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Practicing variable rate application (VRA) technology depends mainly on using advanced methods (sen-
sors or prescription maps) and complex control system modules. Although VRA is steadily spreading and
offering significant benefits in the management of agricultural inputs, there are still some technical lim-
itations that need to be addressed and improved by researchers and companies. Fertilization is an impor-
tant component of agricultural production worldwide, solid and liquid are the two main forms of
fertilizers used in agriculture; whereas solid fertilizers are widely used in agriculture because they are
affordable and easy to store and use. Therefore, the main objective of this study was to review the per-
formance of the existing control and monitoring systems used in the map and sensor based VRA of solid
fertilizers and to highlight their inadequacies. The current study demonstrated that map based VRA sys-
tem is characterized by high accuracy resulting from its ability to use multiple sources of information to
prepare accurate prescription maps. However, previous research has shown that, depending on the actu-
ation method employed, the map-based systems utilized for VRA of solid fertilizers operate with an over-
all accuracy ranging between 94% and 98%. The study also demonstrated that the capacity to achieve on
the go VRA of agricultural inputs, with an overall accuracy of roughly 96% and without any time lag
between measurements and application, has recorded the most significant benefits for sensor-based sys-
tems. While, the limitations in easy access, simple and accurate sensors; as well as the demand for more
potent data analysis and real-time decision-making software’s, are among the drawbacks of these sys-
tems. Overall, there is still an urgent need for more research to come up with practical solutions for accu-
rate and effective feedback systems to optimize the VRA systems, especially for solid fertilizers
applications.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Fertilization is an effective measure to enhance soil properties
and increase production by providing the plants with the required
nutrients. Fertilizers can be applied to agricultural fields by three
different application methods, either manually, or using agricul-
tural machines or through the irrigation systems (fertigation).
However, fertilizers can be applied to the entire field or just on a
specific part within the field (Mueller et al., 2012; Wang et al.,
2012). Adding fertilizers to agricultural fields using modern meth-
ods can have many benefits such as improving the soil characteris-
tics and plant growth habits, reducing production costs, and
increasing productivity (Villalobos et al., 2016). When fertilizers
are applied uniformly, some parts of a field may be under-
fertilized while other parts may be over-fertilized (Khosla and
Alley, 1999). In general, under-fertilization can result in yield and
quality reduction; while over-fertilization can impose a danger to
the environment i.e., deteriorate water quality, promote weed
growth, may results in higher expense and lower profit
(Cambouris et al., 1999; Hammond, 1993; Chattha et al., 2014).
With the development of variable rate application (VRA) technol-
ogy, specific fertilizer application techniques may now be used to
manage variations in agricultural fields (Al-Gaadi et al., 2015).

Variable rate application (VRA) is defined as a technique used
for different agricultural inputs such as seeds, fertilizers, irrigation
water and tillage based on required needs of different management
zones in the agricultural fields. A management zone (MZ), how-
ever, describes a part of an agricultural field characterized by
Fig. 1. Map-based VRA sys
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homogenous factors and indicators. As a result, the foundation of
the deployment of precision agriculture (PA) techniques is the seg-
mentation of agricultural areas into several MZs based on soil map-
ping, crop growth and yield (Peterson and Wallenhaupt, 1996; Lan
et al., 2008; El Nahry et al., 2011). Furthermore, VRA systems have
the advantages to enhance the efficiency of the agricultural inputs
by reducing the cost as well as limiting the environmental pollu-
tion (Iida et al., 2001; Grisso et al., 2005; Ahmad and Mahdi,
2018; Sui, 2019). Map-based and sensor-based systems are the
VRA systems currently available in the market for agriculture input
applications. The map based VRA systems adjust the application
rate based on a GPS receiver and a prescription map (site-specific
application map) of the desired rate in the field. In these systems,
soil and/or crop information is used to prepare a prescription map,
which is in turn used in conjunction with a GPS receiver to control
the application rate as the applicator moves across the field. The
processes required in the map based VRA systems are illustrated
in Fig. 1 (Ess et al., 2001). However, sensor-based systems require
neither a GPS receiver nor a prescription map; But mostly depend
on the real-time field data from soil/crop using sensors (Fig. 2).

The capacity to employ numerous sources of information, the
availability of application systems for most agricultural inputs,
and the sufficient interval between input sampling and application
that helps improve system accuracy are the main benefits of the
map-based system. However, the arduous work and high expense
of soil and plant analysis, the temporal unpredictability of soil and
crop parameters between sample and application, and the require-
ment for specialized software tools to generate the appropriate
tem (Ess et al., 2001).



Fig. 2. Sensor-based VRA system (Grisso et al., 2005).
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prescription maps are some drawbacks of the system (Morgan and
Ess, 1997; Sudduth, 1999). Contrarily, the most significant benefits
of sensor-based systems include the ability to alter the rate at
which agricultural inputs are applied without first mapping the
area or gathering field data, the ability to monitor crop and soil
conditions in real-time, and the ability to apply agricultural inputs
immediately after measurement without any delay. While, the
most common disadvantages of the sensor-based systems include
the high initial cost and the lack of precise sensors, as well as the
need for real-time data analysis and decisions (Guan et al., 2019).
The choice between a map-based or sensor-based VRA systems,
however, primarily depends on the investment capacity, the level
of technical knowledge, and the type of application required.

Based on the aforementioned techniques (sensor-based or map-
based), numerous types of control systems for VRA of granular fer-
tilizers have been created and put into practice. Numerous
researchers have created, tested, and assessed sensor-based sys-
tems for VRA for granular fertilizers (Mouazen et al., 2007;
Maleki et al., 2008; Heib et al, 2021; Mirzakhaninafchi et al.,
2021), While researches were also done map-based methods to
develop a precise and efficient way for applying the VRA of granu-
lar fertilizers (Yu et al., 2006; Tola et al., 2008; Jafari et al., 2010;
Chunying and Xi, 2010; Talha et al., 2011; Forouzanmehr and
Loghavi, 2010; Reyes et al., 2015; Alameen et al., 2019). However,
the output measuring sensors are considered as the most signifi-
cant components of VRA system for granular fertilizers that still
requires more research work to improve their efficiency. This is
because of the data gained from the output measurement sensor
is critical toward creating the application maps and serving as
Fig. 3. A sensor-based system for VRA of
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feedback for the control system to change the application rates if
they deviate from the required rates. In addition, the output data
are used by the operator to monitor the output application rates
on-the-go while working.

As a result, the primary goals of the current study is to examine
the recent development in VRA methodologies used for solid fertil-
izers and to provide an overview of the significant findings from
previous studies that might be applied in future directions. How-
ever, the specific objectives include the following:

1. To review the performance of different systems used for VRA of
solid fertilizers.

2. In order to improve future researches, we included the flaws
that have not been addressed by earlier studies as well as those
still require further improvements.

2. Materials and methods

2.1. Sensor-based VRA systems

As key components of sensor based VRA of solid fertilizers, the
significance of sensor-based systems lies on their ability to esti-
mate plant nutrient concentrations regularly (Mulla, 2013;
Paraforos et al., 2019). Sensor-based VRA systems for solid fertiliz-
ers were designed and tested by many researchers to assess their
efficiency and the accuracy at different working conditions. As an
example, Maleki et al., (2008) designed and implemented a
sensor-based VRA system for on-the-go application of phosphate
(P2O5) fertilizer for maize crops regularly. This system consisted
of three main components: (i) a portable VIS–NIR spectrophotome-
ter sensor with a measuring range of 305–1711 nm, installed in
front of a pneumatic planter, to measure phosphorous (P) concen-
trations in the soil, (ii) a VIS–NIR model to predict the extractable
phosphorous, and (iii) a control system equipped with an electric
actuator to adjust the fertilizer application rate.

Another example of sensor-based VRA system used for granular
nitrogen (N) fertilizer was accomplished successfully by Heib et al.,
(2021) using two N-sensors mounted on the tractor roof, to mea-
sure the amount of N by utilizing the crop reflectance at specific
wavelengths (670, 730, 740 and 770 nm) (Fig. 3). The control unit
of this system, equipped with an electric actuator (electric motor),
used the pre-determined fertilizer rate to adjust the amount of N
fertilizer during the application process. Mirzakhaninafchi et al.
nitrogen fertilizer (Heib et al., 2021).



Fig. 4. Schematic diagram of the VRA system developed by (Tola et al., 2008).
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(2021) designed and developed a hydraulic-based VRA system cap-
able of detecting N deficiency within the field in real time and add-
ing urea fertilizer according to the crop requirement. In this
system, the microcontroller was set to receive a signal from the
Green Seeker N-sensor and sends a signal to the pulse-width-
modulation (PWM) valve to change the rotational speed of the
hydraulic motor causing a change in the shaft rotation of the
metering mechanism drive shaft based on the amount of fertilizer
required.

2.2. Map-based VRA systems

Map-based VRA systems have been widely used for solid fertil-
izers, where different actuation systems (electric, pneumatic, and
hydraulic) were used as control drives. Similarly, Tola et al.,
(2008) developed a map-based VRA system for a pneumatic seeder
to accurately monitor and change the application rate of granular
fertilizers in real-time using an electric actuator. The most impor-
tant component in this system was the developed sensor for mon-
itoring the output fertilizer rate through an incremental encoder
and a steel plate (Fig. 4).

In another example, a conventional drill was modified by Jafari
et al., (2010) into a variable rate applicator with a drill metering
shaft driven by a DC electric motor. The controller in this system
determines the drill position using a GPS receiver and the drill
wheel speed using a rotary encoder. The control system retrieves
the desired application rate from the reference data and sends a
signal to the electric drive to apply the required application rate
at the specified location of the field. Also, Forouzanmehr and
Loghavi (2010) developed and evaluated the performance of a
map-based variable rate crop granular fertilizer application sys-
tem. This applicator consisted of a ground-driven wheel with a
Fig. 5. Components of the drone-type granul

4

rotary encoder to measure the applicator displacement and for-
ward speed and a microprocessor to modify the step motor driving
the fertilizer metering system. A variable-rate Pulse Width Modu-
lation (PWM) control system was developed by Chen et al., (2018)
on a granular fertilizer applicator, the developed control system
comprised a microcontroller unit (MCU), voltage detection unit,
speed measuring unit, and a positive voltage regulator. The control
system sends a signal to an electric drive to change the fertilizer
application rate based on the PWM method. A recent example
based on using drones for VRA of fertilizers based on prescription
maps was developed by Song et al., (2021) (Fig. 5). The developed
system mainly consisted of an electric step motor, flight controller
and spreading controller. Talha et al. (2011) developed a mechan-
ical planter control system using a linear pneumatic cylinder
attached to the planter to adjust the position of the fertilizer flow
adjusting lever for precise application of fertilizer (Fig. 6).

Another pneumatic control actuator was developed by Alameen
et al., (2019) to adjust the fertilizer application rate in a seed drill
based on a prescription map, and through utilizing specific sche-
matic diagram. An automatic map-based system for VRA of granu-
lar fertilizers using hydraulic technology was developed and tested
by Reyes et al., (2015) (Fig. 7). The major components of this sys-
tem included a GPS, a micro-controller with LCD display, a propor-
tional flow control electric valve, a rotational speed sensor and a
hydraulic motor mounted on the fertilizer applicator shaft. The
control unit of this system was fed with a digital prescription
map of the desired application rates, and the bypass valve arranged
the fertilizer flow to the hydraulic motor to adjust the fertilizer rate
to the desired amount.

3. Results and discussions

According to the above mentioned VRA systems for solid fertil-
izers, it is still requiring detailed insights to enhance the working
efficiency of these systems. Therefore, the performance and limita-
tions of the major components of the existing VRA systems will be
discussed in this section.

3.1. Real-time sensors used in sensor-based VRA systems

Many researchers’ studies have shown that the majority of cur-
rent VRA technologies and applications for agricultural inputs use
the map-based approach, because there aren’t enough affordable,
simple, and accurate sensors for rapid measurements of soil and
crop parameters (Ess et al., 2001). Similar results were reported
by Paraforos et al., (2019), suggested that there are significant vari-
ations in the performance of sensors used for estimating soil and
plant characteristics in terms of their types, design, and working
ar fertilizer spreader (Song et al., 2021).



Fig. 6. Schematic diagram of the developed control system (Talha et al., 2011).

Fig. 7. Flow diagram of the VRA system developed by Reyes et al., (2015).
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methodology. In this regard, researchers and specialized compa-
nies are working hard to develop additional sensors for rapid and
accurate measurements of soil and plant properties in agricultural
fields. An example of such sensor system is the VIS-NIR spec-
trophotometer used by Mouazen et al., (2007), to develop a sensing
system for real-time estimation of soil properties by connecting an
optical probe with a sub-soiler chisel plow to obtain soil spectra
used to predict some soil properties such as carbon (C), moisture
content (MC), pH and phosphorous (P). This model demonstrated
the ability and accuracy in real-time measurement of soil proper-
ties, with an average error values of 5.97, 0.37, 27.48 and 5.10 %
compared to the reference measurements of total C, MC, pH, and
P, respectively. This system has also been used by Maleki et al.,
5

(2008), to predict the extractable phosphorous in the soil and pro-
vide a signal to the fertilizer applicator for on-the-go phosphate
application during maize planting, with an overall accuracy of
95.83 %. Similar results were reported by Heib et al., (2021) indicat-
ing N-Sensor algorithms (Fig. 3) for different calibration with Pear-
son correlation coefficient (r) value of 0.99 and a maximum root
mean square error (RMSE) of (0.14 %).

3.2. Control drives

(i) Electric actuation systems
Electric actuators have been successfully used with VRA control

systems for solid fertilizers, because of their great accuracy, sim-
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plicity of networking, and programing, and grown to be a favorite
of many researchers. Based on that, the electric drive used with the
fertilizer rate control unit developed by Tola et al., (2008) recorded
high accuracy in VRA performance of granular fertilizer with
overall system errors (±5%), the response time recorded was
0.95–1.90 s of the control system to change from one fertilizer’s
application rate to another. Furthermore, it was also recorded that
the response time of a variable rate electrical controller of a seed
drill was (7.4 and 5.2) seconds, when changed from low to high
rate and from high to low rate respectively (Jafari et al., 2010).
Another electric drive system, developed by Forouzanmehr and
Loghavi (2010) was used in a fertilizer spreader and showed suc-
cessful response to the target discharge rates with an overall mean
error of 5.4 %, where the application rate error was estimated at 9 %
in the most extreme cases (high discharge rate and high travel
speed). In a recent published work, Song et al., (2021) used a DC
stepper motor to develop a map-based variable rate control system
for unmanned aerial vehicle (UAV) based granular fertilizer sprea-
der. This system demonstrated a high response to effectively con-
trol the fertilizer application rate, with an average discharge rate
error of 6.05 % and a response time of 0.1 s to switch between
the target fertilizer rates.

(ii) Pneumatic actuation systems

Several attempts have also been made to use pneumatic linear
actuators with VRA systems for solid fertilizers, because they are
light in weight, easy to operate and cost effective. Talha et al.
(2011) developed a pneumatic actuator control system for VRA
for granular fertilizers using a seed drill. This system demonstrated
the ability to precisely control the flow rate produced by granular
manure, with an overall error in the range of ± 6 %. Another
attempt to use a pneumatic actuator for VRA of granular fertilizer
was reported (Alameen et al., 2019). The developed system showed
an overall application rate error of ± 2.6 %, with a response time of
6–11 microseconds to a one-kilogram change in the application
rate. However, the system recorded a drawback of irregular air
pressure inside the pneumatic cylinder, which affected the system
accuracy and recommend the assurance of optimum air pressure in
the cylinder.

(iii) Hydraulic actuation systems

Based on the reports of several studies, hydraulic actuators have
also been used successfully with VRA systems and are evaluated as
Fig. 8. Sensing chamber configur
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having the capacity to work at high speeds while producing consis-
tent forces. Similar system developed by Meng et al., (2009) sug-
gested a map-based VRA system equipped with a hydraulic
actuator used for granular fertilizers. This system reported an aver-
age application error between 1.05 % and 2.98 %. The test results of
the dynamic characteristics of the developed system also showed a
lag distance of 3.57 m and a system delay time of about 1.84 s.
Also, in a field test conducted by Reyes et al., (2015), on an auto-
matic map-based control system for VRA of granular fertilizers
using a hydraulic actuator, the overall application errors were esti-
mated at 5.46 % for a physical mixture of vitraurea and diammo-
nium phosphate and 1.06 % for a Basacote Starter fertilizer.
Another study recorded similar real-time N-sensor-based VRA sys-
tem using a hydraulic actuator, designed and developed by
Mirzakhaninafchi et al., (2021), showed that the response time
between nitrogen sensing and fertilizer discharge was in the range
of 3.49 to 4.90 s.

3.3. Fertilizer output flow measuring sensors

Despite the remarkable development of the systems currently
used in VRA of solid fertilizers, most of them still consider the
application rate calculated through the control unit using calibra-
tion equations to be the actual application rate. However, there
are numerous field variables that influence the accuracy of the real
application, there is still an urgent need to improve the sensors
response in these systems to monitor, verify and adjust the actual
solid fertilizer rates during the application process. Therefore, to
achieve accurate application of solid fertilizers in agricultural
fields, it is necessary to develop precise real-time measuring
devices to improve the control performance via a closed-loop sys-
tem. In this context, Swisher et al., (2002) developed and evaluated
an optical sensor, using a laser line generator and a 32-element
photodiode array to measure the granular fertilizer output rate of
an air fertilizer applicator (Fig. 8). The static laboratory test of
the developed sensor showed strong linear relationship between
the sensor output rate and the fertilizer mass flow rate, with R2

of 0.98 and 0.99 respectively. While, the dynamic test results
showed that the sensor achieved good results in measuring the
variable flow rate, with reference to some limitations in the data
analysis algorithm. Tola et al. (2008) developed a feedback system
for measuring the granular fertilizer output flow rate using an
incremental encoder connected to a circular steel plate placed on
the top level of the fertilizer, to continuously measure the fertilizer
depth inside the fertilizer hopper of the planter. The data collected
ation (Swisher et al., 2002).



Fig. 9. A solid fertilizer and seed application rate measuring system for seed-drills (Yu et al., 2019). (A) the principal diagram, and (B) the mechanical structure diagram: (1)
sensor connection bolts, (2) weighing sensor, (3) spring, (4) box connection kits, (5) linear bearing seat, (6) guide shaft, and (7) support frame.

Fig. 10. MF-3000 mass flow measuring system for solids (Mütec, 2021): (a) MF-3000 mass flow-sensor, (b) installation and commissioning, (c) system structure, and (d)
communication unit/display.
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through incremental encoder was converted into output applica-
tion rate based on the calibration equations of the system. The
developed feedback system showed high accuracy (R2 = 0.99) in
measuring the fertilizer output rate. They tracked, checked, and
reset the real-time granular fertilizer rates using the developed
feedback system. Yu et al. (2019) has developed a real-time mea-
surement system, based on a weighing sensor, to measure the
application rates of solid fertilizers and seeds in the seed-drill
(Fig. 9). This system showed good measurement accuracy with
an average cumulative application rate error of 2.62 %. However,
3.15 % application rate’s measurement error was recorded in the
dynamic rate measurement performance tests.

Commercially, the Mütec Company has developed a Mass Flow
sensor (MF-3000) to measure the flow of bulk materials (granu-
lates, powders and dusts) inside pneumatic conveyors and free fall
processes from a few kg h�1 up to several t h�1 (Fig. 10). The MF-
7

3000 measures the flow of particles in metallic pipes using micro-
wave technology, with an accuracy of 1–3 % (Mütec, 2021). The
Mütec MF-3000 sensor has been successfully used by SEMRAD
Company (2021) to detect aluminum oxide continuously in the
reactor output pipe. For material flow measurements, the MF-
3000 measuring system has been successfully installed in the out-
put pipe of the emission control reactor, and the results indicated
that the accuracy of measuring the flow rate was ± 2 %. Therefore,
MF-3000 sensor is suitable as feedback measuring system for VRA
of solid fertilizers.

4. Conclusions

The significance of VRA is underscored by both its economic and
environmental implications; however, more investigation is
required about how variable-rate fertilizer applicators can be made
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more effective, particularly through the collaboration of various
crucial areas of precision agriculture research. Now if we think of
including prescription maps with soil and plant status indications
during the sensing process, it could result in even greater cost sav-
ings and accuracy. However, by combining these three, a more
effective model might be used for more correctly estimating the
appropriate fertilizer amount to spread.

Although VRA technology is steadily spreading and offering sig-
nificant benefits in the management of agricultural inputs, there
are still some technical limitations that need to be addressed and
improved by companies and researchers. This article has provided
a comprehensive review on the progress of VRA of solid fertilizers.
The conclusions of this study include the following:

� There is a clear development in the techniques for VRA of solid
fertilizers for both map-based and sensor-based systems.

� There are currently several types of control systems that have
been used successfully and efficiently for VRA of solid fertilizers,
giving stakeholders a comprehensive view to choose the best
and most suitable system for their fields and crops.

� Although VRA of agricultural inputs has become an essential
component of modern agricultural practices, most of the devel-
oped VRA systems still lack accurate feedback systems to mon-
itor, verify and reset the application rates on-the-go.

� Overall, there is still an urgent need for more experiments and
researches to come up with practical solutions for accurate and
effective feedback systems to optimize the VRA systems for
solid fertilizers. Furthermore, by concurrently planting the crop,
this could contribute to environmental protection by prevent-
ing the wasteful application of additional fertilizer and mini-
mizing the use of machinery in the field.
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