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ABSTRACT 

The abstract reveals that digital twin (DT) technologies are rapidly transforming precision agriculture in India, 
providing real-time virtual models that integrate sensor, drone, and weather data to reflect actual crop, 
livestock, and farm environments. DTs offer continuous field monitoring for early pest and disease detection, 
predictive scenario testing, and comprehensive decision support across the agricultural value chain, including 
irrigation and fertilizer management, yield forecasting, and logistics optimization. Core findings highlight 
efficiency gains in water, fertilizer, pesticide, and energy use, with pilot studies demonstrating significant input 
savings (up to 30%) and increased yields (up to 20%) without yield penalties. Major contributions include 
synthesizing DT adoption across Indian farming contexts, adaptation for smallholders and larger farms, and 
identification of persistent challenges such as infrastructure gaps, cost barriers, and low digital literacy. The 
review critically maps opportunities for scaling DTs via policy support, infrastructure investment, open data 
standards, and capacity building. It emphasizes the technology’s role in enhancing economic profitability, risk 
resilience, and sustainability while supporting climate-smart goals and rural development. The novelty lies in 
a holistic integration of technological, agronomic, and socio-economic perspectives and actionable 
recommendations, establishing DTs as poised to revolutionize Indian agriculture by driving productivity, 
resource conservation, and improved livelihoods for farmers. 
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Precision Agriculture, Predictive Analytics, Real-Time Data Integration. 
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1. INTRODUCTION 

Agriculture lies at the core of India's economy and 
underpins the livelihoods of the vast rural 
population. Despite this centrality, the sector remains 
beset by persistent challenges, including highly 
fragmented landholdings, resource depletion, and 
intensified climate variability that constrain 
productivity and resilience. In this context, digital 
twin technologies are emerging as a transformative 
force for Indian agriculture, enabling the creation of 
sophisticated, real-time digital replicas of farms, 
crops, and associated processes. These dynamic 
models fuse live data from soil sensors, weather 
stations, drones, and farm machinery, empowering 
stakeholders to simulate and optimize every stage of 
crop management virtually before implementation in 
the field (MOA & FW, 2025; Rajesh Gund et al., 2025). 
The global smart agriculture market is projected to 
expand significantly, rising from USD 20.87 billion in 
2023 to an estimated USD 74.03 billion by 2034 
(Precedence Research, 2024). As illustrated in Figure 
1, this anticipated growth highlights the sector's 
rapid advancement and potential to drive 
transformative shifts in agricultural practices 
worldwide, with powerful implications for regions 
such as India and Southeast Asia. 

The Asia-Pacific region is anticipated to witness 
the fastest growth in the smart agriculture market 
over the forecast period (Fig.2). This expansion is 
primarily fuelled by increasing government 
initiatives to modernize the agricultural sector. 
Countries such as Singapore, Japan, and India 
actively promote technological farming adoption 
through sustained efforts and financial support 
programs. Moreover, the growing shift toward 
organic farming practices further accelerates the 
adoption of smart agriculture solutions across the 
region. 

The momentum behind digital twins in Indian 
precision agriculture is accelerating, propelled by 
sweeping government initiatives. Foremost is the 
Digital Agriculture Mission, approved in September 
2024 with a budget outlay of ₹2,817 crore, which 
provides the strategic policy framework and funding 
necessary to mainstream these solutions (NICI, 2024). 
Central to the Mission is the development of robust 
Digital Public Infrastructure (DPI), including the 
AgriStack platform, a federated system integrating 
the Farmers' Registry, geo-referenced village maps, 
and a National Crop Sown Registry, the Krishi 
Decision Support System, and nationwide soil profile 
mapping initiatives. These platforms are designed to 
centralize, harmonize, and analyze data from 
millions of Indian farmers, making advanced 

decision support and tailored recommendations 
accessible to smallholders and large-scale producers 
(MOA&FW, 2024; Agristack, 2025). 

Academic and industry research underscore the 
critical role of digital twins in fostering sustainable, 
resilient, and profitable agriculture in India. Key 
applications encompass scenario-driven irrigation 
scheduling, predictive pest and disease management, 
real-time yield forecasting, and optimized harvest 
market-timing, each leveraging simulation-based 
intelligence to enhance outcomes. The adoption of 
these technologies demonstrably reduces waste, 
maximizes resource efficiency, and democratizes 
access to actionable agricultural intelligence, offering 
a pathway to climate-resilient, technology-driven 
farm systems. 

Nevertheless, India must navigate enduring 
hurdles for digital twins to realize their full potential. 
These include closing the rural digital infrastructure 
gap, addressing data privacy and security concerns, 
and building technical and digital literacy among 
farmers and ecosystem service providers (Nabarun et 
al., 2024). Collaboration across policy, the private 
sector, and research institutions will be essential to 
overcoming these barriers and scaling digital twin-
enabled solutions equitably across the nation. 

In summary, digital twin technologies herald a 
paradigm shift for Indian agriculture, aligning 
closely with the nation's aspirations for sustainable 
growth, food security, and rural prosperity. As these 
tools mature and are woven into India's policy 
frameworks, the agricultural sector stands poised for 
a future that is both more productive and 
environmentally responsible (MOA&FW, 2025). 

1.1. Gaps and Challenges 

Gaps and challenges for Digital Twin 
Technologies in Indian precision agriculture can be 
divided into short-term fixable issues and long-term 
structural issues, each requiring distinct strategies. 
Short-Term Fixable Issues 

 Data Quality and Integration: Accurate, high-
frequency data from diverse sensors is often 
missing due to poor calibration, environmental 
variability, or error-prone manual entries. 
Improving the reliability, format compatibility, 
and error screening of farm data is achievable 
through robust data management protocols, 
sensor upgrades, and software standardization 
(Tsega, 2025). 

 Farmer Training and Awareness: Many 
farmers lack experience with digital tools, 
resulting in underutilization of DT insights 
and platforms. Targeted capacity-building 
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programs, hands-on training, and locally 
relevant interface designs can quickly bridge 
this gap, empowering effective use of digital 
twin recommendations. 

 Operational Skills and Technical Support: 
Maintenance of sensors, troubleshooting 
software, and interpreting dashboard analytics 
are skills that can be developed through 
extension services and technology providers. 
Upskilling agri-extension personnel 
accelerates adoption and sustained usage 
(Ashita, 2023). 

 Cybersecurity and Privacy: Concerns over data 
ownership and potential breaches exist, but 
robust privacy protocols and secure platforms 
offer immediate mitigation (Tsega, 2025). 

 Long-Term Structural Issues 

 Rural Digital Divide: Uneven access to 
broadband, power supply, and modern sensor 
networks in rural India fundamentally limits 
large-scale DT deployment. Bridging this 
divide requires multi-year investment in 
infrastructure, affordable connectivity, and 
public-private partnerships (Ashita, 2023; 
Tsega, 2025). 

 Cost Barriers and Fragmented Holdings: High 
upfront expenses for hardware, infrastructure, 
and software restrict adoption among 
smallholders and marginal farmers. Structural 
solutions include subsidized models, shared 
ownership schemes, and scalable deployment 
tailored for local needs (Nabarun et al., 2024. 

 System Integration and Interoperability: 
Legacy equipment, heterogeneous data 
sources, and a lack of unified standards make 
integration and real-time data synchronization 
challenging on a large scale. Long-term 
development of open platforms and sector-
wide data governance is essential. 

 Complex Farm Ecosystem Modeling: 
Replicating complex biological, climatic, and 
socio-economic interactions for predictive 
simulation remains a research challenge, 
demanding sustained innovation and 
collaboration among scientists, industry, and 
policymakers (Tsega, 2025). 

By addressing short-term fixable gaps rapidly and 
developing solutions for long-term structural issues, 
digital twins can deliver impactful precision 
agriculture outcomes across India's diverse farming 
landscape. 

2. OBJECTIVES OF THE REVIEW 

This review aims to analyze the potential of 

Digital Twin (DT) technologies for precision 
agriculture and predictive simulation with the 
following objectives 

a. Define how DTs act as real-time virtual 
replicas of farms, integrating sensor, drone, 
and weather data to represent crops, livestock, 
machinery, and ecosystems. 

b. Show how DTs enable continuous field and 
environment tracking, allowing early 
detection of pests, diseases, and equipment 
failures. 

c. Demonstrate efficiency gains in water, 
fertilizer, pesticide, and energy use, thereby 
reducing costs, improving yields, and 
promoting sustainability. 

d. Assess how DT simulations help test 
agronomic practices and weather scenarios, 
supporting resilient planning against risks and 
extreme events. 

e. Highlight the role of DTs in yield forecasting, 
market timing, and logistics, improving 
profitability and reducing uncertainty across 
the value chain. 

f. Emphasize DT contributions to climate-smart 
farming, environmental protection, food 
security, and long-term adaptability. 

g. Explore how DT platforms can make advanced 
analytics accessible to smallholders and large 
farmers, bridging knowledge and technology 
gaps. 

h. Review persistent challenges, including data 
integration, infrastructure, costs, skills, and 
privacy, that must be resolved for scalable 
adoption. 

Overall Goal: To show how DTs can enhance 
precision farming, strengthen decision-making, 
improve productivity, and build resilience in the face 
of agronomic and climatic uncertainties. 

2.1. Novelty and Contributions 

This review makes several key contributions to 
advancing precision and predictive agriculture 
through digital twins 

a. Integrative Framework–Synthesizes how DTs 
unify real-time data from sensors, satellites, 
drones, and weather APIs into virtual farm 
replicas, enabling multi-dimensional decision 
support for irrigation, fertilization, and 
pest/disease management, going beyond 
previous siloed studies (Cor, 2021; Nikolaos, 
2023; Tsega, 2025; Sayan, 2025) 

b. Contextualization for India & Emerging 
Economies–Adapts global DT advances to 
Indian realities of fragmented landholdings, 
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digital missions (e.g., AgriStack), and climate 
resilience needs, offering pathways for both 
smallholders and large farms (Ram, 2024; 
Anushruti, 2021). 

c. Value Chain Analysis–Examines applications 
across the entire agri-value chain, from 
adaptive crop modeling and scenario-based 
interventions to yield forecasting and supply 
chain optimization, an area underexplored in 
earlier works (Muhammad Awais et al., 2025; 
Marc et al., 2024; Tsega, 2025). 

d. Predictive Simulation & Scenario Planning–
Provides in-depth evaluation of how DT-
enabled simulations improve risk assessment, 
climate variability response, and resilience 
planning for food security (Marc et al., 2024; 
Abozar and Oliver, 2022; Tsega, 2025). 

e. Gaps & Research Opportunities–Identifies 
persistent barriers (data integration, rural 
digital divide, skills, privacy) while outlining 
priorities such as livestock integration, 
irrigation, post-harvest, and supply chain 
research (Warren Purcell, 2023; Nikolaos, 2023; 
Rajesh Gund et al., 2025). 

f. Policy & Practice Recommendations–
Emphasizes collaborative digital 
infrastructure development, farmer skill-
building, ethical data standards, and forward-
looking strategies for leapfrogging toward 
climate-smart, sustainable farming models 
(Ram Deshpande, 2024; Anushruti Singh, 2021; 
Sayan, 2025). 

In summary, the novelty lies in integrating 
technological, agronomic, and socio-economic 
perspectives, tailored to India, while mapping a 
holistic and actionable agenda for DT research, 
policy, and deployment in agriculture. 

3. METHODS 

3.1. Eligibility Criteria 

Successful implementation of Digital Twin (DT) 
technologies in precision agriculture requires a 
combination of technological infrastructure, 
expertise, organizational readiness, and 
sustainability commitment (Rongji and Yuyan, 2023) 
(Fig.3). 
Technological Infrastructure 

 IoT Sensors–Capacity to deploy sensors for 
soil, crop, livestock, and environmental data 
(Marc et al., 2024). 

 Data Integration Systems–Ability to aggregate 
information from satellites, drones, weather 
stations, and in-field sensors (Nikolaos et al., 
2023). 

 Computing Power–Adequate cloud, edge, or 
fog resources for real-time analytics and 
predictive modeling. 

Technical Expertise 

 Data Science & AI–Skills in analytics, machine 
learning, and simulations. 

 Cyber-Physical Systems–Ability to integrate 
digital platforms with physical assets. 

 Data Privacy Compliance–Protocols for 
cybersecurity and regulatory adherence 
(Nikolaos et al., 2023).  

Organizational Readiness 
• Farm/Research Scale–Typically suitable for 

medium–large farms, agribusinesses, 
cooperatives, and research institutions with 
investment capacity. 

• Stakeholder Collaboration–Engagement of 
farmers, technologists, and extension systems 
for effective adoption. 

Operational Requirements 

 Pilot/Trial Capacity–Readiness to test DTs in 
field environments before scaling. 

 Standards & Interoperability–Transition to 
open, interoperable data formats for seamless 
integration. 

Commitment to Sustainability 

 Productivity & Resource Efficiency–Targeting 
yield gains, optimized use of inputs, and 
resilience to climate risks. 

 Capacity-Building–Investment in 
farmer/manager training and skills 
development for long-term adoption 
variability (Marc et al., 2024). 

 These criteria apply across research programs, 
agribusiness adoption, and government initiatives. 
Early-stage adoption may be supported with pilot 
funding, technical assistance, and skill-building 
efforts to help smaller farms meet requirements over 
time. 

Eligibility is determined by the capacity to 
support the full digital twin ecosystem from data 
capture to decision-making. This involves the 
physical infrastructure needed for reliable, real-time 
data collection (such as IoT sensors, drones, and 
satellite feeds), integration systems that aggregate 
multi-source data, and sufficient computing power 
for analytics and simulation. Equally important are 
the technical expertise in data science, AI, cyber-
physical integration, and data privacy, as well as 
organizational readiness namely, the scale of 
operation, stakeholder collaboration, readiness for 
pilot deployment, and standards adoption. 
Sustainability commitment is assessed by the 
ongoing investment in productivity, resource 
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efficiency, and capacity-building for farmers or 
managers. Early-stage adoption can be facilitated by 
dedicated funding and targeted technical assistance 
for research programs, agribusiness, and 
government initiatives. 

3.2. Data Screening 

Data screening is a critical early step in building 
digital twins, ensuring only reliable, high-quality, 
and relevant data is used for model validation and 
predictive simulations. It prevents errors, improves 
trust, and provides accurate decision support. 
Data Quality Assessment 

 Accuracy & Consistency: Sensor, weather, 
satellite, and machinery data are cross-verified 
with checks for errors, noise, and redundancies 
(Jelena et al., 2024; Fabio et al., 2023; Nikita and 
Lyudmila, 2021). 

 Timeliness & Relevance: Only recent, real-
world reflective datasets (e.g., current soil and 
weather conditions) are retained. 

 Completeness: Missing or partial records are 
corrected (e.g., interpolation) or discarded to 
preserve model integrity (Jelena et al., 2024). 

 Standardization & Interoperability 

 Data are formatted consistently in units, 
structure, and timestamps. 

 Metadata (e.g., sensor ID, location, acquisition 
method) supports traceability and 
troubleshooting (Jelena et al., 2024). 

Anomaly & Outlier Detection 

 Automated algorithms flag abnormal values 
deviating from physical or historical ranges. 

 Critical anomalies trigger manual inspection 
for accuracy (Jelena et al., 2024; Fabio et al., 
2023). 

Verification & Validation 

 Field "ground truth" samples validate 
incoming datasets. 

 Simulation outputs are compared with real-
world farm outcomes to detect inconsistencies 
(Kay Smarsly, 2022-2026; Fabio et al., 2023). 

Security & Traceability 

 Access controls and audit trails log all data 
entries, ensuring accountability and 
safeguarding against tampering (Jelena et al., 
2024). 

Integration with Predictive Simulation 

 Only quality-screened, multi-source datasets 
(soil, weather, crop, machinery) feed 
predictive models (Marc et al., 2024). 

 Uncertainty is quantified and flagged in 
outputs, allowing informed risk-based 
decision-making. 

Robust data screening involves systematic quality 
control, standardization, anomaly detection, 
validation, and secure traceability. It ensures that 
predictive simulations remain trustworthy, enabling 
reliable, data-driven insights for precision 
agriculture. 

This step ensures that only high-quality, relevant 
data feeds the digital twin and its predictive models. 
Data screening covers accuracy (verifying sensor 
readings against expected signals and eliminating 
noise), consistency (standard formats and 
timestamps), timeliness (retainment of recent, 
solution-driven datasets), and completeness 
(addressing or excluding missing values). Outlier 
detection uses automated algorithms to flag 
anomalies for manual review, while verification and 
validation compare data against field truth and 
actual outcomes. Security and traceability are upheld 
via audit trails and data access controls. Only 
datasets passing these standards are used for model 
training and simulation, ensuring reliability and 
mitigating decision errors. 

3.3. Data Extraction 

Building reliable digital twins requires systematic 
data extraction from multiple sources to create 
accurate digital representations of farms, crops, 
machinery, and processes. 
Sensor-Based Acquisition 

 IoT Sensors: Soil, weather, nutrient, and crop 
health sensors provide continuous real-time 
field and equipment data (Marc et al., 2024). 

 Drones & Aerial Imaging: UAVs with 
multispectral/hyperspectral cameras capture 
crop health and spatial patterns. 

 Remote Sensing: Satellites supply large-scale 
weather, vegetation, and temporal analysis 
data (Marc et al., 2024; Harshini and 
Rathamani, 2023). 

Reality Capture Techniques 

 3D Scanning & Photogrammetry: Generate 3D 
farm maps and terrain models (Andre 
Andrade, 2024). 

 High-Resolution Imaging: Fixed or aerial 
cameras detect disease, pest symptoms, and 
plant density. 

Existing Data Sources 

 Agronomic Records: Past crop data, irrigation 
schedules, and harvest logs enhance historical 
context (Marc et al., 2024). 

 Machine Telemetry: Operational logs and 
maintenance data from connected tractors and 
irrigation systems (Marc et al., 2024). 

Automated Data Processing 
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 Preprocessing: Clean and standardize raw 
data, filter missing values, and correct 
inconsistencies (Harshini and Rathamani, 
2023; Meng et al., 2022). 

 Pattern Mining & Feature Extraction: 
Algorithms and AI models detect temporal 
patterns for predictive simulation (Harshini 
and Rathamani, 2023). 

Cloud & Edge-Based Capture 

 Cloud Integration: Centralized storage and 
analysis of high-volume data streams (Marc et 
al., 2024; Mohsen and Bilge, 2023). 

 Edge Computing: Local devices process data 
near the source, reducing latency and 
bandwidth needs (Marc et al., 2024)  

API-Driven Collection 

 Interoperability APIs: Extract standardized 
data from diverse software, services, and 
equipment vendors (Marc et al., 2024; Meng et 
al., 2022)  

Integration with Simulation  

 Continuous Synchronization: Automated 
feeds update the digital twin in real time, 
enabling accurate predictive modeling and 
scenario testing (Meng et al., 2022). 

DT-based agriculture relies on multi-source, 
multi-modal data extraction, combining sensors, 
satellites, drones, farm records, and machine logs. 
Cleaned and standardized data, processed via cloud 
or edge systems, ensures synchronized, real-time 
updates that fuel predictive simulations and enable 
precise, timely farm management. 

Data extraction combines sources ranging from 
IoT sensors and drones (real-time environmental and 
crop data) to remote sensing (satellite imagery), 
historical agronomic records, and operational logs 
from machinery. Data preprocessing cleanses, 
standardizes, and corrects raw values, while pattern 
mining algorithms extract features important for 
crop growth and predictive analytics. Cloud and 
edge computing solutions store and process this data 
efficiently, and APIs ensure compatibility and 
integration from diverse devices and platforms. 
Continuous data synchronization keeps the digital 
twin up-to-date and responsive to real-world 
changes, providing the basis for predictive 
management and scenario testing. 

3.4. Data Synthesis 

Data synthesis is a core step in the digital twin 
process, transforming diverse datasets into coherent, 
actionable knowledge for predictive agricultural 
simulations. 
Data Fusion and Integration 

 Multi-source Integration: Consolidates inputs 
from IoT sensors, satellites, drones, weather 
APIs, and GPS into a unified, real-time farm 
model (Alina, 2024; Sayan et al., 2025). 

 Spatial & Temporal Alignment: Standardizes 
data across locations and time to ensure 
consistency for accurate simulations (Alina, 
2024; Sayan et al., 2025). 

AI-Powered Synthesis 

 Feature Extraction: AI/ML algorithms detect 
patterns (e.g., plant health, pest/disease risks) 
and create variables like yield forecasts (Blair, 
2025; Alina, 2024; Ankitha, 2025). 

 Scenario Modeling: ML models simulate 
resource use and interventions (irrigation, 
fertilizer, stress detection) for proactive 
planning (Alina, 2024; Sayan et al., 2025). 

Simulation-Driven Knowledge 

 Predictive Modeling: Synthesized data drives 
models of crop growth, disease spread, and 
resource responses to enable "what-if" testing 
(Sayan et al., 2025; Markie, 2025). 

 Iterative Refinement: Continuous feedback 
from field data strengthens model reliability 
and predictive accuracy (Markie, 2025). 

Decision Support & Analytics 

 Actionable Insights: Outputs provide 
prescriptive recommendations for cultivation, 
irrigation, nutrient management, and crop 
choice (Alina, 2024; Blair, 2025). 

 Visualization Dashboards: Interactive tools 
allow farmers to analyze trade-offs, scenarios, 
and optimize decisions (Istvan David, 2023; 
Markie, 2025). 

Automated Pipelines 

 Interoperable Platforms: Streamline data flow 
from collection to analysis-ready sets, enabling 
efficient, continuous twin operation (Alina, 
2024; Ankitha, 2025). 

Data synthesis converts complex, multi-source 
agricultural data into simulation-ready systems 
using AI, predictive modeling, and iterative loops. 
This underpins precise decision-making for efficient, 
sustainable, and climate-resilient farming practices 
(Fig.4). 

Synthesis involves transforming diverse, 
heterogeneous datasets into coherent, actionable 
models. Data fusion aggregates inputs across 
sensors, satellites, and digital farm records, aligning 
them spatially and temporally for simulation 
accuracy. AI/ML-driven feature extraction identifies 
plant health patterns, predicts disease risk, and 
generates yield forecasts. Scenario modeling 
simulates interventions (e.g., irrigation changes or 
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climate stress) for proactive decision-making. 
Predictive modeling builds what-if scenarios, 
strengthened iteratively with new field data. Final 
outputs actionable analytics and visual dashboards 
support cultivation, nutrition, and risk management, 
with streamlined pipelines ensuring continuous, 
reliable operation. 

4. RESULTS AND FINDINGS 

Digital twins (DTs), real-time digital replicas of 
farms supported by continuous data from sensors, 
satellites, and historical records, are transforming 
Indian agriculture. They enable accurate monitoring 
of soil, crops, and machinery, providing actionable 
insights for irrigation, nutrient use, and pest 
management. Their predictive capacity allows safe 
testing of scenarios (e.g., irrigation schedules, crop 
varieties) and supports resource efficiency, cost 
reduction, and resilience. Pilot projects in India, such 
as water savings in rice fields and pest management 
in grapes, show tangible yield and sustainability 
benefits. However, challenges remain: limited rural 
digital infrastructure, high costs, and low farmer 
digital literacy. Solutions demand policy support, 
broadband expansion, and farmer training. 

4.1. Current Adoption in India 

Digital twin (DT) technologies are revolutionizing 
precision agriculture by creating real-time virtual 
replicas of farms, encompassing crops, soils, climate, 
and machinery. These twins integrate continuous 
data streams from sensors, satellites, drones, and 
historical records to provide actionable insights for 
farm management (Alina, 2024; Tsega, 2025; Marc et 
al., 2024). 

In the Indian context, DTs enable precise 
monitoring of crop health, soil status, and 
environmental dynamics. Combining field data with 
weather forecasts supports optimized irrigation, 
targeted fertilization, and timely pest management 
(Tsega, 2025). Their predictive capacity is particularly 
valuable under India's resource constraints and 
climatic variability, as farmers can virtually test new 
irrigation schedules, input strategies, or crop 
varieties without real-world risk or waste (Marc et 
al., 2024). 

Pilot projects illustrate these benefits: in rice 
systems, DT-guided irrigation cut water use by 
~20%, while grape growers using predictive pest 
modeling reduced pesticide inputs and improved 
yield quality (Alina, 2024; Tsega, 2025). Such 
outcomes demonstrate DTs' role in enhancing input 
efficiency, cost reduction, and resilience. However, 
widespread adoption faces barriers: poor rural 

digital infrastructure, high IoT investment costs, and 
low farmer digital literacy (Tsega, 2025). Overcoming 
these requires targeted policies, rural broadband 
expansion, and capacity-building initiatives. 

DTs hold immense potential to transform Indian 
agriculture by improving resource efficiency, yield 
optimization, and risk management, paving the way 
for resilient, data-driven farming systems (Tsega, 
2025; Marc et al., 2024). 

4.2. Current Adoption of Digital Twin Technologies 
in Indian Agriculture: Trends and Insights 

The integration of digital twin technologies in 
Indian agriculture signals the onset of a data-driven 
era in farm management. Digital twins are 
sophisticated, real-time virtual models of physical 
farming environments, merging inputs from IoT 
sensors, satellite data, weather forecasts, and 
operational records. These replicas enable farmers 
and stakeholders to monitor, simulate, and optimize 
agricultural processes with unprecedented precision. 
This section discusses the practical results, adoption 
trends, enabling factors, encountered barriers, and 
the broader significance of digital twins for Indian 
agriculture, centering on findings from research, 
pilot initiatives, and industry reports. 

4.2.1. Extent and Nature of Adoption 

Several distinct stages and patterns characterize 
India's current adoption of digital twin technologies. 
Implementation is most prominent in resource-
advantaged states such as Punjab, Haryana, 
Maharashtra, and Andhra Pradesh, where 
infrastructure, digital literacy, and policy support are 
more robust. Early pilot projects focus on staple and 
high-value crops, including rice, cotton, and 
sugarcane. These efforts are led primarily by 
collaborative teams from agritech startups, 
universities, and government research bodies (Alina, 
2024; Rajesh Gund et al., 2025).  

For example, in Andhra Pradesh, pilot programs 
deploying digital twin platforms for paddy fields 
have used soil moisture sensors, weather forecasting, 
and crop modeling to deliver irrigation 
recommendations. As a result, farmers achieved up 
to 20% water savings without yield penalties. 
Similarly, in Maharashtra, digital twins have assisted 
grape farmers with precise pest management by 
combining real-time environmental monitoring and 
predictive disease modeling, minimizing pesticide 
use while improving fruit quality (Alina, 2024; Tsega, 
2025; Marc et al., 2024). These cases highlight the 
technology's value in input use efficiency and 
environmental sustainability. 
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4.2.2. Key Adoption Trends 

Multiple trends characterize the current phase of 
digital twin technology adoption in Indian 
agriculture: 

Corporate and Progressive Farms as Pioneers 

Larger agribusinesses and organized producer 
collectives are early adopters, leveraging digital 
twins for supply chain optimization, risk assessment, 
and precision farming to maximize returns (Alina, 
2024). 

Government-backed Initiatives Digitization 
missions, research programs by ICAR (Indian 
Council of Agricultural Research), and state-level 
projects are increasingly experimenting with digital 
twin approaches for strategic crop monitoring and 
natural resource management. 

Expansion through Startups India's vibrant 
agritech sector, consisting of startups offering SaaS-
based digital twin solutions, is democratizing access 
through subscription models and mobile-first 
platforms. 

Integration with Supply Chain and Market 
Access Digital twins are being linked to post-harvest 
logistics, predicting quality and volume for buyers 
and processors, and thus reducing wastage and 
market risk for farmers (Marc et al., 2024). 

Pilot Focus on Input Optimization Most 
successful projects focus on water and fertilizer 
savings, pest prediction, and climate risk simulation, 
domains where digital twins add immediate 
operational value. 

4.2.3. Enabling Technologies and Implementation 
Strategies 

Digital twin adoption relies on an integrated 
technological backbone 

IoT Sensor Networks Field-deployed sensors 
collect granular, real-time data on soil moisture, 
nutrient status, and local weather conditions. 

Remote Sensing and UAVs Drones and satellites 
provide imagery for disease detection, biomass 
estimation, and large-area crop monitoring. 

AI and Machine Learning Analytics Processing 
continuous data streams enables predictive modeling 
(e.g., for irrigation, pests, or yield), accessible via user-
friendly dashboards. 

Cloud Computing and Big Data Platforms 
Centralize and scale the management, sharing, and 
analysis of district or region-wide farm data, enhancing 
collaboration and policy-making (Alina, 2024; Tsega, 
2025). 

4.2.4. Results: Farm-level Impact and Insights 

Recent digital twin deployments have demonstrated 

several important outcomes: 
Input and Cost Savings Digital twin-guided 

irrigation and nutrient management have produced 
significant resource savings and operational 
efficiencies. 

Yield Enhancement Intelligent, data-driven 
recommendations enable farmers to respond 
proactively to risks, resulting in higher or more stable 
yields. 

Risk Reduction By simulating farming scenarios 
and interventions, farmers avoid costly trial-and-error, 
especially valuable in India's context of climatic 
unpredictability (Tsega, 2025; Marc et al., 2024). 

Knowledge Transfer Dashboard-based insights are 
beginning to augment traditional extension advisory 
systems, though disparities remain in accessibility for 
smallholders. 

4.2.5. Ongoing Challenges 

Despite these successes, widespread adoption in 
India faces notable obstacles 

Infrastructure Gaps Rural connectivity and the 
availability of affordable IoT hardware remain uneven, 
limiting remote, real-time monitoring where it may be 
needed most. 

Cost Barriers and Fragmented Holdings High 
upfront investments and India's predominance of 
small, fragmented landholdings pose a challenge for 
commercially viable deployment at scale (Rajesh Gund 
et al., 2025). 

Skills Shortage Widespread use demands robust 
support and capacity-building for farmers and agri-
extension staff unaccustomed to digital platforms and 
predictive analytics. 

Data Interoperability Current pilots often use 
proprietary or siloed systems; broader benefits require 
open standards and better data sharing mechanisms. 

4.2.6. Broader Significance and Outlook 

The digital twin adoption phase in Indian 
agriculture is targeted for growth with transformative 
potential. While large farms and progressive states are 
at the forefront, ongoing policy support and technology 
democratization are gradually bridging gaps for small 
and marginal farmers. As IoT devices and mobile data 
become more affordable and organizational models for 
cooperative technology use mature, the reach of digital 
twins will expand. Future opportunities include 
integrating digital twins into government extension 
services, leveraging them for climate resilience 
planning, and promoting research on open, scalable 
platforms (Alina, 2024; Tsega, 2025). 

The evidence to date underscores the promise of 
digital twins: boosting productivity, resource efficiency, 
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and climate resilience in Indian agriculture, while 
emphasizing the need for inclusive, context-sensitive 
scaling strategies. Further collaboration, policy 
incentives, and affordable access will be crucial for 
realizing these benefits at scale. 

4.3. Impact of Digital Twin Implementation on 
Yield Optimization in Indian Farming Systems 

Implementing digital twin (DT) technologies in 
Indian agriculture is emerging as a transformative 
strategy to drive yield optimization, resource efficiency, 
and resilience in farming systems. A digital twin is a 
dynamic, real-time virtual model of a physical system, 
in this case, a field, crop, or farm ecosystem, that is 
continually updated with data from sensors, remote 
sensing, weather stations, and farm records. This results 
and discussion section synthesizes recent research 
findings, pilot project outcomes, and practical insights 
regarding the effectiveness of digital twins in enhancing 
crop yields within India's diverse agricultural 
conditions. 

4.3.1. Mechanisms for Yield Optimization via 
Digital Twins 

DTs support yield optimization in agriculture 
through several interconnected pathways 

Predictive Crop Modeling DTs integrate weather, 
soil, crop growth, and management data to simulate 
and forecast crop performance under various scenarios. 
Indian cases employing DTs have used these models to 
test the impact of changes in irrigation timing, fertilizer 
patterns, or crop varieties on yield, all without real-
world risk (Tsega, 2025; Marc et al., 2024; Abozar and 
Oliver, 2022). 

Data-Driven Decision Support Real-time 
monitoring of field conditions, including soil moisture, 
nutrient status, and plant health, allows DT systems to 
generate precise recommendations for input 
application. Accurate and timely interventions 
contribute directly to closing yield gaps, especially in 
the face of climatic variability or pest threats (Marc et 
al., 2024). 

Resource Optimization DTs facilitate efficient 
scheduling and application of water, fertilizer, and crop 
protection agents. Besides reducing input costs, this 
precision typically results in healthier plants, 
minimized environmental impacts, and improved 
harvests (Ankur et al., 2023; Tsega, 2025). 

4.3.2. Results from Indian Context, Pilot Studies 
and Adoption Outcomes 

In practice, the application of digital twin 
technologies in Indian farming systems, though still in 
early stages, has already demonstrated notable 

outcomes: 
Water Use Efficiency and Yield In pilot 

implementations among rice and sugarcane growers in 
Andhra Pradesh and Maharashtra, integration of DT 
platforms with soil moisture sensors resulted in 
irrigation schedules that achieved up to 20% water 
savings. These optimizations did not sacrifice yields; in 
some instances, yields improved due to stress 
avoidance and precise watering (Tsega, 2025). 

Pest and Disease Management Using DTs that fuse 
real-time sensor data and historical records, Indian 
agritech ventures have been able to forecast pest 
outbreaks and disease risk windows. This has allowed 
timely, targeted pesticide applications, prevented 
widespread crop losses, and supported more consistent 
yields across seasons (Marc et al., 2024; Tsega, 2025). 

Precision Nutrition Digital twin systems, 
leveraging data from IoT nutrient sensors and remote 
imaging, have enabled dynamic adjustments of 
fertilizer schedules. A study involving digital twins for 
wheat and cotton showed yield improvements of 10-
15% by aligning nutrient delivery to precise crop 
growth stages (Abozar and Oliver 2022). 

Forecasting and Planning DT-empowered drone 
platforms have allowed real-time crop vigor 
assessment and yield prediction with over 90% 
accuracy in specific demonstration plots. These systems 
enable farmers to plan harvest and marketing activities 
more confidently, reducing post-harvest losses and 
optimizing income (Rajeswari et al., 2024; Ankur et al., 
2023). 

4.3.3. Broader Impact: Economic, Social, and 
Environmental 

The adoption of DTs has broader ramifications 
beyond immediate yield improvement 

Economic Returns Reduced input costs, improved 
yields, and more stable production outcomes translate 
into better farm profitability. 

Risk Mitigation Farmers, especially smallholders, 
gain virtual risk-free experimentation and adaptivity, 
reducing the trial-and-error traditionally associated 
with new seed, input, or technique adoption (Marc et 
al., 2024; Tsega, 2025). 

Sustainability By minimizing waste and input 
overuse, DTs contribute to resource conservation, 
reduced pollution, and improved soil health, crucial for 
long-term yield sustainability in India's often-
intensively cultivated regions (Marc et al., 2024; Abozar 
and Oliver 2022).  

4.3.4. Key Challenges and Areas for Further 
Development 

Despite promising results, several critical 
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challenges temper the full realization of DT-driven 
yield gains in India 

Infrastructure and Access Reliable digital 
infrastructure for remote sensing, sensor 
deployment, and real-time data transfer remains 
uneven, particularly in less-developed rural areas 
(Nabarun et al., 2024; Ankur et al., 2023). 

Data Quality and Interoperability The 
effectiveness of DTs depends on the quality and 
integration of data across heterogeneous sources; 
inconsistencies or gaps in coverage reduce model 
accuracy and the effectiveness of recommendations 
(Marc et al., 2024). 

Scalability and Cost While early projects have 
shown success in relatively intensive or progressive 
farming systems, there is a need to tailor and scale 
DT solutions affordably for India's large population 
of smallholders. 

Knowledge and Capacity Building Farmers and 
extension agents require capacity building to 
interpret and confidently act upon DT-generated 
recommendations (Marc et al., 2024; Nabarun et al., 
2024).  

4.3.5. Future Prospects and Recommendations 

The momentum behind DT-enabled yield 
optimization in Indian farming is poised to accelerate 
as technology becomes more affordable and as 
government and private actors invest in scaling 
digital infrastructure and extension services. Key 
recommendations include: 

Policy Support and Incentives Government 
support for digital infrastructure development, 
affordable sensor solutions, and farmer training will 
be crucial. 

Open Platforms and Collaborative Models 
Establishing open data standards and partnerships 
among research organizations, technology providers, 
and farmer groups can foster rapid learning and 
adaptation. 

Integration into Advisory Services 
Mainstreaming DT recommendations into existing 
governmental and private extension services can 
broaden reach and impact. 

Digital twin technologies demonstrate tangible 
gains in yield optimization, input efficiency, and risk 
management in Indian agriculture. Harnessing their 
full potential will require deliberate efforts to 
overcome infrastructure and capacity barriers, 
enable broader access, and ensure solutions are 
tailored to India's diverse agricultural realities. The 
evidence to date suggests that, as DTs become more 
widespread, Indian farmers stand to benefit from 
both increased productivity and greater resilience to 

future shocks. 

4.4. Integration Challenges: Infrastructure, Data, 
and Skill Barriers in Digital Twin Deployment 

Digital twin (DT) technologies offer immense 
promise for transforming Indian agriculture, yet 
their widespread adoption faces significant 
integration challenges. These hurdles, spanning 
infrastructure, data management, and human 
capacity, hinder the transition from isolated pilots to 
scalable, accessible solutions for the Indian farm 
landscape. This discussion analyses the significant 
barriers and their impact, leveraging recent literature 
and industry reports. 

4.4.1. Infrastructure Barriers 

Successful deployment of digital twins requires 
robust physical and digital infrastructure at the field 
level, a formidable stumbling block across rural 
India. Contemporary DTs depend on dense networks 
of IoT sensors, reliable internet connections, 
computing resources, and power supply for 
continuous real-time data collection and analytics 
(Ram, 2024; Ashita, 2023; Mohsen, 2023). 
Unfortunately, rural India still lacks reliable 
broadband, stable electricity, and the dense sensor 
networks necessary for high-resolution data flows. In 
particular, smallholder farmers, who constitute the 
vast majority of Indian agriculture, are challenged by 
prohibitively high costs for sensor and data 
infrastructure deployment, often aggravated by 
fragmented landholdings and limited cooperative 
mechanisms (Nabarun et al., 2024; Ashita, 2023). 

For instance, advanced weather modeling and soil 
health monitoring are cornerstones of an effective DT 
system that demand cutting-edge equipment and 
seamless connectivity, a goal still hindered by India's 
"digital divide." These infrastructure deficiencies 
directly restrict the sophistication and accuracy of 
digital twins, limiting their ability to deliver fine-
grained insights and scalable decision support (Ram, 
2024; Marc et al., 2024; Aristotelis et al., 2024). 

4.4.2. Data Integration and Management 
Challenges 

A central advantage of digital twins is their ability 
to integrate and harmonize data from numerous 
sources, such as satellite imagery, ground-level 
sensors, weather stations, genomics, and operational 
histories, to generate a holistic, real-time 
representation of the physical farm or crop system. 
However, this data-centric approach exposes 
logistical and technical bottlenecks. 

Heterogeneity and Standardization Data from 
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different sensors, vendors, and platforms often arrive 
in incompatible formats or lack standardization. 
Blending these diverse data streams into a seamlessly 
functioning DT without harmonized protocols 
becomes labour-intensive and prone to error (Marc et 
al., 2024; Mohsen, 2023; Aristotelis et al., 2024). 

Volume and Velocity High-frequency, high-
resolution data streams demand substantial storage 
and processing capabilities. Agricultural operations 
generate terabytes of data per season, creating 
challenges for local storage and cloud-based 
solutions, especially in bandwidth-constrained 
environments (Aristotelis et al., 2024; Marc et al., 
2024). 

Data Quality and Completeness Gaps or noise 
due to environmental disruptions, equipment 
failure, or missing metadata can undermine model 
accuracy, reducing the value of DT-generated 
recommendations (Warren and Thomas 2023). 

Privacy and Ownership As farm data becomes 
more sensitive and commercially valuable, issues of 
data ownership, privacy, and security gain 
prominence. Developing trust models, clear 
ownership frameworks, and secure data handling 
protocols is critical for farmer buy-in and legal 
compliance (Mohsen, 2023; Aristotelis et al., 2024). 

Therefore, a robust digital twin deployment must 
encompass technical data integration solutions and 
governance models that address security, 
transparency, and equitable access. 

4.4.3. Human Skill and Capacity Gaps 

Even where infrastructure and data systems are in 
place, the ultimate success of digital twin adoption 
hinges on human capital. DTs require expertise 
across multiple domains: agronomy, data analytics, 
IoT deployment, machine learning, and software 
interface design (Nabarun et al., 2024; Ankitha, 2025). 

Digital Literacy Many farmers and extension 
agents lack experience with digital solutions, making 
it challenging to interpret dashboard analytics or 
confidently act on simulation-driven 
recommendations (Nabarun et al., 2024; Aristotelis et 
al., 2024). 

Technical Expertise Setting up, calibrating, and 
maintaining sensor networks and DT platforms calls 
for skills in IT, electronics, and data management, 
areas in short supply in rural and agricultural 
communities (Ram, 2024; Ashita, 2023). 

Interdisciplinary Knowledge Effective DT use 
also depends on a nuanced understanding of local 
agronomic conditions, requiring collaboration 
between domain experts, data scientists, and 
technology providers to ensure that virtual models 

reflect real-world variables accurately (Marc et al., 
2024; Aristotelis et al., 2024). 

Cost of Capacity Building Training many 
stakeholders and developing intuitive, user-friendly 
interfaces further reduces project costs, particularly 
when scaling beyond select pilot projects (Ankitha, 
2025; Nabarun et al., 2024). 

Gaps in digital and operational skills reduce 
uptake and sustained use, leading to underutilization 
of expensive infrastructure and incomplete 
realization of DT's benefits. 

4.4.4. Additional Systemic and Contextual 
Barriers 

Cost and Scale High costs of acquisition, 
operation, and maintenance of DT solutions pose 
barriers for smaller farms and cooperatives. Without 
viable financing or cooperative models, rollout may 
remain limited to large agribusinesses or 
government-supported projects (Nabarun et al., 
2024; Ashita, 2023; Marc et al., 2024). 

Complexity and Realism Digital twins strive to 
mirror extraordinarily complex biological and 
agricultural systems. Many physical phenomena, 
such as unpredictable pest outbreaks or labour 
actions, can be challenging to digitize or simulate 
with necessary fidelity, especially as system 
complexity and scale grow (Mohsen, 2023; Nabarun 
et al., 2024). 

Overreliance and Disconnection Excessive 
dependence on digital representations may reduce 
farmers' direct engagement with their land, 
potentially leading to overlooked details or 
misapplied recommendations (Warren and Thomas 
2023). 

4.4.5. Recommendations and Outlook 

Overcoming these integration barriers will 
require a multi-pronged approach 

Infrastructure Investment Expanded rural 
broadband, affordable IoT technologies, and robust 
power systems are essential to democratize DT access 
(Ram, 2024; Ashita, 2023). 

Data Standards and Governance Industry-wide 
standards, open platforms, and farmer-centric data 
governance frameworks will ease integration and 
build trust (Nabarun et al., 2024; Marc et al., 2024). 

Capacity Building Programs targeting digital 
skills, plus intuitive software interfaces, can 
empower farmers and advisors as active users of DT 
tools (Ankitha, 2025). 

Collaborative Models Public-private 
partnerships, shared infrastructure, and cooperative 
models can help defray costs and boost farmer 
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adoption (Nabarun et al., 2024; Mohsen, 2023). 
Research and Localization Tailoring solutions to 

local conditions and integrating indigenous 
knowledge will enhance model realism and impact 
(Marc et al., 2024; Aristotelis et al., 2024). 

Integration of digital twins in Indian agriculture is 
still early, with immense promise but substantial 
challenges. Tackling these infrastructure, data, and 
skill barriers is fundamental for scaling up and 
realizing the full value of digital twin technology 
across the Indian farming landscape. 

4.5. Predictive Simulation Outcomes for Crop 
Management: Case Studies from Indian Contexts 

Predictive simulation technologies, including 
crop simulation modeling, machine learning, and 
artificial intelligence (AI), have become powerful 
tools for guiding crop management practices in 
Indian agriculture. By integrating high-resolution 
datasets on weather, soil, pests, and farm operations, 
these technologies allow for scenario testing, risk 
assessment, and data-driven interventions in the face 
of climatic and resource variability. This results and 
discussion section examines key case studies and 
outcomes from the Indian context, focusing on yield 
prediction, optimal resource allocation, and 
sustainable management. 

4.5.1. Enhancing Yield Prediction and Crop 
Planning 

Predictive simulations for yield forecasting have 
gained traction across India's agro-climatic zones. 
Studies applying machine learning algorithms such 
as Random Forest, Support Vector Machines, and 
Artificial Neural Networks have yielded notably 
high accuracy in predicting yields for rice, wheat, 
cereals, and pulses, based on weather, soil, and crop 
data (Pritesh et al., 2023; Suresh et al., 2023). For 
example, in semi-arid districts of Maharashtra and 
Karnataka, researchers demonstrated that 
integrating historical meteorological and soil 
datasets with machine learning could help farmers 
estimate likely yields and select the optimal crop 
based on market and environmental scenarios. 
Random Forest models achieved up to 95% accuracy 
in yield prediction tasks, enabling better risk 
management and informed crop choices (Pritesh et 
al., 2023; Suresh et al., 2023).  

A notable initiative was the deployment of a 
smartphone-based decision support app, where 
farmers input local data (soil type, weather, crop) and 
receive predictive analytics on which crops to plant 
and how to schedule fertilizer interventions. This 
app-based approach supported yield estimates and 

improved overall decision quality, especially among 
smallholders who lack access to traditional extension 
services (Pritesh et al., 2023). 

4.5.2. Resource Optimization and Smart Irrigation 

Predictive simulation outcomes have been 
instrumental in optimizing resource use, especially 
irrigation and fertilization. In regions with scarce 
water supply, like Rajasthan and parts of Andhra 
Pradesh, crop simulation models combined with 
real-time sensor data have enabled farmers to 
maintain yields while significantly reducing water 
consumption (UNP, 2025; Rajesh et al., 2025). Smart 
irrigation systems, driven by predictive analytics and 
IoT sensors, use soil moisture, weather forecasts, and 
crop growth stages to schedule irrigation events 
precisely. On average, studies report 20–30% water 
savings with no penalty to yield, directly addressing 
India's acute water scarcity in agriculture (UNP, 
2025; Suresh et al., 2023). 

Similarly, predictive models have facilitated 
dynamic adjustment of fertilizer schedules, aligning 
nutrient application with real-time crop growth 
needs. By tailoring inputs to actual field conditions, 
both costs and environmental impacts are reduced. 

4.5.3. Pest, Disease, and Weather Risk Management 

Traditional farming often relies on calendar-based 
inputs and reactive interventions. Predictive 
simulations shift this paradigm to proactive 
management. In Andhra Pradesh and Karnataka, 
Microsoft and ICRISAT piloted AI-powered advisory 
systems that alerted farmers about optimal sowing 
dates, fertilizer needs, and impending pest or 
weather threats. Over 3,000 farmers received 
individualized alerts via mobile phones, resulting in 
10–30% yield increases depending on crop and 
locality. These systems drew on meteorological data, 
remote sensing, and farm-level records to simulate 
risk scenarios, enabling precise timing for sowing, 
irrigation, and protection measures. 

Another case study from hilly northern India 
described how AI-based weather prediction apps 
enabled farmers to adjust their harvesting and post-
harvest management, preventing crop losses due to 
untimely rains. By combining traditional knowledge 
with model recommendations, these farmers 
achieved more reliable outcomes under increasingly 
unpredictable climate patterns (Vijaya Lakshmi, 
2024). 

4.5.4. Integration with Traditional Knowledge 
and Limitations 

While predictive models have proved highly 



2100 UMA GOWRI M et al. 
 

SCIENTIFIC CULTURE, Vol. 12, No 2.1, (2026), pp. 2088-2109 

effective, many farmers blend the insights with their 
generational experience. Some case studies note that 
reliance solely on digital recommendations (e.g., use 
of hybrid seeds or new inputs) sometimes led to 
mixed results, as the models' local soil and climate 
nuances were not always fully represented. Farmers 
who combined model outputs with their field 
observations and traditions generally reported the 
best results, highlighting the need for context-aware, 
participatory technology designs (Vijaya Lakshmi, 
2024). 

4.5.5. Implications for Policy, Scaling, and 
Sustainability 

These case studies underscore the practical value 
of predictive simulations in empowering Indian 
farmers to navigate environmental uncertainty, 
optimize inputs, and improve overall farm 
profitability and sustainability (Koushik et al., 2025; 
Rajesh, 2025). 

Key outcomes include 

 More accurate yield forecasts and reduced 
production risks. 

 Optimized scheduling of irrigation, 
fertilization, and protection interventions. 

 Significant resource savings (water, fertilizer) 
and input cost reduction. 

 Better preparedness for climate- and pest-
related shocks. 

 Integration of predictive analytics into daily 
farm management. 

Scaling up these benefits will depend on 
expanding digital infrastructure, training farmers, 
refining data models to reflect local realities, and 
fostering public-private partnerships. Predictive 
simulation is most transformative when combined 
with traditional knowledge and tailored to the 
diversity of India's environments. 

Enhancing Resource Efficiency with Digital 
Twin Models: Water, Fertilizer, and Energy Use 
Adopting digital twin (DT) models in agriculture has 
become a pivotal technology for driving resource 
efficiency, particularly in optimizing water, 
fertilizers, and energy management. By constructing 
real-time virtual replicas of farm systems and 
dynamically integrating data from various sources, 
digital twins facilitate informed decision-making, 
predictive analytics, and precise interventions that 
collectively transform resource stewardship in the 
agricultural sector. 

4.5.6. Water Efficiency through Precision Irrigation 

Water scarcity is a critical concern in Indian and 
global agriculture, where traditional irrigation 

practices contribute significantly to waste and 
suboptimal crop performance. Digital twin models 
address this issue by combining data from soil 
moisture sensors, weather stations, satellite imagery, 
and historical precipitation records, generating an 
up-to-date simulation of water needs at the plant and 
field levels (Marc et al., 2024; Tsega, 2025). Farmers 
can visualize current hydration states, predict future 
water requirements, and test multiple irrigation 
scenarios without real-world risk. 

A study evaluating digital twin-driven irrigation 
scheduling found up to 30% reduction in water 
consumption on digitally managed fields, achieving 
these savings without yield penalties (Ankitha, 2024; 
Tsega, 2025; Alina, 2024). DT models enable fine-
tuned irrigation, delivering water only where and 
when needed, thus conserving a precious resource, 
preventing waterlogging, and reducing the risk of 
soil nutrient leaching. Furthermore, digital twins 
help optimize humidity and temperature in 
greenhouse and indoor farming environments, 
aiding in further water and energy savings (Alina, 
2024). 

4.5.7. Fertilizer Optimization and Environmental 
Gains 

Overapplication and misapplication of fertilizers 
pose significant economic and environmental risks, 
from increased costs to groundwater pollution and 
greenhouse gas emissions. DT models employ real-
time soil nutrient monitoring, remote sensing, and 
crop growth data to tailor nutrient delivery. By 
running simulations for different fertilization 
strategies, digital twins identify precisely what 
dosage, timing, and placement will optimize nutrient 
uptake and minimize runoff (Marc et al., 2024; Tsega, 
2025). 

Research indicates that fields using digital twin-
backed recommendations can reduce fertilizer use by 
20% or more, with yield increases documented in 
several case studies (Alina, 2024; Marc et al., 2024). 
DTs also predict when and where deficiencies might 
occur, supporting localized and adaptive fertigation 
schedules. Beyond yield and cost benefits, this 
dramatically reduces environmental pollution, 
promoting agricultural sustainability. 

4.5.8. Energy Efficiency across Farm Operations 

Energy consumption in modern agriculture, from 
irrigation pumps to climate control in greenhouses 
and the use of machinery, significantly affects both 
financial and ecological outcomes. Digital twin 
models integrate energy consumption data from field 
equipment, environmental sensors, and weather 
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predictions to create simulations of optimal energy 
use scenarios (Alina, 2024; Marc et al., 2024). These 
models can forecast when to run irrigation pumps 
based on tariff windows, align crop treatments with 
available solar or wind energy periods, and minimize 
unnecessary equipment operation. 

Case studies show that farms leveraging digital 
twins for energy management have reduced their 
electricity costs by up to 15%, primarily by shifting 
operational patterns to align with peak supply or 
renewable energy availability (Alina, 2024). 
Moreover, by linking DTs with predictive 
maintenance protocols for farm machinery, operators 
further extend equipment lifespan, reduce 
downtime, and save additional energy otherwise lost 
to inefficiency or breakdowns. 

4.5.9. Broader Impacts: Financial, Operational, 
and Environmental 

Financial Outcomes: The cumulative effect of 
input savings and yield gains translates into tangible 
increases in farm profitability. Farms using digital 
twin models benefit from lower input expenditure 
and higher income resiliency (Ankitha, 2024). 

Sustainability: Reducing water, fertilizer, and 
energy use strongly advances sustainability 
objectives, helping farms meet regulatory and market 
demands for lower carbon and pollution footprints. 

Operational Insights: Continuous monitoring and 
simulation allow farmers to anticipate resource 
bottlenecks, experiment virtually with interventions, 
and plan for climate-related contingencies, leading to 
more resilient farm operations. 

4.5.10. Limitations and Considerations 

Despite these substantial benefits, adopting 
digital twin technology for resource optimization is 
not without challenges. Initial investments, data 
integration complexity, and the need for technical 
skills can pose barriers to smallholder adoption 
(Marc et al., 2024; Warren, 2023). Data quality and 
model accuracy depend on effective sensor 
deployment and calibration, while real-time 
analytics demand reliable connectivity and 
computational support. Nevertheless, early results 
and case studies across India and globally indicate 
that these hurdles can be overcome with 
collaborative policy support, capacity building, and 
evolving cost-effective solutions (Alina, 2024; 
Nikolaos et al., 2023). 

Digital twin models are revolutionizing how 
water, fertilizers, and energy are managed in 
agriculture. By enabling precision monitoring, 
predictive simulations, and actionable insights, DTs 

help farmers conserve resources, optimize crop 
production, and lower operational costs while 
advancing sustainability. As we advance, wider 
adoption of digital twins holds the promise of 
enhanced efficiency for individual farms and 
profound environmental benefits and food system 
resilience at regional and national scales. 

4.6. Socio-Economic Implications of Digital 
Twin Adoption among Indian Farmers 

The socio-economic landscape of Indian 
agriculture is rapidly transforming with the adoption 
of digital twin (DT) technologies, bringing many 
opportunities and new challenges. Digital twins, 
virtual representations that mirror the physical 
conditions of fields, equipment, crops, and the 
surrounding environment, enable Indian farmers to 
make more informed decisions, optimize resource 
use, and increase their resilience to market and 
climatic shocks. This section explores how digital 
twin adoption reshapes India's social structures, 
economic opportunities, and rural development. 

4.6.1. Economic Benefits: Productivity, Profitability, 
and Market Integration 

One of the most direct socio-economic impacts of 
DT adoption is improved farm productivity. By 
fusing real-time field data with simulation models, 
Indian farmers can maximize yields while 
minimizing input costs. Evidence suggests that farms 
using digital twin technologies have achieved 
notable reductions in resource use, such as 30% lower 
water consumption and 20% higher yields in pilot 
projects, directly increasing profitability and farm 
income (Ankitha et al., 2024; Tsega, 2025). 

Cost savings and input optimization DTs enable 
site-specific management of water, fertilizers, and 
energy, leading to substantial input savings. This 
lowers expenses and boosts net returns, especially for 
resource-constrained smallholders (Ankitha et al., 
2024; Tsega, 2025). 

Market access and price realization By providing 
live data on crop quality, quantity, and timing, DT 
platforms help farmers participate more effectively 
in contract farming and access export markets. 
Integrated digital systems support better planning, 
reduce post-harvest losses, and enable informed 
selling decisions to capitalize on favorable market 
conditions (Ankur et al., 2023). 

Risk mitigation Predictive features allow virtual 
testing of new crop varieties or management 
practices before real-world implementation, 
reducing the probability of costly crop failures 
(Rajesh et al., 2025). 
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4.6.2. Social Implications: Knowledge Empowerment 
and Community Transformation 

Digital twin technologies are powerful tools for 
knowledge democratization, lowering the barrier to 
information that was previously available only to 
large agribusinesses or government agencies. 
Through DT-based advisory apps and dashboards, 
even small and marginal farmers can benefit from 
customized recommendations. 

Bridging the digital divide Community-level 
projects and cooperatives are emerging to pool 
resources for shared access to DT platforms, enabling 
group negotiations for better input pricing and 
collective marketing (Tsega, 2025). 

Extension and capacity-building Integration of 
DTs with government and NGO extension services 
enhances training, increases adoption rates, and 
supports the development of digital skills in rural 
areas (Warren and Thomas 2023). 

Inclusivity and enhanced decision-making As 
more women and youth gain digital literacy and 
access to technology, social norms in rural India are 
gradually shifting towards more inclusive and 
participatory decision-making (Ganesh, 2019). 

4.7. Environmental Sustainability and 
Community Health 

Precision management resulting from digital 
twins decreases waste and environmental 
degradation, which has cascading positive socio-
economic effects. Reduced herbicide and pesticide 
use improves health outcomes and decreases soil and 
water contamination, benefiting public health in 
rural communities (Abozar and Oliver, 2022; Tsega, 
2025). 

Sustainable practices DTs facilitate efficient 
resource allocation, support conservation efforts, and 
encourage compliance with sustainability standards 
demanded by modern markets (Ankitha et al., 2024; 
Marc et al., 2024). 

Climate resilience By modeling scenarios for 
weather shocks or pest outbreaks, digital twins help 
farmers plan for climate uncertainties, promoting 
long-term community resilience (Abozar and Oliver, 
2022; Marc et al., 2024). 

4.7.1. Barriers to Equitable Adoption: 
Infrastructure, Skills, and Cost 

Despite their promise, DTs risk widening existing 
inequalities if barriers to adoption are not addressed: 

Digital infrastructure gaps Rural broadband and 
IoT coverage remain patchy in much of India, 
limiting real-time data collection and analysis in 

some regions (Abozar and Oliver, 2022). 
Skills and literacy Many smallholders, women, 

and older farmers lack sufficient digital and technical 
literacy to leverage advanced platforms fully. 
Targeted outreach and training are essential to 
prevent exclusion (Tsega, 2025; Abozar and Oliver, 
2022). 

Cost and scalability The initial investment for 
sensors, connectivity, and software is often out of 
reach for India's smallest farms. Cooperative models 
and government support can help bridge this gap 
(ToI, 2023; Ankur et al., 2023). 

4.7.2. Catalyzing Rural Development and Policy 
Implications 

The socio-economic implications of DT adoption 
extend beyond individual farms to the broader rural 
development agenda. Active government and 
private-sector engagement are driving new 
partnerships, research, and public-private initiatives 
that aim to: 

Foster rural entrepreneurship By training rural 
youth as DT technicians, sensor operators, and data 
analysts, a new workforce and service economy is 
emerging (Abozar and Oliver, 2022). 

Strengthen food security Optimized production 
and reduced losses contribute to more stable local 
and national food supplies. 

Inform policy and insurance Real-time data from 
DT networks aids in precise subsidy targeting, 
disaster recovery, and insurance claims processing, 
making safety nets more effective (Rajesh et al., 2025). 

4.7.3. Outlook and Recommendations 

To maximize the socio-economic gains of digital 
twins in Indian agriculture, a strategic focus is 
needed on 

 Investments in rural digital infrastructure and 
affordable hardware. 

 Capacity-building for digital skills across 
genders and age groups. 

 Inclusive policy design and public-private 
partnerships to subsidize technology for 
smallholders. 

 Development of open, interoperable digital 
platforms and transparent data governance 
frameworks. 

The evidence so far suggests that, when deployed 
thoughtfully, digital twin technologies can be a 
game-changer for millions of Indian farmers, driving 
economic prosperity and social and environmental 
transformation. 
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4.8. Future Prospects and Policy 
Recommendations for Advancing Digital Twins 
in Indian Agriculture 

The emergence of digital twin (DT) technology 
marks a paradigm shift in agricultural innovation, 
enabling Indian farmers and policymakers to 
optimize productivity, sustainability, and resilience. 
As India faces the dual challenges of feeding a 
growing population and mitigating environmental 
impacts, digital twins present both immense 
potential and complex hurdles. This section explores 
the future prospects and provides actionable policy 
recommendations for advancing digital twins in 
Indian agriculture, drawing on recent literature, pilot 
cases, and industry insights. 

4.8.1. Future Prospects of Digital Twins in 
Indian Agriculture 

a. Broadening Application Scope Digital twins 
are poised to move from pilot projects in high-value 
crops or progressive states to widespread adoption 
across all farming systems. Advanced models will 
soon encompass fields and crops, genetics, livestock, 
post-harvest processing, and integrated supply 
chains, establishing the farm as an interconnected 
digital ecosystem. This holistic vision will aid real-
time monitoring, risk anticipation, and data-driven 
scenario planning, even for smallholder and 
cooperative models. 

b. Data-Driven Decision Making and Risk 

Mitigation The maturing of DT platforms will 
deepen predictive analytics capabilities, equipping 
farmers with the foresight to optimize water, 
fertilizer, and energy use, even amid climate 
volatility. By simulating alternative scenarios, future 
DTs will help Indian farmers virtually test new seed 
varieties, adapt to weather extremes, and reduce crop 
losses from pests or diseases before implementing 
real-world changes. 

c. Greater Resource Efficiency and 
Environmental Gains Prospective DT models are 
expected to deliver tangible resource savings: studies 
already show 20–30% less water and fertilizer use 
with no reduction in yield. As systems scale and 
integrate with government and private sustainability 
initiatives, these efficiencies will bolster India's 
progress toward environmental targets, reducing 
greenhouse gases, conserving biodiversity, and 
supporting regenerative agriculture. 

d. Enhanced Market Integration and Value 

Addition Future DT-enabled supply chains will 
allow Indian farmers to demonstrate traceability, 
quality, and sustainability in domestic and export 
markets. Real-time quality data and predictive 

harvest analytics can drive new business models, 
such as dynamic pricing, forward contracts, and 
transparent certification, elevating India's global 
agri-competitiveness. 

e. Technological Democratization and 

Innovation DTs will become increasingly affordable 
and adaptable with trends toward cheaper sensors, 
robust mobile networks, and cloud computing. 
Vendor-neutral platforms, open-source software, 
and interoperability standards will allow startups, 
rural entrepreneurs, and research groups to co-create 
localized solutions tailored to diverse Indian 
agroecologies. 

4.8.2. Policy Recommendations for Scaling 
Digital Twins 

a. Invest in Digital Infrastructure Given rural 
connectivity gaps, there is a critical need for public 
and private investment in broadband, IoT sensor 
networks, and cloud services that underpin DT 
deployment, particularly targeting underserved 
districts and smallholder-dominated regions. 

b. Support Farmer-Centric Capacity Building 

National and state extension systems must train 
farmers, not just in basic digital literacy but also in 
interpreting dashboards and simulation outputs. 
"Train-the-trainer" models, digital fellowships, and 
mobile advisory apps can accelerate skills 
development and adoption, ensuring women, youth, 
and marginalized groups are not left behind. 

c. Promote Open Data and Interoperability 
Standards Government, industry, and research 
consortia should co-develop open data protocols and 
model interoperability, preventing vendor lock-in. 
Standardization enables more stakeholders to access, 
share, and build upon DT-enabled insights, fostering 
innovation and reducing duplication of efforts. 

d. Incentivize Adoption through Policy and 
Subsidies Direct support measures, such as tax 
credits for agribusinesses deploying DT 
infrastructure, subsidized digital kits for smallholder 
cooperatives, crop insurance premiums linked to 
data-driven management, or carbon credits for 
resource-efficient DT farming, can help offset upfront 
costs and accelerate adoption. 

e. Foster Public-Private Innovation Hubs 
Collaborative "agri-digital twin hubs" co-located 
with agricultural universities and incubation centers 
can blend academic research, industry solutions, and 
grassroots farmer feedback. These hubs can pilot new 
applications and business models, evaluate their 
impact, and scale successful prototypes across 
regions. 

f. Integrate Digital Twins into Policy and 



2104 UMA GOWRI M et al. 
 

SCIENTIFIC CULTURE, Vol. 12, No 2.1, (2026), pp. 2088-2109 

Planning Rather than treating DTs as standalone 
projects, policymakers should embed them into 
ongoing digital agriculture missions, climate-smart 
agriculture policies, and national food security 
frameworks. This integration ensures that DT-
generated data is leveraged for individual farms and 
regional yield forecasting, resource allocation, early 
warning systems, and disaster relief. 

g. Ensure Data Privacy and Farmer Sovereignty 

Clear regulations are needed to protect farmers' data 
privacy, ownership, and consent. Policy frameworks 
should mandate transparent data handling, provide 
recourse in case of misuse, and support farmer 
collectives in negotiating equitable data-sharing 
agreements with technology providers. 

4.8.3. Outlook 

Digital twins hold the potential to transform 
Indian agriculture into a resilient, profitable, and 
sustainable sector, but realizing this vision requires 
overcoming systemic barriers. With collaborative 
policy action, capacity building, and a focus on 
equity and inclusivity, digital twins can become the 
engine driving India's next agricultural revolution. 
The roadmap lies in coordinated investment, 
participatory innovation, and a regulatory ecosystem 

5. RELEVANCE AND IMPACT OF FINDINGS  

Transforming Farm Management Digital twin 
technologies provide Indian farmers with real-time 
virtual models of crops, fields, and systems, allowing 
for actionable insights to optimize irrigation, 
fertilization, and pest control. These benefits directly 
address the challenges of India's diverse agro-
climatic zones and limited resources. 

Increased Productivity & Sustainability Studies 
and case reviews indicate that farms leveraging 
digital twins can reduce resource usage by up to 30% 
and improve yields by up to 20%. These 
improvements are crucial for India's need to feed a 
growing population while preserving limited soil 
and water resources. 

Data-Driven Decision-Making Integrating 
sensors, IoT, and artificial intelligence enables precise 
monitoring and predictive simulations, supporting 
smarter farming decisions, timely interventions, and 
resilience against climate variability and biotic 
stresses. 

Economic and Environmental Impact By creating 
digital representations of farms, digital twins help 
decrease input costs, reduce chemical usage, and 
mitigate environmental impact. This aligns with 

India's sustainability goals while addressing labour 
challenges and farm profitability. 

Research and Innovation Momentum There is 
exponential growth in digital twin research and 
application in Indian agriculture, making it a critical 
area for further investment, collaboration, and 
capacity-building. Key gaps remain in integration 
across livestock management, post-harvest systems, 
and supply chain optimization. 

The findings underscore digital twin technologies 
as game-changers for Indian agriculture, 
empowering stakeholders with the tools to make 
precision, timely, and sustainable decisions. 
Continued advances promise safer food, greater 
yields, resource conservation, and improved 
livelihoods for India's farmers. However, scalable 
impact will depend on advancing infrastructure, 
digital literacy, and targeted policy support to bridge 
gaps and maximize adoption. 

6. CONCLUSION 

Digital twin technologies represent a 
transformative advance in pursuing precision 
agriculture and predictive simulation within the 
Indian agricultural sector. This systematic review 
(Fig.5) shows that digital twins offer unprecedented 
capabilities for real-time monitoring, scenario 
analysis, and data-driven decision-making, 
empowering farmers, researchers, and policymakers 
to address challenges unique to India's highly 
diverse and resource-constrained agricultural 
environment. 

The integration of digital twins has shown 
potential to optimize irrigation, enhance crop yield 
forecasting, strengthen pest and disease 
management, and support sustainable resource 
utilization. Despite these advantages, successful 
implementation requires overcoming barriers such 
as limited digital infrastructure, data privacy 
concerns, accessibility issues for smallholder farmers, 
and comprehensive training and capacity-building. 

In summary, digital twin technologies are 
promising for advancing precision agriculture and 
predictive modeling across India. For maximum 
impact, future research and policy initiatives should 
prioritize large-scale pilot programs, foster cross-
disciplinary collaboration, and invest in digital 
literacy and infrastructure, ensuring these 
innovations are both inclusive and scalable. By 
harnessing the full capabilities of digital twins, 
Indian agriculture can move towards greater 
resilience, sustainability, and productivity. 
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Figure 1: Smart Agriculture Market Size, 2023 to 2034 (USD Billion). 

Source: precedenceresearch.com 
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Figure 2: Smart Agriculture Market Share, By Region, 2023 (%). 
Source: precedenceresearch.com 

 
Figure 3: The Architectural Framework of Digital Twin Implementation in Smart Farming Applications. 

Source: Ankur et al. (2023). 

 
Figure 4: Conceptual diagram depicting Digital Twin Implementation Pathways in Agriculture. 

Source: Nikolaos Peladarinos et al. (2023). 



2109 
DIGITAL TWIN TECHNOLOGIES FOR PRECISION AGRICULTURE AND PREDICTIVE SIMULATION 

IN INDIAN AGRICULTURE 
 

SCIENTIFIC CULTURE, Vol. 12, No 2.1, (2026), pp. 2088-2109 

Figure 5: 

Literature Screening Flowchart for Digital Twin Technologies Review. 


