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Electrostatic Spraying: A New Frontier
in Precision Nutrient Delivery

S. Vijay Kumar", Erapuram Poojasree?, A. Sagar?®,
Santanu Kundu* and G. S. Madhu Bindu®

Electrostatic spraying is emerging as an innovative technique to improve the
delivery of foliar nutrients in crops. Unlike conventional knapsack sprayers,
which are commonly used in India, electrostatic sprayers charge liquid fertilizer
droplets, making them highly attracted to leaf surfaces. This results in denser
and more uniform coverage of leaves, including the undersides, compared to
traditional spraying methods. Studies have shown that electrostatic systems
can double the efficiency of spray deposition while reducing the volume
of fertilizer needed by half. These benefits lead to higher nutrient uptake,
lower input costs, and a significant reduction in drift and off-target losses.
In India, where field sizes are small and fertilizer usage is high, electrostatic
foliar fertilization could greatly enhance nutrient use efficiency. This article
reviews the principles behind charged-droplet spraying, its effects on plant
nutrient uptake, and its advantages over conventional methods. It also exam-
ines real-world applications in Indian crops such as rice, wheat, sugarcane,
pulses, and vegetables and discusses the practical barriers as well as future
prospects for this technology in sustainable nutrient management. Drawing
on two recent studies of agricultural electrostatics and broader research on
foliar fertilization, we conclude that electrostatic spraying holds significant
promise for delivering nutrients more efficiently, provided that issues related
to cost, power supply, and farmer training are addressed.

1. Introduction

Agriculture in India heavily relies on fertilizers; however, a
significant portion of the applied nutrients often between 50% and
90% is not absorbed by plants. Instead, these nutrients are lost to
the soil or water, leading to pollution and unnecessary expenses.
Traditionally, farmers apply nutrients through soil applications or
by spraying liquid fertilizers on the leaves, known as foliar feeding.
Foliar fertilization has long been recognized for enhancing nutrient
use efficiency, as it delivers nutrients directly to the leaves, quickly
addressing deficiencies and often reducing the overall amount of
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fertilizer used. Nonetheless, the effectiveness of this
method depends on achieving good spray coverage of
the leaf canopy. In conventional spraying, a significant
percentage of the spray misses the plants; for instance,
only about 15% to 20% of the solution applied with a
manual knapsack sprayer may actually reach the target
foliage. This inefficiency necessitates higher doses of
fertilizer, increasing costs and posing a greater risk to
the environment.

Electrostatic spraying provides an effective solution. This
technique involves atomizing liquid nutrients, which are
often dissolved salts or chelates, into fine droplets. These
droplets are then electrically charged before exiting the
nozzle (Jing et al., 2021). Charged micro-droplets have
a strong electrical attraction to plant surfaces, effectively
turning each leaf into a tiny magnet for the spray. This
causes the droplets to “wrap around” the foliage, allowing
them to adhere even to the undersides of leaves. Recent
reviews indicate that sprays with charged droplets can
significantly enhance canopy deposition and minimize
drift losses. Using an electrostatic hand-held sprayer on
greenhouse peppers increased plant canopy deposition
by about 1.5 times and doubled spray retention on the
underside of leaves, resulting in a 48% reduction in waste
compared to a standard nozzle (Sinchez-Hermosilla et
al., 2022). This allows farmers to achieve the same plant
response using significantly less chemicals or fertilizers.
In one study, electrostatic charging enabled equivalent
pest control with application rates reduced by 25-50%.

Electrostatic fertilization offers significant benefits by
improving spray efficiency and coverage, leading to higher
nutrient uptake with less input. This review examines
foliar nutrient delivery via electrostatic spray technology,
focusing on the principles behind charged-droplet
systems and their impact on plant nutrient uptake. We
will discuss its application in India for crops like rice,
wheat, sugarcane, pulses, and vegetables, highlighting its
advantages over traditional spraying, as well as barriers
to adoption, such as equipment costs and the need for
training. Finally, we will consider future developments
and the potential for electrostatic foliar fertilization
to enhance sustainable nutrient management in India,
supported by two recent studies (Doddamani et al., 2019,
Cao et al., 2025) and on other peer-reviewed literature
on foliar fertilization and electrostatic spraying.

2. Principles of Electrostatic Nutrient
Spraying

Electrostatic spraying operates by applying an electrical
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charge to each spray droplet, creating a strong attraction
to plant tissues. In practice, liquid fertilizer is atomized
into very fine droplets, typically in the range of 10-50
micrometers (um), and then passed through an electric
field or over a charged electrode. There are three
common methods for charging: conduction charging,
which occurs when the spray liquid touches a charged
electrode; corona charging, where droplets pass through
a corona discharge; and inductive charging, in which
the spray jet moves through a high-voltage field without
direct contact. Modern electrostatic sprayers often utilize
inductive charging because it effectively imparts a high
voltage while avoiding contamination of the liquid and
minimizing safety hazards. As a result, each droplet
typically carries a net negative charge as it exits the nozzle

(Figure 1).
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Figure 1: Schematic diagram of an electrostatic spray
system

Once airborne, charged droplets behave very differently
from neutral sprays. Plant surfaces, particularly leaves,
develop their own electrical fields. Under daylight
conditions, leaves often maintain a slight positive charge
due to atmospheric ionization. When a negatively
charged droplet enters this field, it experiences a strong
Coulomb attraction, pulling it toward the leaf surface. As
a result, even if a charged droplet would typically drift
past a leaf due to gravity or wind, the electrostatic force
can draw it back toward the plant. This phenomenon
allows charged droplets to “home in” on foliage,
effectively coating both the tops and undersides of
leaves. Laboratory studies confirm this effect: charged
sprays demonstrate significantly higher retention and
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coverage on leaf surfaces compared to uncharged sprays.
For example, Ma et al. (2021) showed that electrostatic
droplets had significantly better adhesion and penetration
on crop leaves than neutral droplets.

Electrostatic attraction also helps speed up the motion
of droplets. When charged droplets exit the nozzle,
they experience a lateral force from the surrounding
electric field, which gives them a gentle “push” toward
the plant. As a result, this leads to a more uniform and
focused deposition of the spray. Doddamani et al. (2019).
Electrostatic nozzles produce very small, concentrated
droplets about 900 times smaller than typical hydraulic
sprays. These tiny droplets can penetrate deep into the
plant canopy. Once charged, they quickly move toward
the plants, even in crosswinds. The main advantage is
clear: with electrostatic spraying, more of the spray lands
on the leaves, resulting in less waste on the ground or
in the air compared to conventional spraying methods.

The overall impact of charging is typically measured as
a significant increase in deposition efficiency. Sinchez-
Hermosilla et al. (2022) We measured nearly a 50%
increase in the spray deposited on pepper plants when
using an electrostatic sprayer instead of a hand-held gun.
Similarly, Doddamani et al. (2019) note that electrostatic
application can achieve twice the canopy coverage of
a traditional spray. The effectiveness of electrostatic
sprayers lies in the “wrap-around” nature of charged
droplets. This means that even the undersides of leaves,
which traditional sprays often miss, are coated effectively.
As a result, electrostatic sprayers can often achieve the
same level of leaf coverage using significantly lower
spray volumes. For example, in a trial with peppers,
the application rate was reduced by approximately 48%
when using electrostatic spraying. Cao et al. (2025) see
electrostatic technology as vital to “sustainable precision
agriculture,” enabling high-efficiency applications with
minimal waste. In summary, the charging mechanism
causes plant leaves to act as active targets that attract
droplets, which greatly enhances spray efficiency.

3. Physiological Impact on Nutrient
Absorption

When nutrient-rich droplets land on the surface of
leaves, they can be absorbed by the plant. The processes
of absorption, translocation, and metabolism determine
how these sprayed nutrients ultimately contribute to
plant growth. Foliar fertilization bypasses the soil-root
pathway; instead, nutrients are taken up through the leaf
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cuticle and stomata and then transported via the phloem
or xylem to growing tissues. Studies indicate that foliar
nutrients can reach target tissues much more quickly
than those applied to the soil. For instance, in greenhouse
studies with grape seedlings, foliar-applied nitrogen-15
(15 N) was found in higher concentrations in new shoots
compared to the root-applied 15 N.

Electrostatic spraying improves the application of
fertilizers by delivering them more effectively to the leaves
of plants. This method ensures uniform coverage, which
increases the area available for nutrient absorption. When
more leaves are covered, there are more entry points for
nutrients to enter the plant. In practical terms, crops
that benefit from foliar nutrient sprays, such as zinc or
other micronutrients in cereals, are likely to experience
enhanced growth. In fact, several trials that did not utilize
electrostatic charge have demonstrated that foliar sprays
are more effective than soil applications for delivering
critical nutrients. For example, studies have shown that
foliar zinc sprays significantly increase grain zinc levels
in wheat and maize, while applying the same zinc to the
soil has much smaller effects. Similarly, foliar applications
of selenium have resulted in over 50% recovery of grain
selenium, compared to only about 1% recovery from
soil applications. These examples demonstrate that leaf
sprays can be very effective in enhancing nutrient content
when applied correctly. Electrostatic sprayers improve
this delivery method by ensuring that the sprays adhere
effectively to the plant leaves.

In addition to deposition, there is emerging evidence
that electric fields can influence plant physiology. Recent
laboratory studies have shown that exposing plants to
moderate electrostatic fields enhances their growth and
nutrient uptake. For instance, Cao et al. (2025) report
that continuous exposure to electrostatic fields increases
the rates of photosynthesis and nutrient assimilation in
vegetables. Other studies have indicated that electrostatic
fields can enhance membrane permeability and activate
metabolic pathways, effectively “priming” plants for
improved nutrient uptake. In cucumbers, for example,
applying a high-voltage field to the root solution has
been shown to boost nitrate uptake rates by up to 60%
at optimal field strengths. Although these laboratory
results involve constant fields rather than charged sprays,
they suggest a biophysical mechanism: electric forces can
induce ion polarization and open channels, facilitating
nutrient transport into cells. In our context, each charged
droplet landing on a leaf might briefly create a local
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electric field that could enhance the uptake in leaf cells.
This concept of “electro-bio-stimulation” is still an active
area of research, but it suggests that electrostatic spraying
could have dual benefits: improved spray coverage and a
slight increase in physiological uptake.

The physiological impact of electrostatic foliar feeding
is that plants receive nutrients more directly and in a
more readily available form. Nutrient-rich droplets on
the leaf surface begin to dissolve and diffuse almost
immediately, which helps to quickly correct any
deficiencies. This is particularly important during critical
growth stages. For example, applying foliar nitrogen or
zinc at flowering can enhance grain set in cereals, while
applying foliar potassium during fruit-fill can improve
fruit quality. By timing these applications strategically
and using electrostatic delivery, farmers can maximize
the effectiveness of each spray. In summary, electrostatic
nutrient sprays enhance absorption by delivering more
active material precisely where it is needed, and they may
also lightly stimulate the plant’s own nutrient uptake
mechanisms.

4. Advantages Over Conventional
Spraying
4.1. Higber depositian eﬁ‘icienc_y

Electrostatic sprayers improve coverage, increasing
deposition by 1.48 times compared to hand-held guns.
This results in less fertilizer waste and allows farmers
to reduce chemical use by 25-50% while maintaining
effectiveness.

4.2. Uniform coverage and wrap around effect

Unlike conventional nozzles that only target the front side
of leaves, electrostatic sprayers achieve true wrap-around
coverage. This means more effective use of fertilizers,
especially on the undersides of leaves in dense canopies.

4.3. Reduced drift and ground losses

Electrostatic droplets are drawn to plants, significantly
decreasing spray lost to drift and runoff. This enhances
environmental safety by keeping more active nutrients
on crops and reducing contamination of water sources.

4.4. Higher uptake and yield benefits

Improved deposition leads to better nutrient uptake and
higher crop yields. Studies indicate that electrostatic
treatment can enhance nutrient delivery, benefiting
overall crop growth.
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4.5. Lower volumes and energy savings

Because electrostatic spraying uses droplets more
efficiently, overall spray volumes can be reduced,
conserving water and fertilizer. This also saves energy
in battery-powered systems. These benefits make
electrostatic spraying a powerful tool for precision
nutrient management in agriculture.

5. Field Relevance in India

Indian agriculture could greatly benefit from the
implementation of electrostatic foliar nutrition. Many
crops in India respond positively to timely foliar
fertilization, and this effect could be further enhanced
by charging the spray. For instance, cereals such as
rice, wheat, and maize often experience micronutrient
deficiencies (like zinc, iron, and boron) in soils that were
altered during the Green Revolution. Foliar zinc sprays
applied at the heading stage have been widely utilized to
improve grain zinc content and yield. Research indicates
that applying zinc foliar sprays to wheat consistently
increases the zinc concentration in grain more effectively
than soil zinc treatments. Electrostatic spraying could
enhance the efficiency of delivering foliar zinc while
minimizing losses. In fact, a study by Zhao et al. (2014)
demonstrated that foliar zinc applications can yield nearly
double the zinc concentration in wheat grain compared
to soil applications. Utilizing electrostatics may allow for
similar improvements with a smaller zinc dosage.

Rice can greatly benefit from foliar applications of
nitrogen (N) or micronutrients, especially when using
system of rice intensification practices. A study by Fageria
and Baligar (2005), which utilized a 15N tracer technique,
found that foliar N application can significantly increase
nitrogen content in grains. Additionally, applying
electrostatic nitrogen fertilizers could enhance nutrient
uptake by ensuring that each droplet lands directly on
the leaves. For sugarcane, which has a large canopy,
electrostatic spraying can effectively deliver nutrients
to the dense interior of the canopy. In the case of
vegetables and pulses, farmers often use foliar feeding
to address nutrient deficiencies or promote flowering.
For example, it is common to spray potash (K) on potato
or tomato leaves during the tuber or fruit filling stage.
Using charged droplets in this process would enhance
penetration through the thick foliage. In orchards, such
as those growing mangoes or apples, power-operated
electrostatic sprayers are already being used in some
regions internationally, as they provide a more uniform
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coating on large trees compared to handheld nozzles. A
specific electrostatic knapsack sprayer, designed for use
in orchards and tested in China, demonstrated excellent
penetration of fruit-tree canopies. Indian fruit growers
could similarly benefit from adopting these knapsack
units for nutritional spraying.

One relevant example for Indian conditions is greenhouse
or polyhouse production, which is increasingly popular
in India. In greenhouse peppers (a crop grown in India
as well), Sanchez-Hermosilla et al. (2022) showed that
electrostatic spray substantially increased deposition. By
analogy, greenhouse tomato or eggplant crops are likely to
experience even greater benefits. Although field trials in
India are limited, early research on electrostatic pesticide
sprayers used on cotton has shown that charged sprays
penetrate more effectively through the dense cotton
canopies. We can infer that the same effect would apply
to nutrient sprays on cotton foliage, considering that
cotton is a significant cash crop in India.

In summary, every Indian crop that currently utilizes
foliar nutrition including cereals, sugarcane, pulses,
vegetables, and fruits could benefit from electrifying the
spray process. This method can enhance nutrient uptake,
resulting in stronger plants and potentially higher yields
and better-quality produce. Additionally, it allows for
reduced fertilizer usage, which is crucial given the rising
costs of fertilizers and the concerns regarding nitrate
pollution in India’s rivers and groundwater. By piloting
electrostatic nutrient sprays on demonstration farms,
particularly for rice-wheat and vegetable systems, these
benefits can be effectively showcased. Economic analyses
indicate that if farmers can save even a quarter of their
fertilizer (as shown in pesticide studies), they would
recoup the cost of the equipment within one season.
Therefore, the practical implications of this technology
are significant: it could directly address the challenges
of low nutrient-use efficiency and high fertilizer costs,
especially for farmers who already engage in foliar feeding
during critical growth stages.

6. Challenges
6.1. High cost and complexity

Electrostatic sprayers are expensive due to high-voltage
generators and batteries, whereas farmers prefer low-cost,
simple knapsack sprayers (Doddamani et al., 2019).

6.2. Power and battery limitations

Dependence on rechargeable batteries is constrained by
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unreliable rural electricity and increased operator fatigue
due to added weight.

6.3. Maintenance issues

High-voltage components are sensitive to dust and
moisture, requiring careful upkeep to prevent efficiency
loss.

6.4. Training and safety needs

Farmers need technical training for safe handling and
correct spray parameter adjustment to avoid misuse and
accident risks.

6.5. Fertilizer compatibility

Some liquid fertilizers have poor charge retention,
requiring special formulations and increasing operational
complexity.

6.6. Farm size adaptability

Large tractor-mounted systems are unsuitable for small
holdings, making low-cost portable electrostatic knapsack
sprayers more practical.

6.7. Economic and awareness barriers

High initial investment and limited technical awareness
restrict adoption, though subsidies and cooperative
models can improve access.

6.8. Need for demonstrations

Field trials and demonstrations are essential to build
farmer confidence and validate field-level benefits.

7. Conclusion

Electrostatic spraying represents a promising advancement
in foliar nutrient application by improving spray
deposition, enhancing nutrient use efficiency, and
reducing losses due to drift and runoff. Its potential
benefits are particularly relevant for smallholder-intensive
systems . However, widespread adoption will depend
on overcoming key constraints related to equipment
cost, reliable power supply, and farmer training. With
supportive policies, targeted subsidies, and strong
extension efforts, electrostatic foliar fertilization can
emerge as a viable and sustainable nutrient delivery
technology in Indian agriculture.
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