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Agriculture is facing several challenges, including

climate change, shortage of water, declining
availability of cultivable land and increasing
demand for food. These challenges are creating a
need for production systems that can produce
more  with fewer resources. Greenhouse
cultivation, also known as Controlled Environment
Agriculture (CEA), is one such promising
approach. It allows farmers to manage important
factors such as temperature, humidity, light,
carbon dioxide (CO,), irrigation and plant nutrition
to create favourable conditions for crop growth.
However, managing all these factors continuously
is difficult through conventional methods. This is
where Atrtificial Intelligence (Al) and the Internet of
Things (IoT) are becoming important. Al can
analyse large amounts of information collected
through sensors and help farmers take timely and
precise decisions. The integration of Al, sensors,
cameras and automated equipment is gradually
transforming conventional greenhouses into smart
greenhouses.

Highlighted fact: Al-based greenhouse systems
can monitor crop and environmental conditions
continuously and support timely decisions on
irrigation, nutrition, climate control and crop
protection.

What is a Smart Greenhouse?

A smart greenhouse is a protected cultivation
structure equipped with sensors, cameras,
automated devices and computer-based decision-
support systems. Sensors continuously monitor
conditions inside the greenhouse, including air
temperature, relative humidity, CO, concentration,
light intensity, soil or growing-media moisture, pH
and electrical conductivity (EC).

The collected information is transferred through
IoT networks to a computer or cloud-based
platform. Al and machine-learning models analyse
the information and provide recommendations or
automatically operate irrigation, ventilation,
cooling, heating and other systems.

In simple terms, a smart greenhouse works like a
digital assistant for the farmer: it observes the
crop, analyses the available information and helps
decide what should be done and when.

Major Applications of Al in Greenhouse
Production

1. Smart Climate Management

Temperature, humidity, CO, and light strongly
influence crop growth and productivity. Al can
analyse sensor observations together with weather
information and help regulate ventilation, cooling,
heating, shading and lighting.

Model Predictive Control (MPC) is one advanced
approach  used for greenhouse climate
management. It can consider  several
environmental factors simultaneously and select
appropriate control actions. Al-assisted climate
management has been reported to reduce energy
consumption, particularly heating requirements,
while maintaining suitable crop-growing conditions.
2. Precision Irrigation

Water is one of the most important resources in
protected cultivation. Over-irrigation can waste
water and nutrients, whereas insufficient irrigation
can reduce crop growth.

Al-based irrigation systems use information from
soil-moisture sensors, temperature sensors, crop
history and weather forecasts to estimate crop
water requirements. Machine-learning models can
then help determine when to irrigate and how
much water to apply.

Some studies have reported potential water
savings of 25-50% through Al-supported precision
irrigation systems.

Farmer tip: Instead of irrigating only according to a
fixed schedule, smart irrigation can use actual crop
and environmental conditions to decide irrigation
timing and quantity.

3. Efficient Nutrient Management

In  hydroponic and other soilless systems,
maintaining the correct nutrient concentration is
essential. Sensors can continuously monitor pH
and electrical conductivity (EC) of the nutrient
solution.

Al models can analyse these measurements and
support automatic adjustment of nutrient solutions.
Such systems can reduce unnecessary fertilizer
use and improve the efficiency of nutrient
management. Research cited in the source
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document reports nutrient-control errors of about
3% in some fuzzy-logic-based systems.

4. Early Detection of Pests and Diseases

Early identification of pests and diseases is critical
for protecting greenhouse crops. Manual scouting
can be time-consuming and may not detect
problems at an early stage.

Al-based computer vision and deep-learning
systems can analyse images captured by
cameras, drones or other imaging devices. These
systems can identify disease symptoms, pest
infestations and nutrient deficiencies and support
early intervention.

Reported studies have demonstrated high levels of
accuracy for identifying several crop stresses
using image-based deep-learning techniques.
Highlighted fact: Early detection can help farmers
respond before a pest or disease problem spreads
widely, potentially reducing unnecessary pesticide
applications.

5. Crop Growth and Yield Prediction

Farmers need reliable information about expected
production for planning labour, harvesting,
storage, transportation and marketing. Al models
can analyse environmental conditions, crop growth
information and historical records to predict crop
yield.

The source document reports that an RBF (Radial
Basis Function) model achieved an R? value of
0.98 for greenhouse production prediction under
controlled conditions. Such predictions can
support better production and marketing decisions.
6. Smart Harvesting and Quality Assessment
Al-powered cameras can identify fruit maturity,
size, colour and other \visible quality
characteristics. When combined with robotics,
these systems can support selective harvesting.
Al-based vision systems can also assist in sorting,
grading and quality evaluation after harvest. This
can improve uniformity and reduce errors
associated with manual operations.

Al for Sustainable Pest Management

Artificial  intelligence can also strengthen
Integrated Pest Management (IPM). Al-based
image analysis can identify pests and diseases at
an early stage, while predictive systems can help

estimate the possibility of pest or disease
development.
When combined with targeted application

technologies, Al can help apply crop-protection
chemicals only where and when they are needed.
This approach can reduce unnecessary chemical
use, input wastage and environmental impacts.
Economic Benefits of Smart Greenhouses

The benefits of Al are not limited to crop
production. Smart systems can also improve the
economic efficiency of greenhouse farming by:
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e reducing unnecessary use of water, fertilizers
and pesticides;
reducing energy consumption;

e reducing labour requirements  through
automation;
e improving crop monitoring and decision-

making;
improving yield forecasting;
e supporting better harvesting and marketing
planning; and
e reducing production
wastage.
Al-supported automation can perform repetitive
activities with greater precision and may help
address labour shortages. However, the economic
benefits depend on the crop, scale of operation,
technology used and local production conditions.
Challenges in Adoption
Although smart greenhouse technologies have
considerable potential, their adoption is not without
challenges. The major constraints include:

losses and resource

High initial investment: Sensors, cameras,
software, automated equipment and
communication systems require substantial
investment.

Technical knowledge: Farmers and greenhouse
managers need appropriate training to operate
and interpret Al-based systems.

Connectivity: Many Al systems depend on reliable
internet and communication infrastructure, which
may be difficult to maintain in remote areas.

Data quality: Al systems require reliable and
sufficient data for accurate predictions and
decisions.

Maintenance: Sensors and automated equipment
need regular calibration, maintenance and
technical support.

Therefore, future technologies should focus on
low-cost, simple, reliable and farmer-friendly
systems, particularly for small and medium-scale
growers.

The Way Forward

The future of greenhouse horticulture is likely to
involve greater integration of Al, loT, sensors,
computer vision, robotics and automated climate-
control systems. Rather than replacing farmers,
these technologies can act as decision-support
tools that help farmers make timely and informed
decisions.

For wider adoption in India,
development should focus on locally suitable
technologies, affordable  sensors, reliable
connectivity, regional-language interfaces and
practical training for farmers and greenhouse
operators. Collaboration among  farmers,
researchers, extension agencies, technology
developers and policymakers will be essential.

research and
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Key message: The goal of smart greenhouse
technology is not simply to automate farming. It is
to produce more with less—less water, less
fertilizer, less energy and less wastage—while
maintaining crop productivity and quality.
Conclusion
Artificial Intelligence is opening new opportunities
for sustainable greenhouse horticulture. By
combining real-time sensor information with
machine learning, computer vision and automated
control, farmers can monitor crops more effectively
and manage water, nutrients, climate and crop
protection with greater precision.
Al-based greenhouse systems can contribute to
resource-use  efficiency, climate resilience,
productivity and economic sustainability. However,
high investment costs, technical requirements and
connectivity limitations must be addressed for
wider adoption. Developing affordable and user-
friendly technologies will be particularly important
for Indian farmers.

With appropriate research, training and extension

support, Al-enabled smart greenhouses can

become an important component of climate-smart
and sustainable horticulture in India.
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