-expiry inventory for
redistribution or discounting, and generate
automated compliance reports for quality
assurance.

RESULTS AND DISCUSSIONS

Environmental and quality data were collected
using calibrated IoT sensors, namely
temperature  (5-minute intervals), relative
humidity, transit time, storage duration, milk
pH, somatic cell count (SCC) Waste was defined
as dairy product volume discarded due to
spoilage, temperature abuse, expired shelf-life,
or quality non-compliance. Cold-chain loss
events were defined as temperature deviations
exceeding 4°C for more than 30 cumulative
minutes during transport or storage. Inventory

turnover accuracy was calculated as:
ForecastedDemand — ActualSales
ITA = 1 -

(1)

ActualSales

Statistical comparisons were conducted between
baseline and intervention periods using the
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paired t-tests for continuous variables and chi-
square tests for categorical deviations. Spoilage
prediction modelling was performed using a
Long Short-Term Memory (LSTM) neural
network to estimate spoilage probability based
on time-series temperature and storage data.
Model performance metrics included accuracy,
precision, recall, and F1-score.

Environmental impact was estimated by
calculating avoided greenhouse gas emissions
using established dairy life-cycle emission
coefficients (kg CO2-eq per kg milk equivalent
discarded) (Popa et al., 2022).

The pilot implementation demonstrated a
statistically significant reduction in product
waste, as in Table 1. The reduction in product
waste from 25.8% to 20.4% represents an
absolute decrease of 5.4 percentage points and a
relative reduction of 21%.

The difference was statistically significant (t =
3.47, p=0.0012), indicating that the probability
of observing such a reduction due to random
variation alone is less than 0.12%. The 95%
confidence interval for the difference [-8.3, -2.5]
confirms that the true effect size is consistently

negative (beneficial), strengthening causal
inference  within the quasi-experimental
framework.

The large effect size (Cohen’s d = 0.82) suggests
that blockchain-enabled monitoring produced
not only statistical significance but also
substantial practical impact. This result indicates
that operational transparency and automated
validation mechanisms materially influence
waste outcomes rather than merely documenting
them.

Cold-chain-related losses declined from 14.2%
to 10.2%, corresponding to a 28% relative
reduction. The chi-square test confirms
statistical significance (x> = 7.96, p = 0.0048).
The confidence interval [-6.7, -1.3] further
supports a meaningful operational effect. The
most pronounced structural change was the
reduction in average response time from 5.8
hours to 0.87 hours (approximately 52 minutes),
representing an 85% improvement. This
reduction (p < 0.001, large effect size d = 1.04)
suggests that blockchain-enabled accountability
decreases prolonged temperature abuse, which
is a primary driver of dairy spoilage kinetics.



Table 1. Comparative performance outcomes between baseline and blockchain-enabled operations

Performance Indicator Baseline Blockchain Absolute Relative Test p- 95% CI Effect Size
(%) (%) Difference Change (%) Statistic value (Difference) (Cohen’s d)
(pp)
Product waste rate 25.8 20.4 -5.4 -21% t=3.47 0.0012 [-8.3,-2.5] 0.82 (large)
Cold-chain loss 14.2 10.2 -4.0 -28% =796 | 0.0048 [-6.7,-1.3] 0.76
incidence (medium-
large)
Inventory turnover 82 96 +14 +17% t=2.29 0.024 [2.1,25.9] 0.64
accuracy (medium)
Retail overstock events 100 81 -19 -19% =512 0.023 [-31,-7] 0.58
(medium)
Response time to 5.8 0.87 -4.93 -85% t=4.12 <0.001 [-6.7,-3.1] 1.04 (large)
temperature breach
(hours)

From a thermodynamic degradation perspective,
cumulative exposure above 4°C exponentially
accelerates microbial growth. Therefore,
shortening response time substantially reduces
spoilage probability even if deviation frequency
remains similar.

Inventory turnover accuracy improved from
82% to 96%, reflecting a 17% relative
improvement (p = 0.024). The medium effect
size (d = 0.64) indicates a structurally relevant
improvement in demand-supply synchro-
nization. Enhanced visibility of product
condition enabled dynamic reallocation between
retail nodes, earlier discounting of near-expiry
items, and reduced overstock buffers. The 19%
reduction in retail overstock events further
confirms improved coordination efficiency.
This result supports supply chain coordination
theory, as decentralized shared visibility reduces
precautionary stockpiling behaviour driven by
uncertainty.

Overall, there is >99% probability (1-0.0012)
that the observed waste reduction is not due to
random variation. There is >99% probability (1
-0.0048) that cold-chain loss reduction reflects a
true structural improvement. There is ~97.6%
probability (1-0.024) that inventory accuracy

DATA PREPARATION & SEGMENTATION

gains are attributable to the intervention.
Beyond statistical significance, the magnitude of
improvements demonstrates operational
relevance, as a 5.4 percentage-point reduction in
waste translates to substantial annual cost
savings when scaled. The 4.93-hour reduction in
response time is impactful in dairy supply
chains, where microbial growth rates are
temperature-sensitive. The 14-point improve-
ment in inventory accuracy indicates a shift
from reactive to predictive logistics.

To operationalize predictive waste prevention, a
Long Short-Term Memory (LSTM) neural
network was developed to model time-
dependent spoilage dynamics. Dairy spoilage is
inherently temporal, as microbial growth and
biochemical degradation accelerate under
cumulative  thermal exposure. Therefore,
traditional static models are insufficient to
capture dynamic cold-chain deviations. The
model architecture from Figure 2 consisted of an
input layer composed of multivariate time-series
data (temperature, humidity, storage duration,
transit time, pH, SCC), two LSTM hidden layers
(64 and 32 units), dropout regularization (0.2),
and a dense output layer with sigmoid activation
(binary spoilage risk classification).

NEURAL NETWORK ARCHITECTURE

Temp, Humidity, pH, 24-hour Rolling Dual LSTM Layers Fully Connected
SCC, Transit Time, Sequence L1:64|L2: 32 1 Unit B\r}gryotiféasésglil;igun
Storage Duration Dim: [24, 6] Dropout: 0.2 Sigmoid Activation w=polag !
XeR™ Tuingow=24 h

Training: Adam Optimizer (LR=0.001) | Loss: Binary Cross-Entropy | Split: 70/15/15| 24h Rolling Sequence

Figure 2. Computational pipeline and predictive model architecture



Table 2. Comparative model performance analysis

Model Accuracy (%) Precision (%) Recall (%) Fl-score ROC-AUC
Random Forest 87.6 86.9 85.4 0.86 0.89
Gradient Boosting 89.4 88.7 87.9 0.88 0.91
LSTM (Proposed) 93.2 91.5 924 0.92 0.95

The time window was of 24-hour rolling
sequences. The dataset split was 70% training,
15% wvalidation, and 15% testing. The loss
function was given by binary cross-entropy, and
the optimizer was Adam, with a learning rate of
0.001. The model demonstrated predictive
capability across all performance indicators,
with an accuracy of 93.2%, precision of
91.5%, recall of 92.4%, F1-score of 0.92, and
ROC-AUC of 0.95. The high ROC-AUC
confirms strong discriminative power in
identifying high-risk spoilage batches. False
positives were limited to 4.3% of cases, while
false negatives were 3.8%, indicating balanced
predictive sensitivity and specificity.

To ensure methodological alignment, the
predictive performance of the proposed Long
Short-Term Memory (LSTM) model was
systematically compared against two widely
used ensemble learning approaches: Random
Forest (RF) and Gradient Boosting (GB). These
models were selected due to their strong
performance in structured tabular datasets and
previous applications in food supply chain

analytics.
The LSTM  architecture  significantly
outperformed traditional ensemble models

(Bonestroo et al., 2022; Kukreja et al., 2024)
across all evaluation metrics, as in Table 2. The
superior ROC-AUC value (0.95) indicates a
high discriminative ability in distinguishing
between spoilage-prone and stable batches. This
improvement can be attributed to the model’s
capacity to capture temporal dependencies and
cumulative thermal exposure patterns, an
essential feature in modelling dairy spoilage
dynamics. Unlike tree-based models that treat
observations as independent, LSTM networks
account for sequential data evolution, which is

critical in environments where degradation
processes  accelerate  non-linearly  under
sustained temperature abuse. A DeLong test
comparing ROC curves confirmed that the
performance improvement of the LSTM model
over Gradient Boosting was statistically
significant (p <0.01).

To ensure methodological and external validity
of the proposed predictive framework, a
comprehensive stability and sensitivity analysis
was conducted. Given the operational criticality
of spoilage prediction in dairy systems, where
false negatives may result in unsafe distribution
and false positives may lead to unnecessary
disposal, it is essential to evaluate the resilience
of the model under varying data conditions and
structural perturbations.

Dairy supply chains are exposed to sensor noise,
calibration drift, and real-world variability in
temperature and logistics timing. To simulate
realistic operational uncertainty, controlled
perturbation experiments were conducted on
key input variables. The following systematic
variations were introduced: +10% random
Gaussian noise added to temperature time-series
data; £15% perturbation in recorded transit
duration; £8% fluctuation in storage duration;
+5% simulated calibration deviation in pH
readings. Each perturbation scenario was
evaluated independently and in combination, as
in Table 3. Even under combined perturbation
conditions, model accuracy remained above
90%, demonstrating structural resilience. The
relatively small degradation in performance
(maximum 2.4 percentage points) suggests that
the LSTM architecture is good for realistic
sensor variability. This 1s important in
perishable  supply chains, where data
imperfections are inevitable.



Table 3.

Sensitivity analysis results under perturbed inputs

Scenario Accuracy (%) Fl-score ROC-AUC A Accuracy (%)
Baseline (No Perturbation) 93.2 0.92 0.95 -

Temperature Noise £10% 91.6 0.90 0.93 -1.6

Transit Time £15% 92.1 091 0.94 -1.1

Storage Duration £8% 92.4 0.91 0.94 -0.8

Combined Perturbation 90.8 0.89 0.92 -2.4
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Figure 3. Stress scenarios and performance

To evaluate generalization capability, 10-fold
cross-validation was performed. The results
show that the mean accuracy was 92.8%,
standard deviation reached 1.6%, while the
mean ROC-AUC was 0.94. Variance across
folds was 0.0025.

The low variance indicates high stability across
training partitions and minimal overfitting.
Additionally, learning curve analysis showed
convergence after 35 epochs, with no divergence
between training and validation loss, further
confirming regularization adequacy.

Ensuring predictive nature under abnormal
operating conditions is essential in perishable
food systems, where rare but severe cold-chain
failures can generate disproportionate economic
and safety consequences. To evaluate system
resilience beyond standard variability, we
conducted structured stress-testing experiments
simulating extreme thermal disruptions.

Two categories of synthetic stress conditions
were constructed based on documented real-
world failure patterns in refrigerated logistics, as
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in Figure 3. The first scenario was for sustained
thermal breach characterized by continuous
exposure above 7°C, a duration: of 90 minutes

and occurring mid-transit. This scenario
approximates refrigeration compressor
malfunction or prolonged loading dock
exposure.

The second scenario was the intermittent
thermal spike with repeated temperature

excursions above 6°C, along with a duration of
10-15-minute spikes and a frequency of 3-5
times during transit. This pattern reflects door
opening cycles, partial insulation failure, or
short-term power instability. Thermal profiles
were injected into validated time-series
sequences while maintaining other
environmental variables constantly to isolate
temperature-driven effects.

Under sustained breach conditions, high-risk
batch detection rate was 96%, recall (sensitivity)
reached 0.96, precision was 0.91 and ROC-AUC
of 0.945. Under intermittent spike conditions,
high-risk batch detection rate reached 94%, as



ROC-AUC was of 0.941. The marginal
reduction in AUC from a baseline of 0.95 to
stress, reaching 0.94-0.945 indicates limited
degradation = of  discriminative  power,
demonstrating that the model captures nonlinear
spoilage acceleration dynamics rather than
relying solely on average temperature
thresholds.  Importantly, false negatives
remained below 3.5% even under sustained
exposure scenarios, reinforcing the model’s
reliability in safety-critical contexts.

From a microbiological perspective, dairy
spoilage risk is governed by cumulative thermal
load rather than isolated deviations. The LSTM
architecture  effectively models temporal
dependencies, capturing the exponential growth
kinetics of psychotropic bacteria under elevated
temperatures. Stress testing confirms that the
predictive system is sensitive not merely to
threshold exceedance but to the duration—
intensity interaction characteristic of microbial
growth models (Arrhenius-type behavior). This
capability differentiates the proposed approach
from rule-based monitoring systems that trigger

alerts solely based on static temperature
exceedance.
The resilience demonstrated under stress

conditions has direct practical significance for
vehicle malfunction scenarios, as in the case of
early detection that allows emergency rerouting,
as well as for delayed unloading when real-time
risk recalibration prevents post-arrival spoilage
escalation (Kasna et al., 2022). Another case is
represented by refrigeration failure when
immediate smart contract alerts can initiate
insurance or liability protocols (Shen et al.,
2023). The findings indicate that predictive
stability persists even when operational
conditions deviate substantially from training
norms. This strengthens the argument for
deployment in complex, real-world supply
chains where rare disruptions disproportionately
affect waste outcomes. Stress testing confirms
structural stability of the predictive architecture,
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reliability under distributional shift, and
applicability in  high-risk, non-stationary
environments.

While descriptive statistics demonstrate a 21%
reduction in product waste following blockchain
implementation, understanding the causal
mechanism underlying this reduction is critical
for theoretical and practical contributions. To
evaluate whether predictive accuracy mediates
the relationship between blockchain deployment
and waste reduction, a structural equation
modeling (SEM) framework was implemented.
The hypothesized model from Figure 4 consisted
of an independent variable (X) for Blockchain
deployment (binary: pre/post implementation),
mediator (M) for predictive accuracy
(continuous performance metric), and dependent
variable (Y) for waste reduction rate. The model
tests whether blockchain influences waste
reduction directly and indirectly through
enhanced predictive capability.

Model fit indices indicated strong structural
adequacy, with a Comparative Fit Index (CFI) of
0.96, a Root Mean Square Error of
Approximation (RMSEA) of 0.041, and a
Standardized Root Mean Square Residual
(SRMR) of 0.038. These values fall within
accepted thresholds for high-quality structural
models, supporting the validity of the proposed
mediation framework. Path coefficients revealed
that blockchain deployment significantly
improved predictive accuracy (B = 0.41, p <
0.01), while predictive accuracy was
significantly associated with reductions in waste
(B = -0.34, p < 0.01). The indirect effect of
blockchain on waste reduction through
predictive accuracy was statistically significant
(B = -0.14, bootstrapped p < 0.01), indicating
partial mediation. The presence of a remaining
direct pathway (B =-0.29, p <0.05) suggests that
blockchain contributes to waste reduction both
independently and through enhancement of
predictive capabilities.
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Figure 4. Path analysis and structural mediation model

Approximately one-third of the total observed

waste reduction effect is attributable to
improvements in predictive performance
facilitated by  blockchain-enabled  data

transparency. This finding demonstrates that
blockchain does not function merely as a passive
traceability infrastructure. Instead, it enhances
data fidelity, reduces latency, and standardizes
information flows across supply chain nodes,
thereby improving the quality of inputs available
to machine learning models.

From a socio-technical systems perspective,
these results underscore the complementary
relationship  between  distributed  ledger
technology and artificial intelligence, as in
Figure 5. The sustainability gains observed are
not the result of transparency alone, but of the
interaction between transparent data governance
and advanced analytical processing. Blockchain
strengthens the informational substrate upon
which predictive models operate, and improved
prediction enables earlier and more targeted
interventions that reduce spoilage probability.
The mediation evidence therefore strengthens
the causal interpretation of the intervention and

contributes to the literature on digital
transformation in agri-food systems by
empirically ~ demonstrating  technological
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complementarity.  Rather than  viewing
blockchain and Al as independent innovations,
the findings suggest that their integration
generates multiplicative rather than additive
effects. This integrated architecture supports
sustainable food system transitions by
translating enhanced data governance into
measurable environmental and operational
performance improvements.

The results indicate that blockchain functions as
a distributed governance mechanism rather than
a passive ledger. Its impact arises through
transparency-induced behavioral modification,
automated  rule enforcement, reduced
monitoring and enforcement costs, along with
enhanced supply chain trust. The statistically
significant reduction in response time (85%)
underscores  how  accountability  alters
operational conduct.

The 17% improvement in inventory turnover
accuracy suggests that shared visibility reduces
forecast distortion effects. Retail actors reported
lower safety stock reliance due to confidence in
real-time quality status. This aligns with supply
chain coordination theory, which posits that
shared information reduces inefficiencies caused
by decentralized decision-making.
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Figure 5. Mediation complexity and distribution analysis

The empirical results demonstrate potential
scalability in three domains, food security
enhancement through reduced loss,
environmental sustainability via emission
mitigation, along with economic efficiency
through coordination optimization. If replicated
at national scale, even conservative 10% waste
reduction thresholds could generate substantial
sustainability gains.
For  industry  stakeholders,  blockchain
investment is justified by measurable
operational gains (Ghafoor et al.,, 2025).
Predictive analytics should be integrated rather
than implemented independently. Cold-chain
accountability can significantly reduce spoilage
exposure risk. For policymakers, incentives for
digital traceability adoption could accelerate
national waste reduction goals. Blockchain can
support digital food safety certification.
Integration with ESG reporting frameworks
enhances sustainability transparency.

Despite promising results, limitations include
short intervention duration (one month), limited
geographic scope (just Romania), absence of
consumer behavior modeling, along with capital
scalability not fully stress tested. Future research
will incorporate multi-seasonal longitudinal
studies, cross-border supply chain validation,
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structural equation modeling to assess mediating
variables, and integration with carbon credit
trading platforms.

CONCLUSIONS
This  study provides empirical and
methodological evidence that blockchain-

enabled governance, when integrated with IoT-
based monitoring and predictive analytics, can
generate measurable and statistically good
reductions in dairy supply chain waste. The 21%
decrease in product waste, 28% reduction in
cold-chain-related losses, and 17%
improvement in inventory turnover accuracy
demonstrate that digital transparency, when
operationalized through automated decision-
support mechanisms, produces tangible
performance gains rather than merely improving
traceability documentation.

Beyond operational improvements, the findings
contribute to the broader sustainability discourse
by illustrating how digital infrastructures can
translate information symmetry into
environmental impact mitigation. By reducing
cumulative thermal exposure and accelerating
response time to temperature deviations, the
system  indirectly  decreases = embedded



greenhouse gas emissions, water consumption,
and energy waste associated with discarded
dairy products. The integration of blockchain
and predictive modelling thus supports both
efficiency-oriented and climate-aligned
objectives, reinforcing the role of digital
transformation in sustainable agri-food system
transitions.

The study also advances theoretical
understanding by empirically validating the
complementarity between distributed ledger
technologies and artificial intelligence. The
mediation analysis demonstrates that blockchain
enhances predictive performance through
improved data integrity and synchronization,
thereby enabling earlier and more accurate
interventions. This finding positions blockchain
not as an isolated technological solution, but as
an enabling governance layer that amplifies the
effectiveness of advanced analytics. Such
complementarity underscores the importance of
integrated socio-technical design in achieving
systemic sustainability outcomes.

From a managerial perspective, the results
indicate that investments in blockchain
infrastructure should not be evaluated solely in
terms of compliance or provenance tracking, but
in relation to their capacity to enhance decision
automation and risk mitigation. The significant
reduction in response time to temperature
deviations  suggests that  accountability
mechanisms embedded in smart contracts can
materially alter operational behaviour. In this
sense, blockchain functions as both a
technological and institutional innovation,
reshaping incentive structures across supply
chain actors.

Policy implications are equally significant. As
governments and regulatory bodies seek to
reduce food waste in alignment with Sustainable
Development Goal 12.3, digitally verifiable and
data-driven systems offer scalable mechanisms
for monitoring, reporting, and validating waste

reduction efforts. Blockchain-based
infrastructures could support standardized
digital compliance frameworks, carbon

accounting mechanisms, and cross-border
traceability systems, contributing to harmonized
food safety and sustainability governance.

Nevertheless, the study’s findings should be
interpreted within the context of its temporal and
geographic scope. The one-month pilot provides
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strong initial validation, but long-term, multi-
seasonal deployment is necessary to evaluate
sustained  behavioural  adaptation  and
infrastructure resilience. Future research should
explore cross-country replication, integration
with consumer-facing transparency tools, and
the incorporation of dynamic pricing algorithms
linked to real-time spoilage probability.
Additionally, expanding the analytical
framework to include life-cycle assessment
modelling and cost-benefit simulations would
further quantify systemic sustainability impacts.
In conclusion, the convergence of blockchain,
IoT sensing, and predictive analytics represents
a viable and scalable pathway toward reducing
food waste in perishable supply chains. The
evidence presented demonstrates that digital
governance architectures can move dairy
systems from reactive waste management
toward predictive preservation. Such a transition
is essential not only for operational efficiency,
but for advancing resilient, transparent, and
environmentally responsible food systems in an

increasingly ~ resource-constrained  global
context.
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