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Preface to ”Sustainable Agricultural, Biological, and
Environmental Engineering Applications”

Sustainable development in the agriculture sector is crucial to achieve the 2030 Sustainable

Development Goals set by the United Nations. There are lots of challenges to developing modern

and intelligent agricultural techniques, tools, and systems, by which sustainable agriculture and

food security can be satisfied. In addition, carbon-neutral development and clean energy utilization

are also associated with the UN-SDGs. Therefore, this book focuses on the recent proliferation

and technological advancement in the agricultural, biological, and environmental engineering

applications from the viewpoint of the agricultural water–energy–food security nexus. The book

presents such engineering technologies and applications in seven categories that include: (i) energy

system applications in agriculture, (ii) irrigation and drainage, (iii) biomass, biogas, and biochar, (iv)

farm mechanization and soil science, (v) remote sensing and geographical studies, (vi) wastewater

and biological studies, and (vii) case studies and societal aspects in agriculture.

In the category “Energy System Applications in Agriculture”, three studies are reported. In

this regard, an experimental study provides energy-efficient evaporative cooling systems for a

poultry farm application. An air heat pump system is discussed for pig farms for sustainable

energy efficiency, housing environment, and productivity traits. A CFD study offers a detailed

inlet configurations analysis of the microclimate conditions of a novel agricultural greenhouse.

The category “Irrigation and Drainage” provides four dedicated studies. An alternate design

of a surface drain system is reported for the free discharge of subsurface drainage effluent. A

sustainable irrigation system is discussed for small landholdings of the rainfed areas. An assessment

of non-conventional irrigation water is conducted for greenhouse cucumber production. Soil erosion

and sediment load management strategies are studied for sustainable irrigation in arid regions. The

category “Biomass, Biogas, and Biochar” comprises three kinds of research findings. Regional biogas

production potential from livestock manure is reviewed and explored. A low-cost biomass furnace

development is explained for greenhouse heating. A study describes bioresource transformation to

biochar and highlights its importance and potential applications for boosting the circular bioeconomy.

Three studies are presented in the category “Farm Mechanization and Soil Science”. A double-row

pneumatic precision metering device is studied for Brassica Chinensis. The tractive performance

of a single grouser shoe is investigated under different soil and moisture conditions. The effect of

K and Zn application on the biometric and physiological parameters of different maize genotypes

is explored. There are two research studies in the category “Remote Sensing and Geographical

Studies”. In this regard, the mapping of paddy rice with satellite remote sensing is reviewed. An

estimation of regional maize straw resources is given using the Gaofen 6 satellite as the information

source which has a high resolution and wide field of view imaging. Two studies are presented in

the category “Wastewater and Biological Studies”. A dedicated study explores the preparation and

application of carbon nanotubes for water and wastewater treatment. One study reports that the

compost inoculated with fungi from a mangrove habitat improved the growth and disease defense

of vegetable plants. Five kinds of exclusive research studies are offered in the category “Case Studies

and Societal Aspects in Agriculture”. A state-of-the-art study from Iran presents the effects of the

COVID-19 pandemic on food security and agriculture. A study presents the insights from Germany

to address an interesting question, i.e., will farmers accept lower gross margins for the sustainable

cultivation method of mixed cropping? Similarly, another study reports the empirical evidence from

xi



Polish farm households to address the question: Are farms located in less favored areas financially

sustainable? A study from Pakistan predicts the behavioral intentions of rural inhabitants with regard

to the economic incentive for deforestation. Another study from Pakistan assesses the contribution of

citrus orchards to climate change mitigation through carbon sequestration.

The editors are pleased to share the above-mentioned seven categories comprised of emerging

research and applications in the field of agricultural, biological, and environmental engineering.

The editors believe that this book “Sustainable Agricultural, Biological, and Environmental Engineering

Applications” will be useful for agricultural scientists, researchers, and students. The editors would

like to acknowledge and thank the dedicated authors from each study for their valuable contributions

to this book.

Muhammad Sultan, Yuguang Zhou, Redmond R. Shamshiri, Aitazaz A. Farooque

Editors
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Abstract: Poultry are one of the most vulnerable species of its kind once the temperature-humidity
nexus is explored. This is so because the broilers lack sweat glands as compared to humans and
undergo panting process to mitigate their latent heat (moisture produced in the body) in the air.
As a result, moisture production inside poultry house needs to be maintained to avoid any serious
health and welfare complications. Several strategies such as compressor-based air-conditioning
systems have been implemented worldwide to attenuate the heat stress in poultry, but these are
not economical. Therefore, this study focuses on the development of low-cost and environmentally
friendly improved evaporative cooling systems (DEC, IEC, MEC) from the viewpoint of heat stress in
poultry houses. Thermodynamic analysis of these systems was carried out for the climatic conditions
of Multan, Pakistan. The results appreciably controlled the environmental conditions which showed
that for the months of April, May, and June, the decrease in temperature by direct evaporative cooling
(DEC), indirect evaporative cooling (IEC), and Maisotsenko-Cycle evaporative cooling (MEC) systems
is 7–10 ◦C, 5–6.5 ◦C, and 9.5–12 ◦C, respectively. In case of July, August, and September, the decrease
in temperature by DEC, IEC, and MEC systems is 5.5–7 ◦C, 3.5–4.5 ◦C, and 7–7.5 ◦C, respectively.
In addition, drop in temperature-humidity index (THI) values by DEC, IEC, and MEC is 3.5–9 ◦C,
3–7 ◦C, and 5.5–10 ◦C, respectively for all months. Optimum temperature and relative humidity
conditions are determined for poultry birds and thereby, systems’ performance is thermodynamically
evaluated for poultry farms from the viewpoint of THI, temperature-humidity-velocity index (THVI),
and thermal exposure time (ET). From the analysis, it is concluded that MEC system performed
relatively better than others due to its ability of dew-point cooling and achieved THI threshold limit
with reasonable temperature and humidity indexes.

Keywords: poultry farms; air-conditioning; evaporative cooling systems; temperature-humidity
index; temperature-humidity-velocity index
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1. Introduction
1.1. Background

The agriculture sector of Pakistan contributes to about 21% of the gross domestic
product (GDP) and absorbs 45.5% of the total labor strength [1]. The total share of livestock
sector in agriculture covers about 11.4% of the agriculture gross domestic product and
53.25% of the value-added products [2]. Among the livestock sector, poultry contributed
about 1.4% in overall gross domestic product (GDP) during (2017–18) [3]. It also employs
directly/indirectly 1.5 million people [4]. Furthermore, the poultry meat production
amounted to total 1.43 million tons in 2017–2018 which represented the 32.76% of the total
meat production in the country. Keeping in view the economic importance of poultry, it
is desirable to monitor the environmental condition for their control sheds where several
flocks are brought up on yearly basis. A huge amount of capital is invested to raise the
controlled structures. Therefore, minor risks either by labor or machine are vulnerable to
poultry. Pakistan is recognized as a tropical country being along the equator on globe.

Climate change causes an increase in frequency, duration, and magnitude of heat
events [5,6]. Tropical countries are susceptible to hot and humid weather conditions [7]. In
Pakistan, there is a cycle of four seasons giving temporal variations. Summer and winter
reach the intense weather conditions. Over this course of time, temperature hits above 40 ◦C
and the corresponding mark of relative humidity drops below 20% in plain areas during
summer. Poultry birds are susceptible to environmental conditions. It is advisory to control
these factors that adversely affect the production and welfare of broiler chickens. Heat
stress is the major contributory force to affect the fate of these broilers. Poultry birds are
homoiothermic in nature and have the ability to control the body temperature throughout
the year whereas, the thermoregulatory mechanisms are efficient only in the range of
thermo-neutral zones (27.5–37.7 ◦C) [8,9]. The current study consists of the applicability of
evaporative cooling systems in the ambient conditions of Multan, Pakistan. To maintain the
thermal comfort in a poultry farm, air-conditioning is necessary [10,11]. Figure 1a,b shows
the dry-bulb temperature (DBT) and relative humidity (RH) variation for Multan (Pakistan)
throughout the year. It is found from the literature that the temperature higher than 25 ◦C
causes heat stress in poultry [12]. This study comprises the poultry thermal comfort under
the ambient conditions of Multan, Pakistan. The suitable relative humidity ranges from the
efficiency of the poultry farms and the chickens get affected by this temperature-humidity
index (THI) [13]. Once these situations reach poorly managed controlled houses for poultry,
the mortality rate per flock increases.

Pursuing this trend, growth of chickens is depressed, and heavy economic loss is
incurred. High temperatures can be absorbed by the poultry birds to some extent but
may go negatively when summer conditions turn severely warm with low humidity in
ambient air.

1.2. Heat Stress and Poultry Air-Conditioning

Heat stress is a key problem affecting both the health and performance of the poul-
try [14]. The chickens try to maintain their body temperature in between the thermo-neutral
zone but it is a condition where chickens are unable to maintain the balance between the
heat production and heat loss [15]. If the controlled temperature exceeds this zone, heat
must be lost in some way by poultry birds. Chickens have no sweat glands. Naturally, a
human body has pores on the skin through which moisture loss occurs by specific glands
balancing the ambient weather conditions. Unlike humans, chickens are deprived of such
sweat glands. Weight gain in chickens gradually goes on with increasing age. During
summer, the body heat of poultry birds is also exalted causing raised temperature [16]. At
this point, there are two ways: either reduce feed intake by bird or provide optimal weather
conditions inside controlled sheds. At 29.4 ◦C (85 ◦F), chickens start panting [17]. Figure 2a
shows the temperature/humidity heat stress index for chickens which combines the air
temperature with the relative humidity to analyze that how increasing humidity affects the
thermal comfort zone. Panting is a natural process for heat dissipation in bodies of poultry
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birds. Analogous to humans, this process maintains metabolic heat balance for chickens.
As a result of this phenomenon, water intake is increased to avoid dehydration. Figure 2b
illustrates the temperature zones of poultry birds which states that the optimum poultry
bird’s growth can be obtained by maintaining the desired temperature and humidity zones
inside the poultry house. During panting, high values of temperature and humidity pose a
serious problem. As the chickens lose moisture heat of the body to their surroundings for
attaining thermal comfort. But high humidity in ambient hot air hinders the functioning of
this process [18]. It also affects the productive and reproductive performance as well as the
economic traits and the welfare of poultry [19,20].

Figure 1. Illustration of (a) dry-bulb temperature, and (b) relative humidity variation (on hourly
basis) for the ambient conditions of Multan, Pakistan.

Figure 2. Heat stress effects on poultry birds. (a) Illustration of temperature-humidity index (THI) for chickens, repro-
duced from [21,22], and (b) diagram of temperature zones for broiler chickens representing lower, upper, and maximum
temperature, reproduced from [23].

3
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The activity and position of broiler chickens in broiler houses if monitored and con-
trolled could potentially lead to ameliorate conditions for health, energy consumption, and
welfare of these birds [14]. This research focused on controlling chamber environment for
broilers on micro-scale to understand their attributes. Broiler chickens transmit heat flow
from their body surface to maintain thermal equilibrium with the environment. The surface
temperature of birds can be directly related to the flow of blood in their body. Any change
in ambient temperature can be felt through the blood flow in birds near the skin. Climate
in poultry houses is a combination of dry air and humidity. Poultry litter is affected when
moisture and relative humidity is increased above 70% in room/poultry house. In a result,
ammonia (above 70 ppm) production increases which affects bird’s health and reduces
growth [24–26].

The optimum control of these two parameters guarantees the safety and welfare
of broiler chickens. Broiler chickens maintain their body temperatures through sensible
(change in body surface temperature) and latent (release of moisture from body in while
exhaling) heat emissions. It is suggested that the comprehensive study of metabolic
functions be conducted to understand the heat production in poultry birds. Figure 3
illustrates the effects of heat stress on behavioral changes. Chickens under heat stress
conditions spend less time in feeding and more in drinking, wings are lifted and less
moving. The panting signs are also observed [15]. Physiological changes include the
oxidative stress, acid base imbalance, respiratory alkalosis, and changes in cecal microbial
profile. Heat stress is correlated with the cellular oxidative stress which causes severe
health disorders, lower growth rates and economic losses [16,17]. The heat stress causes
production changes by increasing the weight of the chickens and decreasing the quality
and quantity of eggs. The mortality rate also increases due to heat stress [18].
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Figure 3. Heat stress effects on the poultry behavioral, physiological, production and neuroendocrine changes, reproduced
from [18].

With the increasing ambient temperature, the mortality rate increases. The high levels
of temperature not only affect the production performance but also hinders the immune
function in poultry [27,28]. To achieve the desired conditions for poultry, many cooling
systems have been developed and thus controlled air-conditioning has become necessary.
Air conditioning systems specifically evaporative cooling pads alone, or in combination
with nozzles are studied in literature [19,20,29,30]. Figure 4 illustrates the schematic of a
typical EC-based poultry air-conditioning.
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Air-conditioning happens to be an integrated process which transports the ambient
air into the conditioned space with optimal parameters of thermal environment for the
occupants [19,20,29,31]. In this way, it controls and maintains the temperature, relative
humidity, and air movement, in the conditioned space within the predetermined limits
either for thermal comfort or product processing. For poultry birds, thermal environment
is of prime significance. The optimal mixture of temperature and relative humidity gives
birth to temperature-humidity-index (THI). It is the thermal comfort that enhances health of
occupants in any conditioned space [32–34]. DEC, IEC, and MEC systems are performing
better as compared to vapor compression systems in terms of saving primary energy
and providing desired environmental conditions. Poultry control sheds employ direct
evaporative coolers for summer cooling. Evaporative cooling systems are developed and
installed to meet air-conditioning requirement in poultry houses. The efficiency of these
systems makes them cost effective and acceptable to user end. Poultry control sheds are
chambers which are conditioned on the principle of direct evaporative cooling system. Heat
production by poultry birds is ejected out of the system with reduction in temperature.

The objectives of this study include the understanding of poultry air-conditioning
requirements for poultry birds based on heat and moisture production, calculating heat
stress per bird and THI index to assess the desired evaporative cooling systems under
the climatic conditions of Multan, understanding the effects of sensible and as well as the
latent heat production in poultry birds and evaluation of evaporative cooling systems i.e.,
direct evaporative cooling (DEC), indirect evaporative cooling (IEC), Maisotsenko-Cycle
evaporative cooling (MEC) for the poultry environment in terms of THI and THVI.

2. Evaporative Cooling Systems

Many types of cooling systems are available to provide cool air for commercial or
domestic purpose. Since the ancient times, evaporative cooling systems (EC) are used
for cooling the ambient air by evaporating water droplets into the air. Evaporation of
water is a process in which heat of the ambient air is absorbed and water vapors are
imparted to it. In this process, only the latent load is achieved by providing humidity into
the ambient air. Whereas the total heat (enthalpy) gets negligible change. Evaporative
cooling generally lies on the conversion of sensible heat into the latent one. The main
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work is accomplished by the water in EC systems. The heat and mass transfer in EC
systems occurs on account of temperature and vapor pressure deficits. On the other hand,
vapor compression air-conditioning (VCAC) systems employs CFCs or HCFCs which
are environmentally harmful being the major exploiters of ozone layer depletion [10,31].
In this regard, increasing research efforts have been made in designing low cost and
environmental friendly technologies; specifically EC techniques have been demonstrated
effectively [35–37]. Energy consumption is also lower in EC systems as compared to the
VCAC [38]. When ambient air is passed through any water steam directly or indirectly,
it gets cooled with the effect of water evaporation into the air [20,31,39]. EC system
is generally employed in hot and relatively dry climates [7]. On the contrary, humid
environment is not suitable for evaporating cooling systems as air is already saturated.
The evaporating cooling system can be categorized into DEC and IEC with respect to the
interaction of water with air. A new system called M-cycle evaporative cooling (MEC)
has also been introduced to get a cool fresh air. Figure 5 shows the laboratory-scale
models for DEC, IEC, and MEC systems, respectively. These systems were developed in
Agricultural Engineering Department Bahauddin Zakariya University Multan, Pakistan.
The experimental setup uses 6.5 L/min water pump for all three developed systems and
a standard anemometer for air flow rate (i.e., average 1.7m/s). Standard temperature
and moisture sensor (H2) with an experimental uncertainty of ±1 ◦C temperature and
±2% RH was used in the experimental setup. Experimental data were collected for a time
span of a typical meteorological year and thermodynamic analyses were carried out for
poultry air-conditioning. Under the climatic conditions of Multan city, these systems can be
employed to achieve certain results which were further optimized to obtain THI and THVI
values. Figure 6 illustrates the schematics of typical evaporative cooling with DEC, IEC,
and MEC. EC system is an environment friendly and energy saving technology [40]. In
terms of thermal comfort, this system can be a suitable option in hot and arid climates as the
relative humidity lies in between the 60 and 70%. This system altogether meets the thermal
comfort needs of the occupant, being environmentally friendly [41]. The effectiveness of EC
system is indicated by wet-bulb and dew-point effectiveness [31]. In this system, ambient
air is directly brought in contact with water stream to lower down the temperature and
increase relative humidity [19,20,29,31,42].

2.1. Direct Evaporative Cooling (DEC)

It is the easiest and oldest type of EC system in which ambient air is brought in direct
contact with air stream to reduce the temperature [38]. The continuous evaporation of water
vapors (adiabatic process) causes a cooling effect up to a saturation point in which enthalpy
of air remains same, whereas the humidity ratio increases throughout the process [31,44].
These water streams are brought from metal or plastic tubes commonly known as “pads”
as their boundary walls. The ambient air is showered with water and thus, it gets cooled
and humidified. The water stream is injected with the help of motor and from the top of
the wall water droplets are drawn downward with the gravity force and capillary action.
The ambient temperature is potentially reduced to its wet bulb temperature at wet-bulb
effectiveness of 75–95% [31,45]. Figure 6 shows the working principle of DEC system. In
dry climates, DEC system works with 80% efficiency as reported in [38].

2.2. Indirect Evaporative Cooling (IEC)

It is a system in which heat and mass transfer phenomenon takes place without the
addition of moisture and works on the principle of sensible cooling [44]. In this system,
cooling effect is produced by isenthalpic cooling in the wet channel and sensible heat
transfer in the dry channel [44]. In IEC systems, product air passes over the dry side
while the working air passes over the wet side. In case of DEC, the conditioned air is
obtained but with an increased relative humidity level [46]. To achieve the constant absolute
humidity, the IEC systems are desired. Figure 6 shows the working principle of an IEC
system. IEC system can reduce the temperature up to the wet-bulb temperature at wet-bulb
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effectiveness of 50–65% [47]. The humidity ratio of the inlet and outlet air remains same
while the enthalpy of the outlet air decreases in an IEC system [44].
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2.3. M-Cycle Evaporative Cooling (MEC)

Maisotsenko-Cycle (M-Cycle) evaporative cooling technique is an advanced method
for achieving the dew point temperature as compared to the other two traditional systems
where cooling limit touches the wet bulb temperature [44,48]. In this system, the cooling
effect is produced by evaporative cooling and heat transfer where dew-point temperature
is achieved instead of wet-bulb temperature [49,50]. Figure 6 illustrates the working
principle of MEC system. This system comprises of three channels in which wet channel
is sandwiched in between the two dry channels. The ambient air cools down due to the
convective heat transfer between the dry and wet channels when it passes through the dry
channel [51]. In this system, the humidity ratio of the inlet and outlet air remains same while
the enthalpy decreases [45,52]. The studied experimental systems have been developed at
lab-scale and analyzed for poultry air-conditioning. However, when developed at large
scale, factors like pressure drop, fan power, availability of fresh water for evaporative
coolers, availability of the evaporative media, direction of the system installation in the
poultry shed, and the energy consumption should be taken into consideration.
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Figure 6. Illustration of evaporative cooling phenomenon. (a) Typical evaporative cooling phe-
nomenon using evaporative pads. (b–d) DEC, IEC, and MEC systems phenomenon along with air
transformations on psychrometric chart.

3. Materials and Methods
Mathematical Models for Poultry Heat Generation

Heat production in poultry birds changes with their body weight and muscle growth
due to the consumption of more energy produced from the feed intake [21,22]. Heat
production in poultry birds based on live weight is governed by Equation(4) given in
literature [15].

Q = 60.65 + 0.04W (1)

where, Q is the heat production (W/kg) and W is the live weight (kg). Sensible heat produc-
tion (SHP), and latent heat production (LHP) based on broiler age at various temperatures
were calculated using gates model Equations (5)–(12) given in literature [53]. The set of
Equations (5)–(12) were replicated from [53] using the self-defined chicken age, and specific
temperature ranges (presented below) to investigate the performance of the developed EC
systems.

All brooding temperature relations encompass the broiler chickens of age below 15
days. Whereas the rest of relations (i.e., for brooding temperature 15.6 ◦C, 21.1 ◦C, and
26.7 ◦C) are concerned with heat and moisture production of broilers above 15 days and
below 48 days.

For all brooding temperatures:

SHP = Kexp
(
−6.5194 + 2.9186x − 0.24162x2

)
(2)

SE = 0.284 K; 3 ≤ x ≤ 5

LHP = K
(
−42.961 + 27.415x − 2.84344x2

)
(3)

SE = 0.296 K; 2 ≤ x ≤ 5
For temperature (t = 15.6 ◦C):

SHP = K
(

38.612 − 2.6224x − 0.072047x2 − 0.00066x3
)

(4)
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SE = 0.045; 20 ≤ x ≤ 41

LHP = K
(

22.285 − 0.78279x + 0.011503x2 − 0.000038x3
)

(5)

SE = 0.192 K; 20 ≤ x ≤ 43
For temperature (t = 21.1 ◦C):

SHP = K
(

36, 070 − 2.1307x − 0.058862x2 − 0.00051x3
)

(6)

SE = 0.110 K; 20 ≤ x ≤ 39

LHP = K
(

11.221 + 0.40495x − 0.02727x2 − 0.000353x3
)

(7)

SE = 0.069 K; 20 ≤ x ≤ 43
For temperature (t = 26.7 ◦C):

SHP = Kexp(5.3611 − 0.16177x) (8)

SE = 0.052 20 ≤ x ≤ 23

LHP = K
(

20.094 − 0.70318x + 0.015182x2 − 0.000108x3
)

(9)

SE = 0.022 K; 20 ≤ x ≤ 42
Where SHP, LHP represent the specific sensible, and latent heat production (W/kg), x

represents bird age (days) and SE denotes the standard error of regression.
Temperature-humidity index (THI) is a direct combination of DBT and WBT. The

further insights of THI for broilers and layers is given below in Equations (10) and (11)
given in literature [54,55].

THIbroilers = 0.85tdb + 0.15twb (10)

THIlayers = 0.60tdb + 0.40twb (11)

where, tdb, twb represent dry-bulb and wet-bulb temperatures (◦C) respectively and THI
represents temperature-humidity index.

Temperature-humidity-velocity index (THVI) is used to analyze the ability to maintain
an internal condition constant by including velocity as one of the factors. The further
insights of THVI and ET can be seen in Equations (12)–(15) with normal, alert, danger, and
emergency regions of homeostasis for the broilers given in the literature [56].

THVI = THI × V−0.058 (0.2 ≤ V ≤ 1.2) (12)

For 1 ◦C temperature rise

ET =
(

2 × 1029
)
× THVI−17.68 (13)

For 2.5 ◦C temperature rise

ET =
(

4 × 1013
)
× THVI−7.38 (14)

For 4 ◦C temperature rise

ET =
(

3 × 1011
)
× THVI−5.91 (15)
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where, THVI represents temperature-humidity-velocity index, and ET stands for expo-
sure time in minutes. Wet-bulb temperature is calculated by Equation (16), as given in
literature [57,58].

Twb = Tdb tan−1
[
0.151977 + (RH + 8.313659)1

2

]
+ tan−1(Tdb + RH)

− tan−1(RH − 1.676331)
+0.00391838 RH3

2 tan−1(0.023101RH)− 4.686035

(16)

4. Results and Discussion

Climate control strategy starts with the estimation of ambient weather details for a
region. Such kind of analysis makes it visible that what kind of changes occur in the ratio of
DBT and RH in a day. Evaporative cooling systems (DEC, IEC, and MEC) were evaluated
in the laboratory under summer conditions in Multan. These systems appreciably reduced
the ambient temperature and increased relative humidity to meet the threshold THI limit
for poultry birds. Figures 7 and 8 show the experimental analysis of DEC, IEC, and MEC
systems for the climatic conditions of Multan. Table 1 shows the summary of performance
profile of the experimental DEC, IEC, and MEC under the climatic conditions of Multan
(Pakistan) for poultry air-conditioning.

Table 1. Summary of performance profile of the experimental DEC, IEC, and MEC under the climatic conditions of Multan
(Pakistan) for poultry air-conditioning.

Month Ambient
Temperature Ambient RH DEC IEC MEC

∆T ∆RH ∆THI ∆T ∆RH ∆THI ∆T ∆RH ∆THI

(◦C) (%) (◦C) % (◦C) (◦C) % (◦C) (◦C) % (◦C)

Apr 36.5 39.5 10 48.5 9 6.5 23 6.5 12 37.5 10

May 37.5 36 10 49 8.5 6.5 20.5 5 11.5 42 9.5

Jun 38 44 7 48 8.5 5 19.5 7 9.5 39 10

Jul 37.5 66 5.5 21 3.5 4.5 12.5 3 7 30.5 5.5

Aug 38.5 62 7 26 4.5 4.5 15.5 3 7.5 31.5 5.5

Sep 35 55 6.5 36 5 3.5 16.5 3.5 7 34.5 6

∆ denotes the gradient/difference in ambient the supply air-conditions.

Broiler heat production increases as its weight increases. It is directly proportional
to the physiological growth of birds being grown up under healthy conditions. Broilers
need optimal environmental conditions to thrive in tropical regions. In these dry and
humid regions, broilers need evaporative cooling effect in hot conditions to maintain their
body heat and moisture loss. These birds are sensitive to the slight change in temperature
and humidity values and become accustomed to high mortality rates. In Figure 9, it is
mentioned through graphical representation that with the increase in broiler age, their body
weight keeps on increasing. The way this body weight increases, the need for encountering
heat and moisture production arises.

For this purpose, an optimal air-conditioning and ventilation technique needs to be
devised. The heat from the broiler started increasing from 60 till 155 W/m2 with the
corresponding increase in the weight up to 2700 g. Sensible and latent heat production
of broilers is studied with respect to its weight under different temperatures according to
Gates model. A set of regression equations were developed to study the heat production
patterns in broilers. This situation is graphically presented in Figures 10–13, to understand
the effects of high temperature and difference in heat production on the overall welfare of
poultry birds. These models made it clear that broilers with growing age attain physiolog-
ical maturity and meanwhile, their sensible and latent heat production is dependent on
ambient temperature. These graphs also illustrate that total heat production with varying

10



Sustainability 2021, 13, 2836

temperatures increase initially and comes to rest. On the other hand, sensible and latent
heat production makes narrower gap at lower temperatures while this gap gets wider at
higher temperatures.

Figure 7. Experimental analysis of DEC, IEC, and MEC systems in the months of April, May, and June for ambient conditions
of Multan, Pakistan.
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Figure 8. Experimental analysis of DEC, IEC, and MEC systems in the months of July, August, and September for ambient
conditions of Multan, Pakistan.
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Figure 9. Relationship of broiler weight and heat production of chickens and broilers.

Figure 10. Representation of Broiler age [days] as the function of sensible, latent, and total heat
production at all brooding temperatures.

Figure 11. Representation of Broiler age [days] as the function of sensible, latent, and total heat
production at 15.6 ◦C temperature.
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Figure 12. Representation of Broiler age [days] as the function of sensible, latent, and total heat
production at 21.1 ◦C temperature.

Figure 13. Representation of Broiler age [days] as the function of sensible, latent, and total heat
production at 26.7 ◦C temperature.

This can be controlled with the help of management guide designed for broilers where
THI values can resolve this deficiency. The difference between sensible and latent heat
production is seriously important to get a know how about the assimilative capacity inside
the poultry environment. The wider the gap is, poorer is the resilience of the environment
surrounding the poultry birds.

The sustenance capacity of poultry birds to survive heat stress increases with the
increasing velocities as depicted in different layouts of THVI with thermal exposure time
(ET) in Figure 14. Figure 14 was reproduced from published literature using the tabular
data in a research conducted by Tao et al. [56]. These figures categorize exposure time of
broiler chickens with THVI and state that it is the air movement that tells the story other
way round if not checked properly.

In these figures, it is shown that increasing velocity to some extent makes it easier
to achieve thermal comfort zone for poultry birds. THI is the summation of different
percentage compositions of dry- and wet-bulb temperatures. Dry-bulb temperature is
measured by simple thermometer while wet-bulb temperature is measured with soaked
wet cloth wrapped over the measuring segment of the thermometer. In Figure 15a,b, it is
stated that there is correlation between Tab and THI to describe the increasing trend from
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the daily data of weather for broilers from daily weather conditions to calculate THI which
is a function of Tdb and RH.

Figure 14. Thermal comfort zone for poultry birds with respect to THVI [◦C] and ET [min] at (a) 0.2 m/s, (b) 0.4 m/s, (c) 0.6
m/s, (d) 0.8 m/s, (e) 1.0 m/s, (f) 1.2 m/s velocities, respectively, reproduced from tabular data published by [56].

From Figure 15, an empirical equation is obtained with appreciable R2 value. Figure 15
concludes that the range of THI variation is less in broiler chickens (Figure 15a) as compared
to relatively higher range of THI variation in egg-laying chickens (Figure 15b). This also
explains the assimilative capacity of natural environment to resist heat stress to some extent
in both cases of broilers and layers, respectively. Figure 16a,b proposes a THI pyramid (i.e.,
amalgamation of THI) based on daily wet-bulb temperature range. In Figure 16, the green,
blue, and red color lines overlaid on top of the regression lines represent boundaries of
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different zones based on allowed THI of both broilers and egg-laying chickens. In Figure 16,
chart area covered underneath the green line represents the threshold zone, chart area
covered between green and blue line represents the alert zone, area covered between blue
and red line represents the danger zone, and area covered above the red line shows the
emergency zone based on the allowed/comfortable THI for both cases. The resilience
of layers chicken is more in pyramid (i.e., amalgamation of THI as shown in Figure 16)
as compared to broiler chicken with enlarged elliptical trend (in Figure 16). Figure 17a,b
explains dry bulb representation with the RH and THI relationship for broilers and egg-
laying chickens and states that this trend for broiler chickens was found to be more tolerant
to the thermal stress (i.e., heat stress due to ambient air conditions) effectively as compared
to layer chickens, which justifies the published literature against the thermal stresses of
broilers and layers as shown in Equations (13)–(14). According to Figure 17a, the broiler
chicken has higher range of temperature-humidity-index at a specified relative humidity
indicating relatively more thermal resilience as compared to layer chicken (Figure 17b)
at same relative humidity conditions. Feasibility calendar of EC (DEC, IEC, and MEC)
systems for the ambient conditions of Multan (Pakistan) is presented in Figure 18. The
ambient conditions of the study area were recorded for a year using standard temperature
sensor and were later analyzed for poultry air-conditioning.

Figure 15. Representation of dry-bulb temperature and THI as a correlating factor for (a) broiler chickens, and (b) egg-
laying chickens.

Figure 16. Representation of wet-bulb temperature and THI as correlating factor for (a) broiler chickens, and (b) egg-
laying chickens.
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Figure 17. Representation of dry-bulb temperature as a function of relative humidity and THI for (a) broiler chickens, and
(b) egg-laying chickens.
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5. Conclusions

Poultry industry is affected by (sensible/latent) heat stresses and results in substantial
economic loss. Heat stress causes severe impacts on poultry health such as mortality rate
and body weight increases. Economically, these birds are the cheapest source of proteins
in South Asia. Furthermore, poultry farming is catching its momentum with millions
of capital investment by many in a quest to gain much more in a short span of time. In
view of presented work, the air-conditioning process for broiler chickens carries significant
importance. The major issue revolves around is the optimal control of temperature and
humidity such as THI. Any minor fluctuations of index wreak havoc for the investor
and birds ultimately. For all this there was an open window for the current research to
oversee an energy-efficient evaporative cooling system that could condition the air without
raising humidity levels. In this regard, the EC systems (DEC, IEC, and MEC) were studied
under the weather conditions of Multan in line with the regression equations from Gates
model. In fact, the empirical relations of sensible and latent heat production minimized the
need to erect a whole new setup to raise poultry birds for studying the heat and moisture
production. Moreover, the experimental results of the studied EC systems conclude that the
MEC system could be considered as a viable alternate option as compared to the traditional
DEC systems used for poultry air-conditioning due to the psychrometric and climatic (i.e.,
monsoon season) limitations of the DEC system. However, all the studied standalone
evaporative cooling systems are still limited by the ambient air conditions. This problem
can be resolved by further research on experimental desiccant dehumidification-based
evaporative cooling systems for poultry air-conditioning. Therefore, the present study
concludes the MEC as the best alternate option to the traditional DEC system used for
poultry air-conditioning in Multan, Pakistan.
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Abbreviations

EC evaporative cooling
GDP gross domestic product
DBT dry-bulb temperature
RH relative humidity
THI temperature-humidity index
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THVI temperature-humidity-velocity index
DEC direct evaporative cooling
IEC indirect evaporative cooling
MEC M-cycle evaporative cooling
Q heat produced (Q/kg)
W Live weight (kg)
SHP sensible heat production (W/kg)
LHP latent heat production (W/kg)
x bird’s age (days)
SE standard error of regression.
ET thermal exposure time
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Abstract: High electricity consumption, carbon dioxide (CO2), and elevated noxious gas emission
in the global livestock sector have a negative influence on environmental sustainability. This study
examined the effects of a heating system using an air heat pump (AHP) on the energy saving,
housing environment, and productivity traits of pigs. During the experimental period of 16 weeks,
the internal temperature was found to be higher (p < 0.05) in the AHP house than in the conventional
house. Moreover, the average electricity consumption and CO2 emission decreased by approximately
40 kWh and 19.32 kg, respectively, in the AHP house compared to the house with the conventional
heating system. The average NH3 and H2S emissions were significantly lower in the AHP house
(p < 0.05) during the growth stages. The AHP and conventional heating systems did not have
a significant influence (p > 0.05) on the average ultra-fine dust (PM2.5) and formaldehyde level
fluctuations. Furthermore, both heating systems did not show a significant difference in the average
growth performance of pigs (p > 0.05), but the weight gain tended to increase in the AHP house.
In conclusion, the AHP system has great potential to reduce energy consumption, greenhouse gas
(GHG) emissions, and noxious gas emissions by providing economic benefits and an eco-friendly
renewable energy source.

Keywords: air heat pump; carbon dioxide; formaldehyde; electricity consumption; ultra-fine dust

1. Introduction

Various energy problems have been identified in the global agriculture sector not only for economic
reasons, but also for sustainable ecological persistence [1–3]. This is due to the diminishing fossil fuel
reserves and increasing energy prices worldwide [4,5]. In addition, excessive greenhouse gas emissions
affect biodiversity degradation through global warming [6]. Furthermore, the increase of global CO2

emissions into the atmosphere is expected to lead to a temperature increase from 1.1 to 6.4 ◦C by the
end of the 21st century [7]. Fossil-fuel burning is the major contributor of CO2 emissions, and the
atmospheric CO2 concentration has been enhanced by 31% since 1750, with an average annual increase
by 1.5 ppm over the past decades [8]. Beside deforestation and excessive arable land utilization,
fossil-fuel combustion is responsible for 90% of CO2 emissions into the environment [9].

In the global livestock sector, pigs have an inefficient thermoregulation process for dissipating
heat from their bodies. Their maximum voluntary feed intake (VFI) ranges from 19 to 25 ◦C and tends
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to decrease above 25 ◦C [10]. NH3 and methane byproducts released by pigs, together with dust,
affect the air quality and are considered important parameters in pig houses [11]. The emission of
noxious gas from the livestock sector is one of the major problems; it exerts negative impacts on the
environment and accounts for approximately 75–80% of NH3 emissions in developed nations in the
world [12]. Moreover, a combination of both NH3 and H2S adversely affects the pig industry [13,14]
owing to the direct harmful impact on both animals’ and workers’ welfare [15]. Dust can penetrate the
respiratory organs easily owing to its smaller particle size. Super-fine dust particles less than <1 µm are
the most harmful and cause pulmonary diseases [16]. Therefore, essential steps are needed to improve
the housing environment by reducing noxious gas emissions, dust concentration, and environmental
pollution. Moreover, due to the presence of an abundant renewable resource capacity, South Korea
has the potential of utilizing them efficiently to mitigate the problems arising through high energy
consumption, thus finding effective solutions for those challenges and the energy distribution process
across the various geographical areas [17].

The air heat source pump system has the potential to conserve high-grade energy and allow
the effective use of low-grade energy, as well as to provide energy savings and storage [18].
Other than the energy savings, it can reduce CO2 emissions and is consistent with efficient structural
compaction [19].The theoretical and experimental performance and effectiveness of the air heat
pump were investigated by previous studies [20–23]. However, there are no publications available
on the effects of utilization of air heat pump systems on energy efficiency, housing environments,
and productivity traits in livestock sectors. Owing to the environmentally friendly and sustainable
source, an air heat pump system can be introduced as an alternative energy system for conventional
methods. Therefore, this study compared a conventional electric heating system and an air heat pump
(AHP) system for the energy savings, housing environment (NH3, H2S, fine dust, formaldehyde),
and productivity traits of pigs.

2. Materials and Methods

2.1. Experimental Period and House

The performance of the air pump heating system in a pig house was evaluated for 16 weeks
(weaning period, four weeks; growing period, six weeks; finishing period, six weeks) in winter from
2 December 2019 to 2 April 2020 at the Sunchon National University Experimental Farm, South Korea.
The pig house consisted of two separate rooms (3 m × 8 m) that were subdivided into 10 pens for
individual replication. Two east-facing rooms were contained in the pig house. The room on the south
side was considered the control house, which was connected to a conventional electric heating system.
The air pump heating system was connected to the other north-facing room (Figure 1). An outdoor unit
draws heat in from outside, and thereafter, blows it over a heat exchanger coil. The heat thus generated
from the compressor is then transferred through an internal plastic tube with small pores that enable
the uniform distribution of the heating pattern inside the house. Finally, the cold liquid vapor coolant
mixture enters back into the outdoor unit to be heated once again. The conventional pig house was
connected with heating lamps; the heights of these were maintained according to the growth phase of
the pigs. The outside walls of the pig house were made from brick plastered on both sides. The floor
was installed with a plastic slat, and the slurry was removed daily. The environmentally controlled pig
houses’ inside temperature ventilation processes were controlled automatically. Moreover, we maintained
similar internal temperature settings according to each growing phase, covering both the conventional
electric heating house and the AHP installed house to compare the inside temperature fluctuations,
energy efficiency, noxious gas emission, ultra-fine dust, and formaldehyde concentration between the two
experimental houses. Throughout the experiment, all animals received a commercial basal diet and had
access to water ad libitum.
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Figure 1. Schematic diagram of the air heat pump (AHP) system for the pig house.

2.2. Description of the Air Heat Pump System

The air heat pump (AHP) (model: BW1450M9S, LG Electronics Inc., Seoul, South Korea) was
installed and connected to a pig house according to a slight modification of the procedures recommended
by previous studies [24,25]. The major components of the air heat pump system were an air inlet,
inhale chamber, air heat pump compressor, discharge chamber, and air-circulating pipes (Figure 2).

Figure 2. Outline of the air heat pump system.

The power was supplied through a three-phase four-wire system (380 V, 60 Hz). The estimated
minimum and maximum heating ability values were 5.2 and 20 kW, respectively. The evaporator
coil system of the heat pump (HP) system could dehumidify and cool the extracted hot and wet
air. The absorbed fresh and purified air was heated by a condenser, and the circulating fluid was
the refrigerant R410A. The inlet fan was controlled thermostatically, and the temperature level was
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maintained according to its speed. The extraction fan speed was controlled manually. The required
power for the operation of the compressor was 1.1 kW; the required level increased to 4.3 kW when the
fans were operating. The coefficient of performance was 4.3 for the heating process when the reference
temperature values were used: external air at 6.0 ◦C, evaporation at −4.0 ◦C, and condensation at 45 ◦C.

2.3. Measurement and Analysis

The temperatures of the control and air heat pump houses were determined using eight-bit Smart
Sensors (model: SMT-75, Seoul, South Korea). Temperature data were taken from the ceiling at the
entry (close to door), center and back of the pig houses at 10 cm above the slatted floor (lower point),
and 10 cm below the ceiling level. All measuring equipment was connected to a data logger system
(CR10X data logger, Campbell Scientific Inc., Edmonton, AB, Canada) to record the data for every hour.
The recording equipment was properly designed for an auto-restart process to prevent data losses due
to power failures. A digital hygrometer (Electronic Digital Hygrometer HTC-1, Jinggoal International
Ltd., Guangdong, China) was used to evaluate the humidity level inside the both pig houses.

The coefficient of performance (COP) of the heat pump was evaluated using the following
formula [26]:

COP =

∑ .
Q

∑ .
W

(1)

where
.

Q is the useful heat extracted from the heat pump (condenser) (kW) of the air heat pump;
.

W is
the power consumption (kW).

The daily electricity consumption of both the conventional and air heat pump house was
measured based on the electricity consumption units recorded by individually installed meters (Model:
LD 1210Ra-040, LSis, Seoul, South Korea). The daily electricity cost of each house was calculated according
to the current electricity cost in South Korea (Korea Electric Corporation, KEPCO, September 2020
(1 kWh electricity = 39.2 South Korean won, and 39.2 South Korean won = 0.033 USD)). In addition,
CO2 emissions were determined in kgCO2e (1 kWh = 0.483 kg CO2 equivalent) [27] according to the
electricity consumption in both pig houses.

NH3 and H2S gas concentrations were evaluated every day at 8:00 am at the entry, center, and back
positions at approximately 30 cm above the slatted floor using a Gastec (model GV-100) gas sampling
pump (Gastec Corp., Kanagawa, Japan) and gas detector tubes: No. 3L (0.5–78 ppm, Gastec Corp.,
Kanagawa, Japan) for NH3 and 4LT (0.05–4 ppm, Gastec Corp., Kanagawa, Japan) for H2S. The NH3 gas
emission was expressed in ppm, and the H2S level was expressed in ppb in both pig houses. The ultra-fine
dust concentration and formaldehyde level were measured every day during the experimental period
at 8:00 am at the entry, center, and back of each pig house using a Smart Sensor air quality model
(model:AR830A-2, Huipu Opto-Electronic Instrument (Zhenjiang) Co., Ltd., Jian, China) at 10 cm above
the floor.

The body weight gain, feed intake, and feed conversion ratio (FCR) were measured during the
weaning, growing, and finishing periods. The body weight gain was evaluated by dividing the weight
difference of the starting and finishing weight by each experimental period. The feed intake was
measured every week by weighing the feed weight immediately before the body weight measurement.
The FCR was calculated by dividing the feed intake by the average daily gain.

2.4. Statistical Analysis

The inside room temperature, noxious gas emission, ultra-fine dust concentration, and formaldehyde
level in the experimental houses were evaluated using PROC GLM of the statistical analysis system
(version 9.1, SAS Institute Inc., Cary, NC, USA). The data are reported as the mean ± standard error of the
means (SEM). A p-value < 0.05 was considered significant.
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3. Results

3.1. Room Temperature and Coefficient of Performance (COP)

As shown in Table 1, the temperature level was increased significantly (p < 0.05) in the house with
the air heat pump compared to the control house. The highest and lowest temperatures in the AHP
house were 26.1 and 19.9 ◦C, respectively (Figure 3). The COP value was reduced when the external
temperature was decreased during the weaning period.

Table 1. Effect of the air heat pump system on inside temperature and coefficient of performance (COP).

Periods External
Temp. (◦C)

Control
(◦C)

AHP
(◦C) SEM p-Value Average

COP

Weaning 4.5 24.7 b 26.1 a 1.84 <0.0001 3.86
Growing 6.1 20.4 b 22.8 a 1.88 <0.0001 3.98
Finishing 9.7 19.9 b 21.1 a 1.14 <0.0001 4.12

Average 7.1 21.3 b 23.0 a 2.59 <0.0001 4.07
a, b means that values with different superscripts within same row are significantly different (p < 0.05).
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Figure 3. Temperature profile for control (conventional electric heating system) versus air heat pump
(AHP) housing system during winter, at the entry, center, and back position of the rooms (average mean
value at lower and upper positions). (A) Temperature profile during weaning period (four weeks).
(B) Temperature profile during growing period (six weeks). (C) Temperature profile during finishing
period (six weeks).

3.2. Electricity Consumption, CO2 Emissions, and Cost Savings

Table 2 lists the daily electricity consumption and cost analysis per day in both experimental
houses. The daily electricity consumption during the weaning, growing, and finishing periods were
decreased in the AHP house. The decrease in average daily electricity consumption in the AHP house
was 63.5%.
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Table 2. Energy consumption and heating costs of the pig houses during the various growth periods.

Electricity Use (kWh/d) CO2 Emission (kg)

Period Control AHP Reduced Control AHP Reduced Cost Savings (USD)

Weaning 108 33 75 52.16 15.94 36.22 97.02
Growing 60 30 30 28.98 14.50 14.48 38.80
Finishing 35 9 26 16.91 4.35 12.56 33.63

Average 63 23 40 30.43 11.11 19.32 51.74

Electricity consumption was determined using an electric meter installed for each house for every day (8:00–20:00)
and night (20:00–8:00), and was summed per day. Carbon dioxide (CO2) emissions were evaluated based on
electricity consumption per day. The used conversion factor was 1 kWh = 0.483 kg CO2 emissions [27]. Cost was
estimated according to electricity consumption per day. The current value of 1 kWh electricity = 39.2 South Korean
Won, and 39.2 South Korean Won = 0.033 USD was used (KEPCO, September 2020).

Consequently, a significant decline of the daily electricity cost was also observed in the AHP house
relative to the control house. During the finishing period, the electricity consumption was reduced
drastically in the AHP house, and the reduced average daily electricity cost was 63.6% compared to the
control pig house. The total CO2 emission was decreased in the AHP-installed house, and the average
daily reduction was 63.49% compared to the control house.

3.3. NH3, H2S, Ultra-Fine Dust (PM2.5), and Formaldehyde Level

As listed in Table 3, NH3 and H2S emissions during the weaning, growing, and finishing periods
were significantly lower (p < 0.05) in the AHP house compared to the control house. The average NH3

emissions were reduced by 61%, and the average H2S level was decreased by 45% in the AHP house.

Table 3. Effect of the air heat pump system on the NH3 and H2S emissions in the pig house.

Item Periods Control AHP SEM p-Value

NH3 (ppm)
Weaning 0.05 a 0.01 b 0.02 <0.0001
Growing 0.63 a 0.16 b 0.33 <0.0001
Finishing 2.27 a 0.97 b 0.45 <0.0001

Average 1.10 a 0.42 b 0.78 <0.0001

H2S (ppb)
Weaning 0.00 0.00 0.00 -
Growing 0.00 0.00 0.00 -
Finishing 5.14 a 2.81 b 0.56 <0.0001

Average 1.93 a 1.06 b 0.94 <0.0001
a, b means that values with different superscripts within the same row are significantly different (p < 0.05).

Table 4 lists the ultra-fine dust concentration (PM2.5) and formaldehyde concentration due to the
air heat pump system. There were no significant differences in the PM2.5 dust concentration between
the two houses. On the other hand, the dust concentration tended to decrease during all periods,
and the average reduction was 6.5% in the AHP house compared to the control house. During the
growing and finishing periods, the formaldehyde concentration was significantly lower (p < 0.05) in
the AHP house.

29



Sustainability 2020, 12, 9772

Table 4. Effect of the air heat pump system on ultra-fine dust (PM2.5) and formaldehyde concentration
in the pig house.

Item Periods Control AHP SEM p-Value

Ultra-fine
dust (PM2.5)

(µg/m3)

Weaning 28.39 24.74 16.60 0.46
Growing 29.03 26.33 23.71 0.64
Finishing 21.14 21.69 14.22 0.87

Average 25.84 24.14 18.80 0.54

Formaldehyde
(ppm)

Weaning 0.06 0.05 0.02 0.26
Growing 0.08 a 0.05 b 0.04 0.03
Finishing 0.22 a 0.13 b 0.19 0.02

Average 0.12 0.10 0.12 0.27
a, b means that values with different superscripts within the same row are significantly different (p < 0.05).

3.4. Effect of the Air Pump Heating System on the Productivity Traits of Pigs

Table 5 lists the results of the growth performances of pigs during their weaning, growing,
finishing, and average values. The body weight gain, feed intake, and feed conversion ratio (FCR) did
not significantly differ (p > 0.05) among the control and AHP-installed house.

Table 5. Effect of the air pump heating system on the productivity parameters of pigs.

Item Control AHP SEM p-Value

Weaning period (0–4 weeks)

Initial weight (kg) 8.56 8.29 3.17 0.86
Final weight (kg) 25.81 25.87 5.66 0.98
Weight gain (kg) 17.26 17.58 3.01 0.82
Feed intake (kg) 33.48 33.79 7.45 0.93
FCR (Feed/gain) 1.95 2.01 0.60 0.83

Growing period (4–10 weeks)

Initial weight (kg) 25.81 25.87 5.66 0.98
Final weight (kg) 70.77 66.10 7.80 0.22
Weight gain (kg) 40.23 43.96 4.27 0.03
Feed intake (kg) 100.93 96.66 4.63 0.54
FCR (Feed/gain) 2.25 2.44 0.41 0.36

Finishing period (10–16 weeks)

Initial weight (kg) 70.77 66.10 7.80 0.22
Final weight (kg) 113.43 107.97 7.18 0.13
Weight gain (kg) 41.87 42.66 4.64 0.73
Feed intake (kg) 150.81 151.48 4.26 0.92
FCR (Feed/gain) 3.53 3.69 0.49 0.51

Average (0–16 weeks)

Initial weight (kg) 8.56 8.29 2.80 0.96
Final weight (kg) 113.43 107.97 7.18 0.13
Weight gain (kg) 99.68 104.88 5.46 0.06
Feed intake (kg) 285.23 281.93 3.23 0.82
FCR (Feed/gain) 2.71 2.83 0.23 0.30

3.5. Estimation of the Installation and Annual Operational Costs

As shown in Table 6, the initial investment for the air heat pump system was comparatively higher
than for the conventional electric heating system. Nevertheless, the AHP system gained a lower annual
operational cost, higher life span, and shorter payback period.
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Table 6. Installation and operational costs of the air heat pump and conventional electric heating system.

Item Control AHP

Installation cost (USD) 1288 5000
Life span 5 years 15 years As per company instruction

Annual operational cost (USD) 4323 394
Savings (USD) - 3929

Payback period (Y) >useful life 4.1
Depreciation time 5 years 15 years

Annual operational cost was evaluated according to annual electricity consumption (131,026 kWh) and price
(0.033 USD/kWh).

4. Discussion

Proper temperature maintenance inside a pig house is essential to prevent pigs from cold shock
and ensure their optimal growth. In this study, the inside temperature of the AHP house was greater
than in the conventional electric heating system. We speculated that the AHP system could distribute a
uniform heat pattern more continuously inside the house than the conventional electric heating system
due to the high COP value and lower running time period. The calculated average COP of this study
was 4.07, which is lower than the values observed by Riva et al. [28] during the heating phase, but it
was higher than the experiment conducted by Ji et al. [29] using an air heat pump for domestic heating
purposes. In contrast, Zang et al. [30] reported that the COP value tends to increase with decreasing
external temperature because the evaporator of the heat pump interacts continuously with hot air
circulation during the heating phase. Nevertheless, some studies have reported that the efficiency of
the AHP system tends to decrease when exposed to extreme temperature levels [31–33].

Renewable energy sources are abundant, have low cost, and are environmentally safe. In the
present study, the AHP system showed lower electricity consumption, CO2 emissions, and electricity
cost relative to the conventional electric heating system. To the authors’ knowledge, only one study
has evaluated the effects of an air pump system on energy savings and housing environment in pig
breeding house [28]. Riva et al. [28] reported that an AHP house could save 11% of the total energy
consumption compared to a control house connected to an LPG boiler house. Similarly to the present
results, Wu [34] concluded that the AHP system is a more efficient environmental safety system than
conventional heating techniques, and can be introduced to minimize the depletion of energy resources.
The low electricity consumption in the AHP system might be due to the high COP value, which has
the potential to distribute unvarying heat inside the experimental house.

Rabczak et al. [35] reported that the emission of CO2 to the atmosphere could be reduced by 40%
with an air heat pump system compared to a local gas furnace system or particular heating system that
is provided for specific geographical areas. Furthermore, decreased CO2 emissions and energy savings
have been investigated in response to the air pump heating system in buildings [36–39]. In addition
to the increasing feed cost, energy prices have a huge impact on the productivity of the global pig
industry, including in South Korea. In the present study, the electricity cost decreased during each
growth period in the AHP-installed house compared to the conventional system.

According to the International Commission of Agricultural and Bio-Systems Engineering, CIGR
(2002) [40], the recommended maximum NH3 concentration is 20 ppm. In the livestock sector, pig growth
was slowed by 12% to 30% in intensive swine buildings because of the elevated NH3 concentration [11].
An improper ventilation system and high concentrations of NH3, H2S, and CO2 lead to poor air quality
inside pig houses. In the present study, the concentrations of both NH3 and H2S were significantly lower
in the AHP house, which is in agreement with the results of a previous study [28]. The lower noxious
gas concentration may have occurred due to the increased fresh outdoor air temperature due to the
compressor, as well as the subsequent dilution of NH3 and H2S levels in the pig house.

Takai et al. [41] reported that the dust concentration in swine houses tends to increase in
winter compared to summer. Automotive exhaust and various urea–formaldehyde products are the
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sources of formaldehyde formation inside houses. Exposure to 0.3 to 50 ppm will depreciate lung
compliance [42]. In the present study, during the growing and finishing periods, air contamination
with formaldehyde was lower, possibly due to proper air circulation inside the AHP house. On the
other hand, the relationship between the dust concentration, formaldehyde level, and installation of an
AHP system is unclear. Further research on dust and formaldehyde fluctuations from the utilization of
renewable energy sources will be needed.

According to Riva et al. [28], the production parameters, including feed intake, weight gain,
and feed conversion ratio, increased significantly in a pig house operating with the AHP system
compared to one operating with an LPG gas system. The accumulation of high concentrations of fumes
in an LPG house may reduce their voluntary feed intake because of the poor housing environmental
conditions. Nevertheless, in our study, there were no significant differences in the productivity
parameters, but the weight gain tended to increase in the AHP house during the growth stages.
Therefore, further study on the productivity parameters when using the AHP system in the livestock
sector will be needed.

Owing to the high COP value of the AHP system, the annual operational cost was reduced by 91%
compared to the control heating system. Wu [34] reported that the air heat pump reduced electricity
consumption by 46 kWh/m2. Consequently, it reduces the electricity costs. Islam et al. [43] reported
that the installation cost for a renewable geothermal heat pump is considerably more expensive than for
a renewable AHP system, and both systems had lower annual operating costs than the electric heating
system. The payback period tends to decrease when the COP value is increased. Similarly to our result,
the payback period ranges between four and five years when the COP value is 4 [44]. Owing to the
high depreciation time, livestock farmers can implement an AHP-based livestock housing system to
minimize their electricity costs, and it has the potential to work for a longer period.

5. Conclusions

In global intensive livestock farming systems, higher electricity consumption and inadequate
air quality adversely influence the environmental sustainability and slow productivity. Therefore,
the implementation of innovative strategies in order to maintain production parameters while reducing
energy consumption and providing proper air quality is a current issue and is worthy of being
collaboratively investigated. The present study aimed to investigate an AHP system to be utilized for
intensive pig farming as an efficient, eco-friendly alternative to the widely used conventional electric
heating systems. According to the results of this study, the inside temperature was maintained at a
significantly higher level in the AHP house. A significant decrease in average electricity consumption
by 40 kWh, overall cost, and CO2 emissions by 19.32 kg was observed during the experimental period
in the AHP house. Furthermore, the NH3 and H2S emissions were also lower in the AHP-installed
house than in the house with the conventional electric heating system. Although the initial installation
cost was high, the investor could obtain long-term benefits with a uniform performance for a longer
period (approximately 15 years) while utilizing less electricity and causing less greenhouse gas (GHG)
emissions. Therefore, the AHP system is an innovative and sustainable energy source for cost-effective
and eco-friendly heating of animal houses in the livestock sector.
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Abstract: Water shortage, human population increase, and lack of food resources have directed
societies towards sustainable energy and water resources, especially for agriculture. While open
agriculture requires a massive amount of water and energy, the requirements of horticultural systems
can be controlled to provide standard conditions for the plants to grow, with significant decrease in
water consumption. A greenhouse is a transparent indoor environment used for horticulture, as it
allows for reasonable control of the microclimate conditions (e.g., temperature, air velocity, rate of
ventilation, and humidity). While such systems create a controlled environment for the plants, the
greenhouses need ventilation to provide fresh air. In order to have a sustainable venting mechanism,
a novel solution has been proposed in this study providing a naturally ventilating system required
for the plants, while at the same time reducing the energy requirements for cooling or other forced
ventilation techniques. Computational fluid dynamics (CFD) was used to analyse the ventilation
requirements for different vent opening scenarios, showing the importance of inlet locations for the
proposed sustainable greenhouse system.

Keywords: greenhouse; computational fluid dynamics; airflow; temperature; humidity; sustainable
agriculture; horticulture; Zagazig; Egypt

1. Introduction

Production of fresh horticultural crops in greenhouses is an essential agricultural
practice. The use of greenhouses results in increased harvest, water and nutrients, higher
fruit yield, longer production times, and the capacity to grow off-season [1]. They are being
used to protect the plants from severe climate conditions such as high wind rates, intense
sunshine, and high levels of temperature and humidity [2,3]. Such different parameters
may be managed simply by opening/closing vents automatically or manually to control
wind speeds, or even by choosing proper covering materials [4,5]. Using dyed glass can
prevent high solar irradiance from impacting plant growth by shielding the greenhouse
(GH)’s translucent walls and roof [3].

Although a mono-span known as a walk-in greenhouse is a common greenhouse
structure in Egypt, many other types of greenhouse have been developed over the last
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25 years, such as the double-span, the Parron system, wooden greenhouses, and the multi-
span. However, double-span greenhouses are the most widely used, with their sufficient
ventilation and simple management, according to growers in Egypt [1]. Greenhouses
covered with screen nets or shade nets are frequently used in Egypt, especially during hot
summer days, to reduce the radiation intensity in the greenhouse. Additionally, shading
screens used inside the glasshouses caused the reduction of photosynthetically active
radiation leading to the better quality of agricultural production [6–9]. A screen shade net
can be placed outside on top of the greenhouse (using proper construction) and would be
effective in minimising heat load from crops grown in the greenhouse [10,11]. The design
and sustainability of the greenhouse in Egypt must consider both high temperatures on
hot days in summer, low air temperatures at night in winter, and insufficient humidity
levels, especially in the south of the country, throughout the whole year [12]. The natural
greenhouse ventilation is built with netting on the edges, as well as one- or two-sided
openings on the top floor. The top openings can be versatile to enable it to open or close,
depending on the environment. Fogging can be applied inside the greenhouse for cooling
and increasing relative air humidity. Applying a fogging system may also reduce crop
evapotranspiration, but total water use may be the same because water is required for
fogging itself [13]. Egypt has imported a range of greenhouses from countries that have
highly developed greenhouse technology, such as the Netherlands, Spain, China, and
Hungary, as part of its national project for 100,000 greenhouses. The Egyptian decision-
makers evaluated the suitability of these greenhouses for conditions in Egypt based on the
agricultural sector’s experience with manufactured greenhouse systems [1].

One of the most significant issues in Mediterranean greenhouses is that from early
spring to the end of autumn, there are extremely high interior temperatures during the
day. These have negative impacts on the yield and quality of nearly every greenhouse crop.
The main reason for those high temperatures is generally insufficient ventilation [14]. In
semi-arid regions, control of the inner temperature and relative humidity is crucial in order
to maintain the photosynthetic and transpiration rates of plants [15]. Forced ventilation is
not economical due to its energy consumption and maintenance costs. Natural ventilation
is a cheaper and more reasonable method and is very commonly used in both summer and
winter to ensure a nearly optimal greenhouse climate [16]. Indoor microclimate regulation
is thus a central concern in analysing the greenhouses, and natural ventilation plays a key
role in indoor climate control as it directly influences heat and mass exchanges between the
outside environment and the greenhouse. Vent measurements and locations are important
elements in the design of natural ventilation. The correlations between ventilation rates
and environmental parameters were evaluated with various approaches, including wind
speed and direction [17]. Decay-rate tracer nitrate techniques were used in a single-span
greenhouse with a circular arch roof and vertical walls to experimentally examine the vent
form and screening effect on airflow and temperature distribution. It was observed that
the indoor air velocity exhibited a rapid flow near the ground and low velocity near the
roof in the case of side openings alone, while the combination of roof and side openings
resulted in increase in air velocity and a reduction in indoor temperature, together with a
higher microclimate heterogeneity [18]. The basic energy balance of a large greenhouse
in a hot climate is calculated based on values of indoor and outdoor air temperature
and humidity, outside global solar radiation, and measured wind speed and direction
over significant periods, thus determining ventilation fluxes. Measurements of airspeed
through vents and inside the greenhouse were also conducted to determine patterns of
air movement [19]. Convection within greenhouses has been researched experimentally
and numerically [20,21]. Higher indoor air temperatures are needed during cold weather
for optimum plant growth and can be achieved by retaining the greenhouse effect or
using some effective heating technology. On the other hand, in relatively hot climates, the
greenhouse effect is needed only for a limited period of time spanning from around two to
three months [22,23]. Many types of greenhouse have been used at different latitudes to
grow off-season vegetables in different regions [24].
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The greenhouse effect is not sufficient for all months of the year [25]. During summer,
the mean air temperature in the Arabian Peninsula typically reaches 45 ◦C with insufficient
relative humidity [26]. For instance, in Iraq during summer, ambient air temperatures can
reach nearly 50 ◦C, making the solar greenhouse in this period unworkable. To attempt to
resolve this situation, a system consisting of one indirect evaporative heat exchanger and
three pads as a direct evaporative refrigeration using groundwater has been suggested [22]
as an efficient technique for decreasing the temperature of the air and increasing its hu-
midity to meet the climatic conditions needed for agriculture [23]. Greenhouse crops are
mainly warm-season crops that are suited to maximum air temperatures between 17 and
27 ◦C, with minimum and maximum nominal temperatures between 10 ◦C and 35 ◦C.
The GH indoor temperature without a climate controller could be 20–30 ◦C higher than
the outside under hot and humid tropical climate conditions, while the air temperature
may rise to 38 ◦C. A temperature above 26 ◦C is identified as a failure value and indicated
that values over 25 ◦C would most likely reduce the yield of tomatoes. In addition, the
maximum temperature of the greenhouse air should not exceed 30–35 ◦C [27].

Specific methodologies have been utilised in the study of natural greenhouse venti-
lation. Quantitative models were initially used to research natural ventilation in urban
and industrial buildings and were used to establish realistic methodologies for quantifying
greenhouse ventilation levels [28]. One of the methodologies commonly used to research
this process is computational fluid dynamics (CFD), which, as opposed to laboratory exper-
iments, can provide fast and reliable simulations at lower cost [29]. This simulation method
has allowed a comprehensive explanation of the flow fields and thermal distribution in
several greenhouses. It should be noted that relatively few transient CFD experiments are
able to simulate the complex scenarios of shifts in wind speed and distance, as well as
temperature [30].

Structures in agriculture such as greenhouses and ventilation mechanisms play a
crucial role in climate and environmental control. Ventilation not only induces transfer of
heat and humidity between the greenhouse and the ambient environment, but also leads
to supplying fresh air to prevent the shortage of indoor carbon dioxide. Nowadays, there
are many ventilation strategies in operation. However, due to its low cost and reduced
energy consumption, natural ventilation is becoming more and more popular in the field.
Nonetheless, there are several factors that influence inherent ventilation efficiency, with
wind speed and wind direction having dominant effects [31]. Despite the significant
amount of research undertaken to estimate the effect of wind speed on ventilation, the
characteristics of airflow through the roof openings of a multi-span greenhouse are not
adequately documented, especially concerning two important characteristics: namely, the
effects of wind direction and magnitude on the flow patterns on the greenhouse opening
planes and the detailed flow pattern at the crop level [32].

One study evaluated the efficiency of single-span commercial greenhouse ventilation
according to the wind characteristics of reclaimed coastal lands, showing that the external
wind patterns, along with the ratio of side vent area to greenhouse length, have a significant
effect on the greenhouse’s natural ventilation [29]. This study also demonstrated that
ventilation rates increase as the wind speed rises. Wind towers can be used for solar
greenhouses to improve natural airflow and provide higher rates of airflow. Wind towers
work based on pressure gradient (the difference in pressure between the windward and
leeward sides). The windward side is characterised by positive pressure, which guides air
into the structure, while the negative pressure on the leeward side leads air outwards [33].
An insect screen can substantially decrease indoor wind speed and increase the temperature
and humidity inside the greenhouse. Their simulation results also showed that within the
canopy region, the wind speed above the canopy is higher than its below [34]. Greenhouse
conditions were simulated considering the fact that while the wind force existed, the
ventilation rate of the naturally ventilated greenhouse was directly proportional to the
scale of the sidewall opening and the wind speed. They also reported that insect screens
and dense crop rows perpendicular to the airflow would significantly hinder greenhouse
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ventilation by the wind [35]. The effect of wind direction on the rate of ventilation of
the Spanish “parral” greenhouse with two styles of roof openings was investigated; the
findings revealed that in some situations, differences in wind direction of only 10 ◦C could
improve ventilation by up to 50% [36]. The effects of wind direction on flow patterns
and ventilation efficiency, compared with a single-span pitched-roofed greenhouse, were
studied, and it was reported that the speed of ventilation and flow patterns in a single-span
greenhouse with continuous roof vents depended on the wind direction and opening
angles of windward and leeward wind [37].

Previous studies have mainly concentrated on greenhouses ventilated by roof and side
vents and presented experimental results for the key factors of the greenhouse environment
(including air velocity and air temperature), culminating in the compilation of a database
for validating greenhouse ventilation analysis strategies for computational fluid dynamics
(CFD) [38]. A discussion was presented on the efficiency of the various discretisation
methods used as CFD solvers for simulating GH’s natural ventilation [39]. Ventilation is one
of the main challenges of greenhouse construction, and it is possible to create a reasonable
balance between ventilation and airspeed by means of careful CFD experiments [40]. The
significance of analysing greenhouse air movements, caused by ventilation, and their
effects on the uniformity of indoor microclimates are highly important. In reality, growers
have increasingly managed to utilise any greenhouse region for high-quality yields, owing
to the increasingly stronger global market rivalry [41]. At the same time, ventilation rates
were lower when the wind speed increased, with subsequently more reduced air-exchange
output due to inadequate matching of the supply air with the greenhouse air [42]. The
sophistication and accuracy in both scientific experiments and simulations have been
gradually improved, as recent tests compensate for all important greenhouse system
variables [43]. One study used a 2D CFD analysis to examine the impact of a Chinese solar
greenhouse segment resulting in longer sections producing higher internal temperatures
than the shorter parts [44]. A two-dimensional analysis was performed on an Italian
greenhouse and found that an open sidewall with a closed windward roof was the most
vigorous airflow arrangement available, which eliminated 64% of the sun’s rays [45]. The
main elements of greenhouse design are cladding material, and shape and faces of the
greenhouse [46,47]. Therefore, in a realistic physical model, precise measurements of solar
radiation, and mass and heat transfer coefficients are vital because these parameters have
a direct effect on greenhouse energy and temperature [48,49]. The greenhouse interior
space where microclimate conditions for plant growth should be adjusted is known as
the greenhouse cavity. The key parameters for the cavity of the greenhouse need to be
monitored: namely, temperature, relative humidity, concentration of carbon dioxide and
photosynthetic photon flux in the air inside. Plants often require a 10–30 ◦C temperature
range and 60–90% range of relative humidity [50]. If the temperature is above 30 ◦C, water
stress will occur due to the amount of water loss through the leaves of the plants [51]. The
same effect occurs by rapid transpiration at low relative humidity. On the other hand,
water and nutrients are not transferred from the root zone due to the high relative humidity,
which reduces the evaporation and transpiration levels of plants [52,53]. For greenhouses
in a cold environment, during the daytime, the transmitted solar radiation inside the GH is
absorbed and re-emitted during the night time to be captured by the GH cover, heating
the air within the GH and thereby minimising or removing the heating power needed for
GH operation. Unlike in cold climates, the solar radiation of the GH in a hot environment
is higher than the comfort zone of the plants. This means that a cooling system should
remove that extra solar radiation from the GH environment. The appropriate GH heating or
cooling system usually depends on the location (ambient conditions) of the site [54]. If the
outside temperature average is less than 10 ◦C, GH is likely to require heating, especially
at night. If the average outside temperature is below 27 ◦C, during the day, ventilation
will prevent excessive internal temperatures; however, if the average temperature exceeds
27–28 ◦C, then artificial cooling may be required [52]. In this paper, a CFD model was built
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to test the microclimate of the GH and to the test the different inlet ventilation scenarios on
the indoor microclimate of the GH under construction in Egypt.

2. Materials and Methods
2.1. The GH Model

The conceptual greenhouse (GH) model in Figure 1 was modelled as a solar-powered
desalination greenhouse in Egypt. In this GH, the solar energy is used to desalinate
seawater using translucent solar still units mounted on the roof of the GH [55]. The plant
transpiration, which is partly extracted utilizing a condenser that serves as a dehumidifier
at the GH exit, is another outlet for water output. Salah et al. [55] have developed a
mathematical model focused on mass and heat transfer equations to estimate GH efficiency
based on the Clear Sky Day [56,57] solar radiation experiment. The condenser shown in
Figure 1 is bypassed by 75% of the cavity air (i.e., just 25% of the GH cavity air moves
through the condenser), and 90% of the GH cavity air is recirculated through the down-cup,
which is blended with 10% fresh air before re-entering the GH cavity. The meteorological
data used for that day were determined on the basis of average values for a period of
10 years (2004–2014) [58]. The input parameters used for the model are explained in
Figure 1. In Egypt, the sun shines for 12h a day in the spring season, with an average
strength of around 1000 W/m2. The solar stills (SS) can be used for desalination and
generate a Zero Liquid Discharge (ZLD) model [59].
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2.2. Building the GH Model with Ansys

The model of the greenhouse (GH) was designed with Ansys Fluent 19.3 as a 2D
model. Primary analysis was conducted on the 2D GH, as the literature [61–63] found
that 2D and 3D tests on wind perpendicular to the GH ridge provided comparable results
for the cross-section perpendicular to the ridge. The simulations were conducted using
a pressure-based solver, and steady-state analysis was completed in such a way that the
results provided were time independent with a constant wind speed [64]. Gravity was
allowed, with the gravity acceleration set at −9.81 ms−2 on the y-axis (vertical). The full
GH dimensions can be found in Table 1, with a cross-section shown in Figure 2. The
internal vent, number 7 in Figure 2, is being moved up and down for the CFD simulations
to analyse how its position can influence the microclimate conditions within the GH.
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Table 1. The dimensions of the greenhouse structure.

Name of Dimensions Value

Height of the main inlet 1.00 m
Height of the left-side external wall from top point to ground 5.80 m

Width of the main outlet 0.90 m
Length of the external roof 7.21m

Height of the right-side external wall from the roof to ground 2.88 m
Length of the greenhouse 8.25 m
Width of the internal vent 0.50 m

Height of the left-side internal wall 4.26 m
Length of the internal roof 5.56 m

Height of the right-side internal wall from no. 9 to ground 2.50 m
Width of the rear vents 0.50 m
Length of the rear blade 2.00 m
Length of the solar stills 1.60 m

Length of the baffles 1.00 m
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To analyse the mesh sensitivity on the built CFD model, a mesh convergence analysis
was performed on the geometry in Figure 3. Lower cell density was needed where strong
gradients exist to minimise computational requirements without sacrificing precision, so
controls of cell size were applied close to the GH walls in the model. The results were
observed to converge at about 7514 triangular cells, with a maximum global element size
of 5 mm and a maximum size of 50 mm for each edge of the geometry.

In this study, solar radiation was modelled using temperature and heat flux boundary
conditions. The fluid properties were left as the default settings for both air and water.
As the Boussinesq approximation was used in the model, the Boussinesq density was
estimated using the same value as the constant fluid density, and the thermal expansion
coefficient was also measured. The coefficient of thermal expansion of air was found
to be 0.0034 K−1 at 25 ◦C [65], and the coefficient of thermal expansion of water was
0.000257 K−1 at 25 ◦C [66]. Throughout the simulations, the solids used were glass and
soil. The material properties impacting the fluid movement and temperature calculations
are the liquid pressure, and heat and thermal conductivity (see Table 2). The glass was
added to both of the GH walls and roof edges, and the soil was introduced to the GH base.
Nonetheless, these are just surface properties, as the wall thickness was not calculated
to minimise the computational necessity; hence, the influence of the solid properties on
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the construct is minimal. The boundary conditions are chosen from the experimental
measurements of Aiz et al.’s study for the 2D model (see Table 3) [39].
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Table 2. The material properties used in the simulation for glass and soil.

Material Density
(kg m−3)

Specific Heat
(J kg−1 K−1)

Thermal Conductivity
(W m−1 K−1)

Glass 2400 753 1.0
Soil 2200 871 0.5

Table 3. The boundary conditions used for 2D design of the GH.

Named Selection Boundary Type Boundary Condition(s)

GH Walls Wall (glass) T = 310 K
GH Roof Wall (glass) T = 310 K
GH Floor Wall (soil) T = 320 K

External Floor Wall (soil) T = 300 K

Inlet Velocity inlet U = 2 ms−1, 5 ms−1, 10 ms−1

T = 290 K, 300 K, 310 K
Outlet Pressure outlet N/A

Internal Roof Symmetry N/A

The original 2D model was used as the basis for the research, and in the study
conducted, each model simulation had one parameter differing from the initial model,
either in the model geometry or limit conditions. Different locations for the internal vents
and different configurations [opening the lower vent, opening the upper vent, having both
vents open, having the third and fourth vents open] were generated to investigate the
effects on the air velocity and the temperature. The internal vents were studied for heights
of 0.25 m and 1 m above ground at intervals of 0.25. There are 27 different scenarios for
vent configurations with three temperature and three velocity values. The external wind
speed was assigned at 2 m/s, 5 m/s, and 10 m/s to analyse the effect of the wind speed on
the airflow patterns and temperature contours in the GH, while the air temperature was
analysed for 290 K, 300 K, and 310 K in different scenarios.

3. Results and Discussion

The air-flow patterns, velocity pathlines, and temperature contours produced by
the simulation are in very close agreement with Sase et al.’s experimental work [63].
The temperature contours are distinctive, and this is possibly due to the particular form
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of ventilator used in the current study. Concerning quantitative validation against the
previous studies, the maximum temperature for the current study is 320 K, while for
the previous studies, a maximum value of 343 K was reported [55] with less than seven
per cent deviation. For this analysis, the temperature range defined for plant growth is
approximately 300–306 K, which is the maximum acceptable range for cultivation (average
308 K) [67]. As stated by Bartzanas et al. [68], the consequence of using pivoting ventilation
is that the air flowing towards the ventilation will first flow around the ventilation itself,
which allows the air to slow. The numerous airflow patterns caused by this type of vent
can also be found in Shklyar and Arbel [37], which indicates similar trends to this paper.

The results of the 2D model (see Figure 4) demonstrate that the ambient air came
through the main inlet on the left windward side of the greenhouse (GH) and then split
into two parts. While the biggest part of it entered into the internal vent, the rest went
directly to the main outlet. The internal air then moved up through the top of the GH and
generated a central loop, while the air followed pathlines through the bottom of the vent,
where it exited the GH main outlet at the top-left, reaching the solar stills.

The temperature contours in Figure 4a,g show that even though there was a loop in
the centre of the greenhouse, smaller vortices occurred in the upper left corners. These
caused sudden changes in temperature patterns in the GH. As a result of these changes, the
natural ventilation conditions required for plants may not be met, and their growth may be
negatively affected. On the other hand, as shown in Figure 4d, the temperature contours
were more evenly distributed in the greenhouse in the scenario where the lower vent was
open, which created a big loop in the centre. While the temperature of the air in the GH’s
centre caused a difference of 1.5 K in Figure 4a, it was 0.75 K and 0.42 K in Figure 4d,g,
respectively. It is seen that in the scenario where both vents were open, more air entered
the greenhouse, causing an increase in temperature.

Although the air velocity was below 1.5 m/s in the greenhouse centre for all three
images (Figure 4c,f,i), in Figure 4b,h, it did not exceed 1 m/s. According to the literature,
the desired natural ventilation velocity should be between 0.5–1.0 m/s. However, it can be
said that in Figure 4e the velocity vectors are more homogeneously and evenly distributed
in the greenhouse. It was clearly seen that the airflow accelerated between the inner and
outer roofs, and the velocity vectors became more prominent in these regions. This can
be explained by the fact that the air hitting the surfaces accelerated in smooth corners.
Inspection of the velocity paths revealed that the barriers placed under the main outlet
prevented the air from coming out directly into the greenhouse.

It can be seen from Figure 5b,e,h that the increase in wind speed generally caused
the temperature to rise in the greenhouse. Vortices still occured in the scenarios (see
Figure 5a,g). However, the increase in the ambient air velocity caused the increase in
the velocity of air entering the greenhouse and the continuity of the air circulation. The
temperature difference remained between 288.227–289.780 K for the upper-ventilation-
open scenario (see Figure 5a), while for the “lower vent open” and “two vents open”
scenarios (see Figure 5a,d,g), it was 288.456–289.001 K and 288.620–289.565 K, respectively.
However, the increase in velocity values had a considerable effect onthe changes of the
velocity streamlines (see Figure 5b,e,h) and vectors (see Figure 5c,f,i). Additionally, the
results showed that by increasing the inlet air velocity, the air speed within the greenhouse
could reach 3.75 m/s. The effect of sudden and continuous velocity changes on the
development of plants may be harmful. Additionally, just like the scenario in Figure 4g,
the higher-velocity air flows through the two vents in Figure 5g caused the temperature to
rise even more.

In the scenarios in Figure 6, the initial temperature was determined as 290 K, and the
speed as 10 m/s. In this case, according to the temperature contours in the experiments,
the temperature cycle formed in the greenhouse centre became smaller as compared with
the previous two studies (see Figure 6a,d,g). While the temperature value was in the
range of 288.724–289.941 K in Figure 5a, it was 288.330–289.798 K and 289.404–290.025 K in
Figure 6d,g, respectively.
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The remarkable situation here is that the optimum temperature distribution required for
growing plants compared to the previous study (see Figure 6d–f). Almost all cases have a
temperature change with clear contour lines. However, the temperature formed in the roof of
the greenhouse reached almost the maximum level. In the scenario where both vents were
open, relatively higher temperature values were obtained as compared with other cases. As
this may affect the greenhouse’s natural cooling system, forced ventilation may be required.

Although there is not a noticeable difference in the velocity streamline scenarios
(Figure 6b,e,h) and velocity vectors (Figure 6c,f,i), it can be said that the air joining the loop
accelerated, and these scenarios will not be suitable for sustainable horticulture. Besides,
although a visual change in velocity streamlines and vectors was not observed in these cases,
this situation had an impact on the temperature distribution in the greenhouse. However,
the velocity values in the greenhouse centre varied between 2.5 and 7.5 m/s in Figure 6.

Figures 7–9 represent the data for the initial conditions of the “lower vent open”,
“upper vent open”, and” both vents open” scenarios for 2 m/s, 5 m/s, 10 m/s velocity
and 300 K temperature, respectively. It was clearly seen (see Figure 7a,d,g) that although
the temperature values for all three cases gave inhomogeneous patterns in the greenhouse
centre, the temperature distribution was different in the “opening lower vent” scenario
(see Figure 7d) and was more suitable for plant growth. Additionally, in the same figure,
in the “upper vent open” (Figure 7a) and “lower vent open” (Figure 7g) scenarios, the
air entering the main inlet can be observed through the cooled temperature curves as a
result of circulation. However, the temperature in the center of GH for the three scenarios
ranged between 288–295 K, 288–292 K, and 293–296 K, respectively (Figure 7a,d,g). The air
temperature was higher for the “both vents open” scenario (Figure 7g). The main reason
for this is that after the air passed through the main inlet, the two vents took in more air
(than a single vent) to the plant area in the GH. It was also seen in Figure 7 that apart
from the main loop for the 1st (Figure 7b,) and 3rd (Figure 7h,) cases, there was a vortex in
the upper left corners that would trigger irregularity. Inspecting the velocity paths (see
Figure 7b,e,h) and vectors (see Figure 7c,f,i) in the same figure, it was seen that the streams
were more regular in the 1st and 3rd figures, but in the 2nd scenario, the incoming air
showed a more balanced distribution. Finally, the velocity values were between 0.1 and
0.5 m/s in the central region of the greenhouse.

Figure 8 shows that the air temperature had increased slightly in the greenhouse for all
three cases. Although the temperature had dropped slightly due to the air circulation in
the centre of the greenhouse, it had reached the maximum point in the remaining regions.
Another significant change was that the vortices formed in Figure 8 for the 1st and 3rd
scenarios dod not change the air temperature or affect it very slightly. However, when
looking at velocity paths, it can be said that these irregularities still exist. However, the
temperatures remained more suitable in the centre for the second scenario, and these values
were between 289–296 K, 290–293 K, and 293–297 K in the centre for the “upper vent open”
(Figure 8a), “lower vent open” (Figure 8d) and “both vents open” (Figure 8h) scenarios.
Lastly, there was no noticeable change in velocity streamlines (see Figure 8b,e,h) and vectors
(see Figure 8c,f,i), and the velocity was above 1.25 m/s for the greenhouse centre.

When the initial velocity of 10 m/s was selected according to Figure 9, the air temperature
in the greenhouse reached the maximum level (see Figure 9a,h), except for the 2nd scenario
(see Figure 9d). This could have a detrimental effect on the development of plants. For the
2nd scenario, the temperature remained within the desired values in the central region, but
at the bottom of the greenhouse, it was higher. Although there was no noticeable difference
in the velocity streamlines (Figure 9b,e,h) and velocity vectors (see Figure 9c,f,i) between the
different scenarios, it can be said that the air entering the cycle accelerates and hence these
scenarios will not be suitable for sustainable horticulture. Furthermore, although there was
no huge change in velocity streamlines and vectors in comparison with other scenarios, it can
be said that this situation had an impact on the temperature distribution in the greenhouse.
However, the velocity values in the greenhouse centre varied between 2.5 and 7.5 m/s and
there was still vortex in the upper left corner (see Figure 9).
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Figures 10–12 show the results of the CFD analysis for the initial temperature of 310 K
and wind speeds of 2, 5, and 10 m/s, respectively. The ambient temperature was consider-
ably higher than the temperature required for a typical plant to grow. The purpose of this
last study was to study the distribution of heat and wind in the greenhouse. According to
Figure 10, temperature values were not dispersed in the greenhouse in a distinct profile for
the three different scenarios (see Figure 10a,d,g). The irregular temperature distribution
was not beneficial for efficient and sustainable horticulture. At the same time, the tempera-
ture values were higher for the “both vents open” (Figure 10g) scenario compared to the
other scenarios, and the lowest initial temperature was about 299 K. It can be said that
the irregularity in this temperature distribution was caused by the formed vortices (see
Figure 10b,e,h). Many large and small vortices, especially in the velocity streamlines of the
1st (Figure 10b) and 3rd (Figure 10h) scenarios, were observed. This situation arises when
the high-temperature air enters the greenhouse, encounters other boundary conditions,
and consequently, undergoes sudden changes. Therefore, the air cannot be circulated
entirely. Additionally, inspection of the temperature contours revealed that the air hitting
the greenhouse floor had cooled while going up, while the air hitting the greenhouse ceiling
had warmed up.

Figure 11b,e,h show that up to 5 m/s, the air created a big loop in the greenhouse centre.
However, for the 1st scenario in the same figure, there was air at the desired temperature in
the greenhouse centre, while the loop was smaller and most of the greenhouse was exposed
to a high temperature (see Figure 11a,d,g). In the 2nd scenario (Figure 11d), although
the desired temperature condition was seen more clearly, in the 3rd scenario (Figure 11g),
the minimum temperature value was even higher. In Figure 12, where the initial velocity
was 10 m/s, the temperature values (see Figure 12a,d,g) increased significantly and were
above the desired values. However, for the 2nd scenario, the values were more acceptable
(Figure 12d). Finally, there were no substantial changes for Figures 11 and 12 in the shape
of velocity streamlines and velocity vectors as compared with other studies.
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4. Conclusions

In this study, a CFD model of a solar-powered desalination greenhouse model was
developed. Airflow patterns, streamlines, and the contours of temperature were found
in order to analyse the microclimate conditions within the developed greenhouse. The
velocity streamlines had a similar shape in all scenarios. The design parameters of the
greenhouse had a significant effect on the distribution of air. In both “lower vent open”
and “both vents open” scenarios, the temperature contours revealed the formations of
vortices around the upper left corner. This issue triggered dramatic fluctuations in GH
temperature trends. The natural ventilation requirements needed for plants may not be
satisfied because of the fluctuations, and their growth may be negatively impacted. On
the other hand, the “upper vent open” scenario revealed that the distribution of the air
had created a vortex in the centre of the greenhouse. Furthermore, the temperature was
high in the outer part of the cycle caused by the airflow formed in the greenhouse cavity.
Almost all scenarios had a sudden increase in temperature. Relatively higher temperature
values were obtained in the case where both vents were open. This can impact the natural
cooling mechanism in the greenhouse, adding to the requirements for forced ventilation,
or using fans or coolers. The case with the open lower vent works as a better option, while
other scenarios can be used for different seasonal changes. The presented model can be
used to develop a sustainable, naturally ventilated standalone greenhouse for countries
facing water–energy shortages. Moreover, different scenarios with a change of position of
the lower and upper vents and the addition of motility to the vents may be set for future
works. These changes could likely affect not only the microclimate conditions (velocity of
wind and temperature) inside the GH, but also its structural design.
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Abstract: In Pakistan, many subsurface (SS) drainage projects were launched by the Salinity Control
and Reclamation Project (SCARP) to deal with twin problems (waterlogging and salinity). In some
cases, sump pumps were installed for the disposal of SS effluent into surface drainage channels.
Presently, sump pumps have become dysfunctional due to social and financial constraints. This
study evaluates the alternate design of the Paharang drainage system that could permit the discharge
of the SS drainage system in the response of gravity. The proposed design was completed after
many successive trials in terms of lowering the bed level and decreasing the channel bed slope.
Interconnected MS-Excel worksheets were developed to design the L-section and X-section. Design
continuity of the drainage system was achieved by ensuring the bed and water levels of the receiving
drain were lower than the outfalling drain. The drain cross-section was set within the present row
with a few changes on the service roadside. The channel side slope was taken as 1:1.5 and the spoil
bank inner and outer slopes were kept as 1:2 for the entire design. The earthwork was calculated in
terms of excavation for lowering the bed level and increasing the drain section to place the excavated
materials in a specific manner. The study showed that modification in the design of the Paharang
drainage system is technically admissible and allows for the continuous discharge of SS drainage
effluent from the area.

Keywords: surface drain system; design; drainage effluent; Pakistan

1. Introduction

Waterlogging and salinization issues (typically referred to as twin problems) elevate
due to seepage from unlined canals, flooding of inferior quality groundwater, and prac-
ticing poor techniques for irrigating the land [1,2]. Because of the aforementioned twin
problem, a significant proportion of the crop yield decreases in waterlogged areas world-
wide due to the uplifting of anaerobic conditions and the growth of hydrophilic weeds,
which develop nutrient deficiency in the root zone [3–5].

Unfortunately, in Pakistan along the Indus Basin Flood Plains (IBFP), approximately
7 million hectares (ha) of the land are affected by waterlogging and salinization. Nearly

61



Sustainability 2021, 13, 4080

half of the waterlogged area (~3 million ha) is located in Punjab, mainly responsible for
regulating ~90% of the country’s food chain [1,2,6]. This might be due to this area compris-
ing the largest irrigation structure run by gravity, which is regrettably unlined. However,
the unlined system contributes a significant portion of groundwater replenishment by
seepage, which is the second most crucial freshwater source. However, in some areas
of Pakistan, the groundwater level is already close to the soil bed, especially the areas
close to the IBFP. This leads to the conversion of precious fertile land into toxic saline
unculturable land. Some of the problems associated with waterlogging and salinity in the
farms and lands of Pakistan are demonstrated in Figure 1. However, keeping in mind that
various efforts and approaches have been actively employed to eliminate the twin evils.
For instance, management practices related to soil and crop [7] drainage networks in either
the surface or subsurface [8–11] and raising the soil bed [12–14]. A significant improvement
has been documented in the literature due to the consideration of management practices,
as mentioned earlier [8–11].

Figure 1. Example of farm and land problems associated with waterlogging and salinity in Pakistan showing: (a) improper
control of waterlogging and salinity in low-lying areas of Sindh, (b) the reduction of essential nutrients including N, P, and
K, and an increase of minerals such as Fe and Mn in the soil, and (c,d) the mismanagement of surface water resources and
salinity causing water with the total dissolved solids (TDS) over 1500 in the Thatta and Sindh districts. (Source: Adaptive
AgroTech Consultancy).

Similarly, the government of Pakistan (GOP) initiated mega-projects, such as the
Salinity Control and Reclamation Project (SCARP) wells between the 1960s and 2000s,
whereby the vast number of tubewells (vertical drainage system) were installed to maintain
the sustainable groundwater table for crops [15]. The purpose of SCARP tubewells was
to lower the water table, leaching the salts by intensified irrigation, and to ensure the
comfort zone for crop production [16,17] by simply pumping the water from the ground
and disposing of it into a well-lined drainage channel. From here, the gravity force was
employed for conveying the water into nearby streams. It was reported that about 8 million
ha of land were reclaimed at a cost of USD 2 billion [18]. However, later, it was recognized
that SCARP tubewells were not a promising option due to the massive operational costs,
maintenance costs, and the country’s socioeconomic instability. An alternative option
preferred by farmers is the privatization of tubewells to obtain good-quality shallow
groundwater [1,18].

Another sustainable solution for reclaiming the wetlands is developing surface or
subsurface drainage structures for carrying away the water from the waterlogged areas.
In this regard, the World Bank releases the funds to line the water conveying channels,
particularly watercourses and farmers’ field channels, for enhancement of the culturable
land [2,19]. Surface or subsurface drains merely collect the water below the root zone
through collectors/laterals and drain it to nearby sumps or reservoirs. The sumps or
reservoirs are constructed deep below the surface or subsurface channels in order to carry
a significant amount of water. When the sumps get filled, they are emptied by employing
a pumping unit to pump the water from the sumps or reservoirs and outfalls into the
surface drains, usually constructed bottom-up from the subsurface drains. In this regard,
subsurface drains and laterals work as water collecting entities from waterlogged areas,
whereas pumping units and surface drains operate as water conveying entities from one
locality to another locality [3,20–22]. Fourth Drainage Project (FDP) is one of the leading
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projects of the World Bank’s twin evil removal initiative, which was installed in Faisalabad.
In this regard, the literature documented a significant improvement of groundwater quality
and reclamation of salinity from the agriculturable land [23,24]. However, electricity
shortfalls and extensive pumping make it dysfunctional overall. Therefore, researchers
need to further explore alternative options that could be energy-efficient and economical.
In order to do so, there would be technical modifications required on the FDP site. It
could be done by redesigning the surface drains and employing gravity for conveying the
water from the sumps to the surface drains. Alternatively, the latest techniques of GIS and
geophysics have been considered for selecting suitable basins with freshwater aquifers for
the formation of an efficient exploration strategy [2]. However, redesigning the surface
drainage network still seems necessary.As such, various design parameters need to be
taken into account, including permissible velocity, side slope, and bedslope. Permissible
velocity for clear and muddy water was calculated by Fortier et al. [25] at 0.45 and 0.75 m/s,
respectively. Ritzema et al. [26] stated that for fine sand and loam, the velocity ranges
from 0.1 to 0.3 m/s and from 0.3 to 0.6 m/s, respectively. The government of Pakistan
(GOP, 1993) [27,28] concluded that for fine sand, the maximum velocity is 0.45 m/s, and for
sand and sandy loam the maximum velocity is 0.75 m/s. Deshmukh et al. [29] concluded
that the time required for water to flow from a section of channel (time of flow) and the
flow velocity can be affected by a resectioning of the drain, and overland flow time can be
increased by raising the cross-section of the drain. The side slope should be checked for
stability against erosiveness, under wet conditions, and against the sudden lowering of
water levels on the cessation of flows. Steep side slopes are desirable to save excavation as
well as the land area occupied. However, the steeper side slope can only be used in cohesive
and well-aggregated soils or where bank protection is provided. The GOP (1993) [27] have
recommended following side slope ratios also called horizontal to vertical distance (H:V)
for sand, loam, and clay, which are 3:1, 2:1, and 1:1, respectively. According to the 1984
United States Bureau of Reclamation (USBR) [30] guide, the value of Manning’s roughness
coefficient ‘n’ lies between 0.025 and0.030. The value of Manning’s roughness coefficient
‘n’ reflects the net effect of all factors causing the reduction of flow. As a general guide,
berm width is taken as twice the channel depth with a minimum of 5 to 10 feet. Tipton and
Kalmbach et al. [31–33] recommended a berm width of 4, 6, and 10 feet for channels having
a design depth (D) of <4, 4–6, and >6 feet, respectively. The minimum berm width is taken
equal to the drain design depth (D) or the depth of cut (H). The berm may be increased
when higher velocities tend to enlarge the section, or the drain passes through marshy or
unstable soils.

At present, the subsurface drains outfall their effluent into the sump via drainage
collector pipes, from which water is pumped and carried through shallow surface disposal
channels, and ultimately outfalls into surface drains. Lackey K. A. [34] reported that
pumping stations involve a complex balancing of several critical priorities, including
reliable long-term service, operations and maintenance considerations, capital cost, and
constructability. An investigation of the current situation reveals that pumping units,
electricity transmission lines, transformer devices, and other instrumentation have been
pilfered, and that there is a shortage of budget and electricity for operating such systems.
Okarwy et al. [35] also investigated the impact of shallow surface drainage, rather than
a conventional design. The design is more economical and adoptable for economically
unstable countries such as Pakistan because it excludes the requirement of sump and
pump accessories.

In the present study, we proposed a redesigned consideration for the Paharang
drainage network that could receive drainage effluents under the gravity flow from sumps
to surface drains. The idea is to lower down the beds of surface drains from the corre-
sponding sump beds to develop the hydraulic gradient. In this regard, active surface drain
beds are excavated further to achieve the prerequisite depth, so that drainage collectors
directly dispose the collected water (via perforated pores) from waterlogged areas into
the surface drains under the action of gravity. In addition, the study also determines
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the additional design requirements for the surface drains’ cross-section and subsurface
drainage units. In order to achieve the subsurface gravity flow, the modified bed level
of surface drains was set below the drainage collector. The required surface drain bed
level is achieved by deepening the existing bed level and/or decreasing the bed slope. The
proposed design was completed after many successive trials. Interconnected MS-Excel
worksheets were developed to optimize and redesign the L-section and the X-section of
the proposed approach.

2. Data and Methods
2.1. Study Area

The Paharang drainage network (PDN) lies in the southwestern part of Faisalabad
city (longitude 73◦05′1.68′′ to 73◦11′27.27′′ N Latitude 31◦34′38.50′′ to 31◦42′00′′ E). It has a
drainage area of 560 km2. The project area contains a wide range of coarse to medium soil
textures. It has an overall length of 63 km (39.15 miles). The uniform slope of 1:5000, which
is generally prevalent in the area, was adopted from the source to the receiving body, the
Chakbandi main drain. Moreover, eight branch/tributary drains contribute to the main
drain. Figure 2 demonstrates the map and schematic of the FDP and the PDN, respectively.
Existing blueprints of the PDN, which include maps, L-sections, X-sections, sump pumps
along the collector’s outfall, discharge in drains, hydraulic structures, water table depth,
and soil type along the drain, were collected from the Punjab Irrigation Department (PID)
in Faisalabad.

2.2. Computation of Required Bed Level

To discharge SS outflow into the surface drain network by the action of gravity, it
is mandatory to maintain a downward slope between the SS and the surface drainage
channels. It is merely done by lowering the bed of the surface drain from the level of the
SS drainage collector pipe. Elevation of the SS drainage collector pipe at the surface drain
(ELC) is calculated as:

ELc = CL− (D× S) (1)

where D is the distance from the sump to the surface drain; S is the slope of the collector
drain, and CL is the existing SS drainage collector level at sump. ELC is calculated to
determine the required bed level of the surface drain. The minimum water level in the
surface drain is calculated as:

WLLF = ELC − SF (2)

BLRV = WLLF − dLF (3)

where WLLF is low-flow water level (minimum level) in the surface drain; SF is the safe
margin (0.3 to 0.5 m); BLRV is the revised drain bed level, and dLF is the flow depth at low
flow. The existing and proposed design of the drain section, along with the water level for
both the high/maximum (WLHF) and low/minimum (WLLF) flow conditions, are described
in Figure 3. An extended SS drainage collector pipe receives water from the existing SS
drainage network and directly disposes of into the surface drain.

All the sumps have the potential to operate with the proposed extended drainage
collector pipe facility to outflow the SS water into the surface drainage channel because
of gravity. Drainage collector pipes discharge SS water freely when the surface drain is
operating at a low/minimum flow. However, this free outfall is hampered temporarily
when the water level in the surface drain reaches the level of the drainage collector pipe,
particularly during a storm or a high-level surface runoff. In turn, the drainage collector
pipe ceases to dispose of the SS outflow into the surface drainage for a few hours/days.
A self-closing valve/lid is thus mounted at the outlet of the drainage collector pipe to
block/stop the backward flow of the surface drain water into the conventional sump via
the drainage collector pipe.
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Figure 2. (a) Layout map of the Fourth Drainage Project (FDP), and (b) non-scaled layout of drainage and location of sump
pumps in the Paharang drainage network (PDN).
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Figure 3. Schematic arrangement of extended pipe collector from sump to surface drain.

2.3. Redesign of Surface Drain L-Section

To ensure the gravity flow of SS effluent; surface drainage channels needed to be
redesigned; lowering the surface drain bed and water level by 1 to 2 m. This was achieved
by changing the existing bed slope of drains S1:1 (H:V) to a smaller value S2:1 (S2 > S1) by
such an extent that the requisite bed level was achieved over the selected distance D, as
shown in Figure 4.

∆BLB = EBLB −
D

(S2 − S1)
(4)

BLB = BLA +
D
S2

(5)

where BLA and BLB are bed levels at A and B, respectively, D is the distance from point
A to point B, EBLB is the existing bed level at B, and ∆BLB is the change in the bed
level at B. The slope beyond point B may be either kept the same as the existing slope
or changed to accomplish further lowering. This was repeated until the bed level of all
main/branch/tributary drains was achieved as required at all the collector outfall locations.

Figure 4. Typical schematic diagram of longitudinal section.
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2.4. Flow Section Design

Manning’s formula was used to redesign the cross-section of the proposed drains
using the existing drains roughness coefficient (n) and side slope values. The drain cross-
section at low flow and high flow was achieved by changing the values of bed width
(B), and revised bed slope (S2). The point where the bed slope of the surface drainage
channel changes is represented as point A in Figure 4. A compromise design was achieved
for all main, branch, and tributary drains and all their reaches by endorsing the prime
efforts on the redesigning of the bed level of the Paharang main drain (surface drain). The
simultaneous design was carried out using the Excel workbook. Interconnected worksheets
were designed for each main, branch, or tributary drain. During the redesign, the drain top
width was taken as a design constraint, such that the row for the revised cross-section is
not varied too much from the existing row of the drain.

2.5. Flow Section Design

Design continuity of the outfalling drain (i.e., branch drain) and receiving drain (i.e.,
main drain) was ensured by employing the following conditions:

BLO ≥ BLR and WLLFO ≥WLLFR and WLHFO ≥WLHFR

where BL is the bed level and WL is the water level. The subscripts O and R stand for the
outfalling and receiving drains, respectively, whilst LFO and HFR stand for the low flow in
the outfalling drains and the high flow in the receiving drains, respectively.

3. Results and Discussion
3.1. Required Bed Lowering and Design Continuity

Extended SS drainage collector pipe levels were calculated with slope ranges between
0.0007 and 0.0013. Low-flow depth was measured anddepends upon the corresponding
channel section. Figure 4 shows that the outfall levels of the proposed extended drainage
collector pipes are well below the existing bed level. Hence, it was required to lower the
bed level of the surface drainage channel from 2.29 to 4.1 m, which includes the level of the
extended drainage collector pipe, depth of discharge, and safe margin for the free disposal
of the sumps effluent. Overall, 11 out of 24 reaches of the surface drainage channels were
required to lower the bed level by about 3 m or more from the outfall of extended drainage
collector pipe.

The required bed level of the surface drain (main drain) depends upon outfall levels of
the SS drainage pipe collectors as well as the outfall levels of branch drains. Contrastingly,
the bed levels of the branch and tributary drains depend upon the SS drainage pipe
collector levels and their outfall, the bed level of the surface drain (main drain), and the
receiving body. Thus, the selection of any parameter for the upstream drain affects the
design parameters of all other higher-/lower-order surface, branch, and tributary drains
accordingly. This requirement was resolved by many successive trials. The results of the
final selected trial are presented in Table 1.

Table 1. Design continuity of the Paharang main drain.

Drain RD (km) BLO (m) BLR (m) WLHFO (m) WLHFR (m) WLLFO (m) WLLFR (m)

Sarangwala Branch 28.91 178.5 178.2 180.6 180.6 179.7 179.2
195 Try. Drain 37.21 181.7 180.4 183.1 182.7 182.0 181.2

Karari Try. Drain 39.81 181.6 180.7 183.2 183.1 181.9 181.7
NIPALKE Try. 43.31 181.5 181.1 183.8 183.5 182.3 182.0
159 Try. Drain 50.57 184.0 182.8 184.8 183.5 184.5 183.6
Gojra Drain 50.57 184.0 182.8 184.7 184.5 184.3 183.6

Gunna Branch 53.91 183.5 183.2 184.7 184.4 184.2 184.0
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3.2. Redesigned Longitudinal Sections

The whole length of the Paharang main drain was divided into 17 reaches, in which
7 branches/tributary drains and 4 SS drainage pipe collectors were directly outfalling
into the main drain. Based on the proposed configuration of the longitudinal section, this
needed to be redesigned. In the first trial, it was ensured that the bed level of the main drain
remained lower than the outfall levels of the extended drainage collector pipes. From this
trial, it was observed that the bed level of Paharang main drain at the outfalling point was
lower than the receiving Chakbandi main drain, which resulted in non-uniformity and free
flow of the hydraulic structure. Alternatively, it seemed that the design did not need any
alteration up to the reduced distance (RD) of 7.16 km because there was no interconnected
branch/tributary drain and no drainage pipe collector outfall. Another significant purpose
to keep the section as per the existing design was the large aqueduct of Waghwal (Jhang
BC and Mudhuana) laid in this section at the RD of 7.097 km. Undoubtedly, lowering
the bed level of the aqueduct could be too expensive and problematic. In the second trial,
the bed level of the main drain was started lower from the RD of 7.160 km. However, at
the bed slope of 1:5000, the required level could not be achieved; also, it was not possible
to increase the depth more than the downstream portion, as the bed level was lowered
more than the first reach. In the third trial, from the reach at the RD of 7.160 to the RD of
53.950 km, the channel bed slope was decreased up to 1:8000. The required bed level was
achieved, but the capacity to carry the discharge of the channel reduced as the bed slope
decreased. Therefore, the channel bed width was increased to pass the design discharge.
The complete proposed design of Paharang main drain along with existing design are
described in Figure 5. All sumps can outfall at gravity flow during the low-flow conditions
and the reach-wise design of the parameters with low-flow water levels are given in Table 2.

Figure 5. Proposed L-section of the Paharang main drain.
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Table 2. Reach-wise design for Paharang main drain.

Reach (km) B (m) dHF (m)
BS

V (m/s) High Q (m3/s) dLF (m) Low Q (m3/s)
H:1V

0–7.16 11.28 7.9 5000 0.52 18.58 0.74 2.72
7.16–9.14 15.1 7.7 8000 0.42 18.39 0.74 2.69
9.14–12.80 14.32 7.7 8000 0.42 17.50 0.76 2.60

12.80–17.04 14.02 7.7 8000 0.42 17.16 0.77 2.58
17.04–22.55 13.72 7.7 8000 0.41 16.82 0.78 2.58
22.55–25.42 10.82 7.7 8000 0.40 13.59 0.90 2.55
25.42–30.05 9.30 7.7 8000 0.40 11.92 0.98 2.49
30.05–31.09 7.77 7.7 8000 0.39 10.25 0.88 1.81
31.09–34.14 7.62 7.7 8000 0.38 10.08 0.89 1.81
34.14–40.84 5.33 7.7 8000 0.36 7.61 0.93 1.38
40.84–45.11 4.72 7.7 8000 0.36 6.96 0.91 1.22
45.11–50.29 4.72 6 8000 0.32 4.30 0.68 0.74
50.29–53.95 3.66 6 8000 0.30 3.57 0.68 0.57
53.95–57.30 6.10 4 4500 0.35 3.40 0.76 0.57
57.30–58.12 4.57 4 4500 0.34 2.63 0.87 0.57
58.12–59.65 3.05 3.5 4500 0.30 1.47 0.87 0.57

3.3. Redesigned Cross-Section

There were six sites selected randomly to represent the different reach of length for
showing the existing and proposed design of the cross-section of the Paharang main drain,
presented in Figure 6. In the proposed design, the right bank of the channel was kept as
the same design in most of the reaches, because it would be difficult and expensive to shift
the service road and dowel. Therefore, the left side of the channel was used to increase the
bed width, because extra berm width was available on the left side for future extension.
However, for some reaches after the RD of 34.140 km, it became necessary to shift the
dowel and service road to maintain the berm width required for the proposed design.
However, there was no paved service road in these reaches. In the typical cross-section
design of both the main and sub drains, the side slope of the channel was used at 1:1.5, and
for the spoil bank, 1:2 inner and outer bank slope was used. In the plots of the cross-section
channel (Figure 6), the side slope may not look perfect because of the unequal horizontal
and vertical scaling, but in the whole design, its value was taken as 1:1.5.

In the remodeled section from the RD of 7.160 km to the RD of 53.950 km, a mild
channel slope of 1:8000 was used, which reduced the discharge capacity of the drain.
Therefore, passing the design discharge at the mild bed slope required a larger channel
section. Channel capacity can be increased by increasing depth and bed width. Depth was
increased to attain the required bed level. Thus, keeping in mind the relation of B/d = 2,
the bed width was increased to increase the discharge capacity of the drain. As the bed
width increased, the top width also increased. At the start of the tail side, increase in the top
width was managed with extra width available for future extension. However, in the next
section towards the head side, the extra berm was not enough. Therefore, an additional
row was required for the proposed design. Similarly, the bed level difference was also
increasing from tail to head, which caused an increase in the row. Important features for
the proposed design cross-sections presented in the Table 3.
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Figure 6. Cross-section design of (a) relative distance (RD) of 9.750 km, (b) RD of 17.350 km, (c) RD
of 32.000 km, (d) RD of 37.390 km, (e) RD of 42.060 km, and (f) RD of 51.510 km on the Paharang
main drain.
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Table 3. Features of design cross-section of the Paharang main drain.

RD (km) NSL (m) Existing Bed
Level (m)

Design Bed
Level (m)

WLHFRV
(m)

WLLFRV
(m)

WLHFEX
(m)

WLHFEX
(m)

Additional ROW (m)

Left Right

7.62 182.91 175.98 175.47 177.82 176.39 178.32 177.07 0 0
9.75 182.41 176.65 175.73 178.08 179.68 179.0 177.54 2.34 0
13.72 182.93 177.08 176.23 178.58 177.13 179.43 177.64 3.59 0
17.35 183.65 177.59 176.69 179.04 177.60 179.94 179.15 60.32 0
19.81 180.21 178.15 176.99 179.34 177.60 179.88 179.17 6.34 0
26.82 181.75 179.62 178.15 180.35 178.98 181.08 181.06 1.06 0
32.00 182.71 180.89 178.65 181.0 189.05 182.56 181.19 4.09 0
37.39 183.91 182.34 180.64 182.99 178.17 183.69 182.90 7.27 2.68
42.06 184.65 183.29 180.87 183.22 181.36 184.41 183.86 10.77 2.99
49.07 185.95 184.91 182.66 184.49 18.32 185.82 185.21 13.85 0
51.51 187.69 185.39 182.95 184.78 183.71 186.49 185.76 11.69 10.3

To lower the bed level and redesign the cross-section of the PDN, it was necessary
to calculate the earthwork in terms of excavation, and to dump the excavated materials
in a specific manner. For the proposed design, 1435 m3 and 1030 m3 of earthwork were
required for the Paharang main drain and its branch/tributary drain, respectively.

3.4. Modification in Hydraulic Structures

Mainly, there are three types of hydraulic structures along the main drain that are
bridges, aqueducts, and water coarse crossings. Because of the excavation, in terms of
lowering the bed level of the drain, the stability of the structure reduces as the foundations
of the supporting piers are exposed. To protect the structure and foundation’s stability, one
must either increase the depth of the foundation by providing a pad (expensive solution) or
line the section around the structure to increase the stability and remove the risk of erosion.
Both solutions can be adopted, as the proposed L-section design of the main drain shows
that the change in bed level is increasing towards the source point. Thus, the proposed
design can be divided in two sections at the RD of 25.910 km; at this point, the difference
between the existing and proposed bed levels was 1.57 m. In this section, the exposure of
the foundation was less, so the section was lined around the structure. In the second section
after the RD of 25.910 km, the bed level difference was more. Therefore, the foundation
depth can be increased by providing a pad below the foundation, as shown schematically in
Figure 7 (left). There were three aqueducts lying in the redesigned section of the Paharang
main drain. Table 4 describes the details of the changes made with respect to the bed level.
In the cross-section design at the proposed bed level, the top width increases because of an
increase in the bed width. Therefore, it causes an increase in aqueduct length and change
in bed level and water level that are explained by the schematic, proposed design of the
aqueduct in Figure 7 (right).

Figure 7. Schematic diagram of the pad design (left) and the aqueduct with the proposed design (right).

71



Sustainability 2021, 13, 4080

Table 4. Difference in design bed level (DBL) of the aqueduct.

Name RD (km) Existing DBL (m) Proposed DBL (m) Difference in DBL (m)

Aquaduct of Khaliana 12.809 176.68 176.26 0.43
Aquaduct of Nasrana 17.034 177.52 176.78 0.74

Aquaduct of Sarangwala Disty. 31.320 180.93 178.56 2.36

4. Conclusions

An alternate design of the Paharang drainage system was evaluated that can receive
gravitation discharge of subsurface drainage effluent. A model based on Microsoft Excel
was developed to complete the design. The proposed design was achieved by lowering
the bed level and decreasing the drain bed slope. As the bed level and low-flow water
level of the surface drain become lower than the subsurface drainage collector pipes, the
water can discharge freely into the surface drain under gravity at all times. The present
constraints related to budget, electricity, law and order, theft of sump pump parts, etc.
would thus become irrelevant. Therefore, the subsurface drainage system can operate
uninterrupted throughout the year. The cost related to operating the pumping unit in terms
of electricity/fuel, required labor, and maintenance can also be reduced. The redesign
of the Paharang main drain to admit free flow may be adopted after further economic
and structural analysis. In the future, subsurface drainage projects should be designed to
ensure gravity outflow into surface drains by deepening the flow section of surface drains.
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Abstract: Drip irrigation has long been proven beneficial for fruit and vegetable crops in Pakistan, but
the only barrier in its adoption is the high cost of installation for small landholders, which is due to
overdesigning of the system. In the present study, the cost of a conventional drip irrigation system was
reduced by redesigning and eliminating the heavy filtration system (i.e., hydrocyclon, sand media,
disc filters (groundwater source), pressure gauges, water meters, and double laterals).Purchasing the
drip system from local vendors also reduced the cost. Field trials were conducted during 2015 and
2016 to observe the productive and economic effects of low-cost drip irrigation on vegetables (potato,
onion, and chilies) and fruits (olive, peach, and citrus). The low-cost drip irrigation system saved
50% cost of irrigation and increased 27–54% net revenue in comparison with the furrow irrigation
system. Further, water use efficiency (WUE) was found from 3.91–13.30 kg/m3 and 1.28–4.89 kg/m3

for drip irrigation and furrow irrigation systems, respectively. The physical and chemical attributes of
vegetables and fruits were also improved to a reasonably good extent. The present study concluded
that low-cost drip irrigation increased the yield by more than 20%, as compared with traditional
furrow irrigation, and thus, it is beneficial for the small landholders (i.e., less than 2 hectares).

Keywords: agricultural economy; drip irrigation system; net revenue; small landholders; sustain-
able irrigation

1. Introduction

Irrigation, along with other quality inputs, is crucial for the livelihood and food se-
curity of Pakistan [1]. Land and water management practices are two very important
components to outstrip the water use efficiency and livelihood of rainfed areas [2,3]. In the
present system of irrigation, low water use efficiency, and low agricultural productivity are
the topmost concerns of the Government of Pakistan [4]. Two possible ways to enhance
agricultural productivity include either bringing more area under farming (horizontal
expansion) or increasing the production per hectare (vertical expansion) [5]. Historically
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farmers of Pakistan have been using conventional irrigation methods comprising basin,
border, and furrow to irrigate the crops, in which the entire fieldis watered without con-
sidering the actual crop water requirement. These traditional methods of irrigation have
created immense issues such as waterlogging and salinity, and on the other hand, their
application efficiency is very low [6]. There are numerous substitute strategies to improve
the water application efficiency such as using drip-and-sprinkler irrigation, considering
climatic and land parameters, as well as altering the cropping pattern or varieties [4].

Punjab is Pakistan’s agro-economic hub that contributes to about 80 percent of the
country’s food needs [7]. During the last some decades, climate change has had a crucial
effect on the country’s water resources. In response, progressive farmers started using
high-efficiency irrigation systems. Due to their high initial and operational costs, small
landholders are constrained to employ these modern technologies due to their poor eco-
nomic conditions and low potential returns. Modern technologies are necessary to address
water scarcity and enhance crop performance and water productivity. The use of high
efficiency and low-cost irrigation system is one of many options to overcome the water
losses caused by conventional methods [8]. Drip irrigation system, when compared with
the furrow irrigation system, gives the optimum potential to enhance yields and irrigation
water use efficiency [9]. Evidently, the furrow irrigation system involves a little initial cost,
and it appears to be beneficial, but in reality, furrow irrigation systems require vigorous
labor for their establishment and need regular maintenance due to having low application
efficiency (45%), as indicated in a study by [10].

Efficient systems such as drip irrigation have been tested in various crops and found to
be beneficial in water resources conservation and water productivity enhancement. Many
farmers have limited financial resources to install this system. Pakistan is an agricultural
country that is currently facing the problem of water scarcity to fulfill different crop
requirements. Drip/trickle irrigation technology was introduced in Pakistan during the
early 21st century. After years of research and promotion of high-efficiency irrigation
systems through subsidized schemes, drip irrigation technology has become available for
easy adoption by farmers. Due to high installation costs, less awareness, and training
of farmers for its use, this technology still needs to be tested and evaluated at farmer’s
fields to achieve large-scale farmer adoption [11,12]. Although the subsidized schemes of
the government have promoted drip-and-sprinkler technologies, training and knowledge
support to farmers for shifting toward high-value cash crops are limiting factors [13].
Farmers worldwide have been using drip irrigation systems since the 1990s, but the trend
of adoption is quite moderate in Pakistan for small landholders because of (1) excessive
designing, which makes this system very costly for small landholdings and (2) poor
management of drip irrigation system.

Keeping in mind the adoption constraints by the small landholders, the current study
planned to redesign the system by setting up the simpler parts without the involvement
of companies. Hence, the main objectives of this research study were to (1) redesign
the system and examine the economics of a low-cost drip irrigation system for small
landholders (farmers with lands less than 2 hectares) and (2) compare the drip irrigation
system with furrow irrigation in terms of water saving and yield improvement.

2. Materials and Methods

The experiment was conducted at Barani Agricultural Research Institute (BARI),
which is located at 72◦43.4′ longitude, 32◦55.5′ latitude, having an altitude of 522 m. The
weather conditions of Chakwal are arid to semiarid with annual rainfall varying from
500 to 1000 mm (1979–2016) [14]. The soil of the experimental site is piedmontalluvial
(plains order: ALFISOL belongs to Therpal/Satwal/Kotli series). The physical and chemi-
cal properties of the soil as reported [15] are presented in Table 1.
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Table 1. Soil physical and chemical properties of the experimental site.

Physical and Chemical Properties of Soil
Depth below Ground Surface

0–15 cm 16–30 cm

Clay (%) 10 10
Silt (%) 30 30

Sand (%) 60 60
Nitrogen (%) 0.8 2.0

Phosphorus (ppm) 5.0 3.4
Potassium (ppm) 138.0 132

Organic matter (%) 0.6 0.33
Electric conductivity (dS/m) 0.3 0.25

pH 7.68 7.79

The trials were set up in a completely randomized block design (RBCD) with two
treatments T1 (low-cost drip irrigation) and T2 (conventional furrow irrigation), each having
five replications, as shown in Figure 1a–d. Furrows and ridges were prepared by means of a
ridger, keeping the maximum length of furrow as 30 m to avoid deep percolation losses.
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Figure 1. (a) Block diagram of vegetables (potato, onion, and chilies) plots; (b) the layout of olive
plant; (c) the layout of peach plant; (d) the layout of citrus plant.

In Figure 1a, R1, R2, R3, R4, and R5 refer to replications, and T1 and T2 refer to treatments.
Vegetables were sown as per conventional farmers’ practice, and plants having age of

six years were selected from the existing orchards of BARI, as depicted in Figure 1b–d. The
planting geometry of vegetables (potato, onion, and chilies) and plants (olive, citrus, and
peach) is presented in Table 2.

A low-cost drip irrigation system was designed and installed in the fields manually.
This system comprised a main and sub main lines for each set having 38 mm dia pipe made
of polyvinyl chloride (PVC), further attached to lateral lines having 16 mm dia made of
low-density polyethylene (LDPE) fitted with 0.006 m3/h drippers (Figure 2). In all crops,
lateral lines were placed parallel to the plant lines. Lateral lines with built-in drippers were
used for row crops (onion, potato, and chilies), while two (2) drippers/plants were placed
on the lateral line for fruit plants (olive, peach, and citrus). The parts of the drip irrigation
system were purchased from local vendors (local market) and installed manually (without
the involvement of a company). Testing of drippers was performed to check the pressure
and flow variations by using the standard method described in [16]. Pressure and flow
rates were maintained and recorded as given in Table 3.
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Table 2. Planting geometry of the crops (vegetables and plants).

Crops (Variety Name) Age of Plant Row-Row Distance (m) Plant-Plant Distance (m) Area/Plant (m2) Total Area under Crop (m2)

Potato (Desirie) 1 season 0.61 0.204 0.124 1220
Onion (Phulkara) 1 season 0.69 0.101 0.070 1220
Chilies (Ghotki) 1 season 0.735 0.46 0.338 1220

Olive (BARI Zaitoon1) 6 years 5.5 5.5 30 990
Peach (Early Grand) 6 years 6 6 36 1584

Citrus (Musambi) 6 years 10 10 100 3000
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Table 3. Pressure and flow variation in the low-cost drip irrigation system.

Emitter Pressure (kPa) Flow Rate (m3/h)

1 215 0.0062
2 210 0.0063
3 210 0.0012
4 195 0.0095
5 120 0.0064
6 190 0.0064
7 200 0.007
8 230 0.0063
9 210 0.0064

Average 197.778 0.006
Midpoint 175 0.0101

Variation calculation (%) −9 −11
Acceptable range <±10% <±5%

A typical drip system is normally equipped with a venturi injector; including a heavy
filtration unit (hydrocyclon filter, sand media filter, and disc filter). However, in the present
study, only a screen filter was used at the inlet point of the water source. A simple drum
(0.5 m × 0.5 m × 0.3 m) was placed for fertigation instead of a venturi injector to reduce
the cost of the system (Figure 2). The life span of the low-cost drip irrigation system
was considered to be 10 years, as adopted by [17]. The solar pump with a flow rate of
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0.004 m3/s was installed for pumping water. The effective life span of the solar pump was
assumed to be 30 years, as adopted in [18].

For irrigation scheduling, vacuum-gauge-type tensiometers were installed down
to effective root depths. Irrigation applications were scheduled on 60% soil moisture
depletion (SMD) after accounting for effective rainfall. The irrigation requirements of crops
were calculated using the moisture retention curve (Figure 3). The effective rainfall was
calculated using CROPWAT 8.0 model, as shown in [19].
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Figure 3. Moisture retention curve.

2.1. Experimental Data Collection and Analysis

Pre sowing moisture contents were determined gravimetrically from a depth of 15 cm
to 90 cm, with an interval of 15 cm. To schedule irrigation, soil moisture contents were taken
using tensiometers (Figure 3), after 7-day intervals from each of the experimental sets. The
seasonal crop water requirements were assessed with the CROPWAT 8.0 model for which
input data comprising climate data (maximum and minimum temperatures (◦C), relative
humidity (%), sunshine hours (hours), wind speed (km/day), and rainfall (mm)) were
acquired from the nearest weather station installed at the campus, while crop data (planting
and harvesting dates, Kc values at each growth stage, root depth (m), plant height (m))
and soil data (soil type, total available water (mm/meter), maximum rain infiltration
rate (m/day), and initial soil moisture depletion (%)) were recorded on-site.

2.1.1. Vegetative Growth

Crops (onion, potato, and chilies) attributes, i.e., plant height (m), root depth (m), and leaf
area (m2) were measured at the time of harvest. Plant height and root depth were measured
from randomly selected 20 plants/replication with the help of a measuring tape. Leaf area (m2)
was calculated by selecting 5 plants/treatment by separating the leaves from the plant, washed
with plain water, and drying them in the open air, using a portable leaf area meter. For fruit
trees (olive, peach, and citrus), the plant height (m) and canopy volume (m3) were calculated
according to the formula: 0.536 × tree height × crown diameter, as proposed in [20].
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2.1.2. Yield

Yield data of row crops (onion, potato, and chilies) were recorded on each picking
from each trial. Similarly, for fruit trees (olive, peach, and citrus), yield data of each fruit
tree were measured in (kg)/tree at the time of each picking.

2.1.3. Fruit Quality

Fruit quality was assessed by selecting 20 fruits per treatment at random and determin-
ing physical and chemical characteristics of fruit, including fruit length and diameter (mm),
fruit weight (kg)/plant, and its health, with visual observation. Fruit length and diameter
were calculated by digital Vernier caliper in the laboratory. A total of 10fruits per replica-
tion were selected to record juice quality of citrus and peach such as total soluble solids
(TSS) by hand refractometer, titrable acidity (%), as citric acid according to [21], and juice
contents (%), as proposed in [22]. For all selected crops, the cross-sectional data of fixed
costs, variable costs, depreciation costs, and the net return attained during the experimental
period 2015–2016 for both drip and furrow irrigation systems were determined.

3. Results
3.1. Water Application

Water application to a rainfed crop depends on the water availability at the time of
sowing and the amount of precipitation received throughout the growing season. For this
purpose, long-term rainfall analysis was very important. The weather data for the last
37 years (1979–2016) were collected at the weather station of Soil and Water Conservation
Research Institute (SAWCRI), Chakwal, located adjacent to the experimental field, and
were analyzed to use in CROPWAT for estimation of crop water requirements. Rainfall
data of 2015 and 2016 are shown in Figure 4.
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Figure 4. Monthly rainfall (mm) for the experimental period.

Total rainfall during the years 2015 and 2016 was 779 and 675 mm, and effective
rainfall was 580 and 502 mm, respectively. The comparison of monthly climatic data with
long-term means climatic data showed that total rainfall received during 2015 was higher
than in 2016, and 62 % of yearly rainfall was received during the months of July to September
in both years. Table 4 shows the amount of effective rainfall and irrigation (m3) applied to each
crop through drip and furrow irrigation techniques, along with the consequent yield (kg/ha)
and water use efficiency (WUE) values during cropping seasons of 2015 and 2016.
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Table 4. Water and yield data of different crops averaged over two years (2015–2016) at BARI.

Crop Water Requirement
(m3/ha)

Effective Rain Fall
(m3)

Water Applied (m3)
Water Saving (%)

Yield (kg/ha)
Yield Increase (%)

Water Use Efficiency
(WUE) (kg/m3)

Drip Furrow Drip Furrow Drip Furrow

Potato 1500 280 1350 2440 45 10,930 7287 33 8.10 2.99
Onion 2000 1060 1040 1880 45 13,832 9201 33 13.30 4.89
Chilies 5040 3550 1660 2980 44 13,049 9077 30 7.86 3.05
Olive 5940 4790 1280 2870 55 5000 3667 27 3.91 1.28
Peach 7370 4790 2780 6450 57 25,676 19,270 25 9.24 2.99
Citrus 8480 4790 4100 9220 56 35,135 26,027 26 8.57 2.82

The amount of water applied to each crop was calculated by subtracting the effective
rainfall from the total water requirement. Effective rainfall was calculated by using the
CROPWAT model, which has the built-in function that uses various parameters, along with
total rainfall. Table 4 shows that drip irrigation required 50% less water, as compared with
furrow irrigation, to achieve the required SMD. Moisture levels were kept at an optimal
range (60% SMD), which improved the plant production and quality. Drip irrigation
allowed the rows between plants to remain dry, reduce weed growth, and reduce leaching
of water and nutrients below the root zone. The water use efficiency (WUE) values under
the drip irrigation system and furrow irrigation system ranged from 3.91 to 13.30 kg/m3

and 1.28–4.89 kg/m3, respectively. It was observed that water use efficiency was maximum
in onion under drip irrigation (13.30 kg/m3). The results showed that drip irrigation gave
three times more yield per unit of water applied in all vegetables and fruit crops when
compared with furrow irrigation. Water use efficiency was exceptionally low in the furrow
irrigation system due to conveyance, deep percolation, and evaporation losses. The results
of this study are in line with [12], who reported that a low-cost drip system used 30–40% less
water, as compared with the furrow irrigation method. Water savings were also higher (55%,
57% and 56%) in water-intensive crops such as olive, peach, and citrus, respectively (Figure 5).
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3.2. Effect of Irrigation on Physical and Chemical Properties of Fruit

Values obtained from the treatments related to plant height (m), root depth (m),
fruit weight/plant (kg), leaf area (m2) for row crops (onion, potato, and chilies) and fruit
plants (olive, peach, and citrus) are shown in Table 5, and values of plant height (m),
fruit weight/plant (g), canopy volume (m3), fruit length (mm), fruit diameter (mm), fruit
weight/plant (kg) for fruit plants (olive, peach, and citrus) are given in Table 6.

Table 5. Effect of irrigation treatments on plant attributes of vegetables and fruit plants (averaged over 2 years).

Parameters/Crops Plant Height (m) Root Depth (m) Fruit wt./Plant (kg) Leaf Area (m2) Fruit Length (mm) Fruit Diameter (mm)

Potato
Drip 0.6 0.33 0.391 0.2241 88 55

Furrow 0.52 0.36 0.348 0.2012 75 48

Onion
Drip 0.51 0.27 0.136 0.0425 65.5 70.9

Furrow 0.44 0.31 0.11 0.0385 59.2 62.4

Chilies
Drip 0.92 0.39 0.438 0.0475 55.5

Furrow 0.85 0.42 0.347 0.0398 50.4 44.4

Olive
Drip 2.1 15 4.3 19.3 14.9 2.03

Furrow 1.9 12 3.2 17.4 12.8 1.75

Peach
Drip 3.5 130 26.48 87 6.31 116

Furrow 3.0 100 25.2 74 5.94 105.5

Citrus
Drip 2.0 95 9.7 66 77 120

Furrow 1.85 75 8.4 62 7 115

Table 6. Effect of irrigation treatments on chemical parameters of fruit juice (averaged over 2 years).

Parameters TSS (◦Brix) Titratable Juice Acidity (%) Juice Contents (%)

Fruits
Treatments Drip Furrow Drip Furrow Drip Furrow

Peach 5.3 3.5 0.5 0.36 48.5 46.3
Citrus 10.3 9.56 0.45 0.3 57.5 55.2

From the data in Table 5, it is obvious that vegetative growth parameters of all crops
(plant height, leaf area, and canopy volume, and fruit wt. (kg) per plant) increased in the
treatment of drip irrigation system. The drip irrigation system maintained soil moisture
around the plant roots by maintaining the soil physical properties, which could be a
possible reason for the enhanced plant growth and yield under drip irrigation. Similar
results were reported in [23–25] for potato, onion, and chilies, respectively, and in [26–28]
for olive, peach, and citrus, respectively.

The chemical properties of peach and citrus juice were also recorded, as shown in
Table 6, which included total soluble salts (TSSs), Brix, titratable juice acidity (%), and
juice contents (%). Some studies [20,27] reported an increase in TSS and titratable acidity
under drip irrigation treatment as the amount of water applied decreased, and in the
furrow irrigation system, plants received ample water; thus, the values of fruit juice quality
parameters were reduced. The comparative wet conditions that enhanced the fruit size
may be conducive for the production of higher total soluble salts (TSSs). High soil moisture
levels helped in increasing titratable acidity and juice contents.

3.3. Economic Evaluation

The drip irrigation method requires an initial fixed cost for installation, and the cost
depends on the crop nature, plant spacing, water requirement, discharge of the dripper,
and distance from the water source. The crops with more plant to plant and row to row
distance require a relatively low capital cost. Moreover, the fixed cost also depends on the
quality of the materials used for the system. In Pakistan, the adoption of drip irrigation
systems is quite slow mainly because of overdesigning of the system. In Government-
sponsored subsidized schemes, high-efficiency irrigation systems are generally equipped
with solar-powered groundwater pumps, heavy filters, fertigation chambers, etc. Further,
many companies are involved in designing (who overdesign in their interest) without
good experience, installing the drip system by adding large and unnecessary parts such
as filters, gauges, fertigation tanks, water meters, etc., which make the system costly. The
management of such systems is difficult for common farmers; therefore, they are reluctant to
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install the system. In this study, the authors proposed a low-cost/economical drip irrigation
system by eliminating unwanted parts, purchasing the parts from local vendors, and
installing them manually. All costs involved in making furrows and designing/installing
the low-cost drip irrigation system are listed in Tables 7 and 8.

Table 7. Fixed costs and depreciation costs of furrow irrigation system.

Crops

Fixed Cost Depreciation Cost (Labor Involved
in Irrigation and Furrow Repairing)

Pumping Cost Laser Leveling Cost + 8 Daily
Paid Labor @ 365 Rs/Day

Ridge Making through Tractor +
8 Daily Paid Labor @ 365 Rs/Day

Rs/ha Rs/ha Rs/ha Rs/ha

Potato 10,033 8788 7518 14,834
Onion 10,033 8788 7518 14,834
Chilies 10,033 8788 7518 22,250
Olive 10,033 8788 0 44,501
Peach 10,033 8788 0 44,501
Citrus 10,033 8788 0 44,501

Table 8. Fixed costs for the drip irrigation system.

Crops

Total Cost of the System
(Rs/ha)

Life of the Drip System
(Years)

Pumping Cost of the System
(Rs/ha)

Life of the Solar Pump
(Years) Fixed Cost [(A/B) + (C/D)]

A B C D Rs/ha

Potato 874,090 10 118,500 30 91,359
Onion 779,468 10 118,500 30 81,897
Chilies 729,211 10 118,500 30 76,871
Olive 106,175 10 118,500 30 14,567
Peach 96,576 10 118,500 30 13,608
Citrus 99,342 10 118,500 30 13,884

4. Discussion

Irrigation was scheduled with respect to effective rainfall events during crop growing
seasons. Irrigation scheduling devices (tensiometers) were installed to monitor the soil
moisture to schedule the irrigation events. Water saving in drip irrigation (Figure 5) was
high because the furrow system is less efficient (50%), excess amount of water leached
down to the groundwater, and consequently, a large amount of irrigation had to be applied
to meet the crop water requirement. The findings of this study are in close agreement
with [29], for vegetables, and [30] for fruit crops. The data presented in Figure 5 show the
percent increase in yield and water saving in the drip irrigation system. Drip irrigation
increased production and, at the same time, increased the quality of fruit, reducing shoot
growth, as was reported in [28]. Numerous research studies suggested that wetting only
20% to 50% of the effective rooting depth of full-grown deciduous fruit trees is adequate
to maximize yield, provided enough water is available to meet water requirements during
critical periods of fruit development, as proposed in [31]. Plant growth is badly affected when
using the furrow irrigation method because after irrigation, soil moisture contents change
from saturation to field capacity to dryness, and therefore, plants bear moisture stress before
the next irrigation. A minimum interval of irrigation throughout the crop growing season
creates water and nutrient balance and ensures optimum growth of the crop.

Figure 6a–e presents the complete comparison of all costs, i.e., fixed costs, variable
costs, and depreciation costs, involved in the establishment and operation of furrow and
drip irrigation systems. The total cost of installation of drip irrigation per hectare was
calculated as Rs 50,000–150,000, assuming 10 years of its useful life, with a payback period
of 1–2 years for fruit plants and 3–6 years for vegetables. The fixed capital costs varied for
all crops due to variation in plant spacing of the respective crops (Table 2); it included the
cost of installation of drip system, along with pumping cost using a solar pump. Fixed
costs in furrow irrigation comprised the cost of land leveling through laser leveler and the
tractor expenses to make ridges (Table 7). Laser leveling required 4–4.15 h/acre to level
10 cm to 15 cm deep layers of soil. Short-level furrows required accurate field grading,
which was performed by machines. The plowing and furrowing were also performed by
machines. These operations required skilled labor, fuel, and machinery tools, and all these
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cots added to the fixed costs of the furrow irrigation method (Table 7). The variation in
variable costs was mainly due to incurred expenses with the purchase of seeds, fertilizers,
pesticides, weedicides, and labor involved in field operations. In the drip irrigation system,
the labor cost was half, as compared to the furrow irrigation system, because in furrow
irrigation, more labor was required for hoeing, weeding, and watering operations. The drip
irrigation system required lower field operations, which also reduced the cost of the system.
Depreciation costs in drip irrigation systems include the repair and maintenance of drip
parts such as damage or leakage in lateral lines, drip emitter clogging, etc., which was fixed
for all crops (Figure 6a). In the furrow irrigation system, the depreciation cost comprised
the cost of labor for the repair and maintenance of furrows after every irrigation or a
high-rainfall event. Every month during the crop season eight (8) persons were deployed
for these operations for a hectare.
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The gross returns were computed by multiplying the average market rate with the
yield of respective vegetables and fruits during the crop harvesting period. The seasonal
gross expenditure, gross return, net return, and percentage increase in net return for drip
irrigation and furrow irrigation systems for all the selected crops are also depicted in
Figure 6d,e. The results revealed that the highest percentage net return per hectare under
drip irrigation system was recorded for olive (54%) and the lowest percentage net returns
recorded for potato (29%), as shown in Figure 6e.

Financial viability analysis was performed by computing the net present value of
crops and fruit plants by discounting both the costs and the returns at the prevailing rate of
interest (10%), which is shown in Table 9. From the table, it is clear that net present values
of crops and fruit plants were computed for the entire life of the drip system (10 years).
Net present values in Table 9 showed that the low-cost drip system discounted cash flows
over the entire life of the drip set (10 years). The tear-wise net present worth was estimated
to calculate the number of years required to recover the capital cost of the drip system. The
payback period for olive, peach, and citrus was 2 years, 1 year, and 1 year, respectively,
and for potato, onion, and chilies, the payback period was 5 years, 6 years, and 3 years,
respectively. The cost incurred on the drip irrigation system was Rs 118,451 for potato and
Rs 108,989 for onion; thus, the payback period for both crops is maximum. Due to narrow
plant spacing in potato and onion, the initial costs of drip sets were high.

Table 9. Net present worth and payback periods of drip irrigated crops.

Crops Net Present Value (Rs/ha) @ 10% Discount Rate Pay Back Period (Years)

Potato 65,247 5
Onion 38,185 6
Chilies 139,032 3
Olive 202,235 2
Peach 746,163 1
Citrus 1,252,415 1

Gross expenditures in the drip irrigation system were higher because of the high initial
investment. However, the gross income in the drip irrigation system was high because
of the good quality of produce and high yield. Furrow irrigation system consistently
underperformed in the case of all the vegetables and fruit crops.

5. Conclusions

From the results of this study, it was concluded that the low-cost drip irrigation system
applies water near the roots of the plant, as per requirement, and therefore produces more
vegetables and fruits with less water. The low-cost drip irrigation under rainfed conditions
saved up to 86% of irrigation water and increased yield by 26–33%, as compared with
the furrow irrigation method. Reduced cost of labor in irrigation, fertilizer application,
and weeding, combined with increased economic returns, leads to higher economics of
vegetable production under the drip system. Fruits and vegetables performed well in the
drip irrigation system; however, as observed in this study, the performance of vegetables
(potato, onion and chilies) was far low, as compared with fruit plants (olive, peach, and
citrus). Based on the present research findings, the average cost of drip sets was calculated
to be Rs 50,000–150,000 per hectare for all given crops. It was also concluded that the gross
expenditures of the low-cost drip irrigation set can be fully recovered in the second year
of crops and orchards. The low-cost drip irrigation was found efficient and economically
viable, gave long-term benefits for small landholders, and is feasible/suitable for those
areas where the capital costs of existing drip systems are the main barrier to their adoption.
There is considerable potential for farmers to grow their orchards and vegetables by
installing a low-cost drip irrigation system in their farms/fields.
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Abstract: Climate change, urbanization and subsequent environmental changes are depleting fresh-
water resources around the globe. The reuse of domestic, industrial and agricultural wastewater
is an alternative approach to freshwater that can be used for irrigation purposes. However, these
wastewaters may contain hazardous and toxic elements, such as heavy metals that are hazardous
for human health and the environment. Therefore, an experiment was conducted to evaluate the
concentration of macro, micro and heavy metals in cucumber irrigated with different resources (tap
water, greywater, dairy water and wastewater). The results showed that the use of different irrigation
resources has increased the level of macro (sodium (Na), potassium (K), calcium (Ca), magnesium
(Mg)), microelements (zinc (Zn), iron (Fe), manganese (Mn)), and heavy metals (copper (Cu), barium
(Ba), lead (Pb) and cadmium (Cd)) in cucumber leaves and fruits. However, their levels were in the
range that is safe for human health and the environment was as recommended by FAO maximum
values of trace elements (Zn, 2.0; Fe 1.0; Mn, 0.2; Cu, 0.2; Pb, 5.0, and Cd, 0.01 mgL−1). Based on
observations, it was also revealed that among different irrigation resources, the use of dairy water in
cucumber improved its agronomic attributes and maximum plant yield (1191.02 g), while the different
irrigation resources showed a non-significant impact on fruit diameter. However, total soluble solid
contents (TSS) were more significant in cucumber fruits treated with wastewater (2.26 ◦brix) followed
by dairy water (2.06 ◦brix), while the least TSS contents (1.57 ◦brix) were observed in cucumber
plants treated with tap water. The significance of non-conventional irrigation water use in agriculture,
particularly greenhouse cucumber (Cucumis sativus) production, is discussed.

Keywords: climate change; environment; heavy metals; human health; resources; wastewater

1. Introduction

Worldwide, climate change has an adverse impact on water quality, water availability,
food security, and human health. Globally, about 40% of the earth’s total area is comprised
of arid, semiarid, and range lands [1] and nearly 50% of European countries are already
facing water scarcity [2]. In previous decades, the amount of water required in agriculture
has been tripled while the available freshwater resources are depleting, and the agriculture
sector is experiencing water shortages. Under existing climatic conditions, almost half of
the world population will be confronted with water scarcity by 2030 as the resources of
freshwater are depleting day by day, and Middle East/Gulf countries will suffer severe
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water scarcity, with future conflicts over scarce water resources due to climatic and so-
cioeconomic issues [3]. In the past few decades, drought and desertification cycles have
affected particularly the semiarid zone. Therefore, under these circumstances, water is
the most critical ingredient for a sustainable ecosystem and, even more importantly, for
economic development. Irrigation-dependent agriculture comprises 20% of the worldwide
cultivated land, accounts for approximately 40% of global food production, and agriculture
is also responsible for 70% of global water usage [4]. Hydrological poverty is also being
caused by population growth and poor management of water supplies as 70% of available
freshwater is being consumed in agriculture. In arid and semiarid regions, water demand
for domestic, industrial, and agricultural uses is steadily rising and it is estimated that more
than 40% of the world’s population could face water scarcity by 2050 [5].

Domestic water would be of high quality, but industrial and agricultural water should
be of lower quality. A huge volume of fresh water is consumed in households and industries,
out of which 50–80% is wasted in households. The re-evaluation or reuse of this wastewater
is a viable, alternative, and sustainable approach to conserve freshwater [6]. Besides
household wastewater, municipal, and livestock slurries may be used in agriculture as
these are affordable and appealing resources of irrigation [7]. The use of wastewater in
agriculture minimizes aquatic degradation by reducing sewage sludge.

Wastewater contains a high concentration of nutrients and it has a significant potential
for application in agricultural irrigation as it provides soil organic carbon (SOC), nutrients
(NPK), minerals, organic matter and inorganic micronutrients to crops [8]. The treating
systems do not remove nitrogen and potassium from the wastewater and are harmful to
aquatic life. However, they are important from an agronomic view as they improve soil
fertility, crop yield, and minimize fertilizer use and input cost. The studies highlighted
that the use of wastewater, particularly for crop irrigation, has enhanced crop production
as it is enriched with nutrients [9,10], and the reuse of urban wastewater has fulfilled the
phosphorus (P) and potassium (K) demands for maize crops in Saudi Arabia [11].

Like Saudi Arabia, Oman is an arid country with severe water problems, and the
practice of wastewater irrigation may be an affordable and appealing resource of irrigation
as this approach is continuously increasing throughout the world for water security [12,13].
The availability of different resources of wastewater has also emphasized the attention
for farmers of crop selection and different resources of wastewater have increased the
production of lettuce, spinach, onion, tomato, potato, carrot, cucumber, and other different
vegetables [14–16]. The wastewater is enriched with macro and micronutrients required for
plant growth and it may be a resource to enhance soil productivity and fertility level [17].

However, the improper use of wastewater may cause environmental issues and the
application of wastewater may increase the uptake of heavy metals in vegetable crops [18].
The continuous use of wastewater may affect soil physical and chemical characteristics [19].
It has been argued that high electrical conductivity (EC) values in irrigation water, e.g.,
2900, 3900, and 2400 S/cm, resulted in a 50% drop in production in onions, potatoes, and
dry bean crops [20]. Similarly, it is reported that irrigation water with high biological
oxygen demand (BOD) or chemical oxygen demand (COD) inhibits plant growth, while
water carrying chlorine and fluorine can harm plant tissues severely [21]. However, the
mung bean (Vigna radiate) growth and yield were found to be lower with raw sewage
irrigation water compared to biologically treated wastewater irrigation water [11]. The
investigations on the application of wastewater irrigation showed significantly enhanced
trace metal concentrations (mg kg−1) in cucumber crops, with Fe (393.2) > Pb (145.1) >
Cu (92.3) > Cr (84.8) > Zn (46.6) > Ni (48.2) > Mn (46.6) > Cd (14.1) > Co (11.1) [22]. The
use of wastewater in spinach, radish, cauliflower, and mustard may increase the uptake
of heavy metals (Cd, Cr, Cu, Pb and Cd) [18]. However, the climatic conditions, rooting
media and plant species selection may alter the adsorption rate of heavy metals, such as
in spinach, there is a high accumulation of Pb and Ni during summer, while in winter
the accumulation of Cd increases [23]. Moreover, the highest values of Hg and U were
observed during the wet season as compared to the dry season [24]. Likewise, carrots
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favored the build-up of Zn and Cu while spinach and mint have shown the highest uptake
of Mn and Fe [25]. Similarly, there were 20 times more concentrations of heavy metals
observed in crops treated with sewage water as compared to European countries [26]. The
studies have also shown the absence of health risk factors when contaminated heavy metal
vegetables were consumed by humans [27,28]. However, it should be kept in mind that
these trials were conducted for short period. It is also observed that wastewater irrigation
has increased eggplant production and its nutritional status without contaminating it with
heavy metals [29]. A similar finding has described that wastewater application in the arid
regions increased the soil organic matter (SOM), electrical conductivity, nitrogen, and heavy
metal concentrations in soil [30].

Despite having been studied, there is still a need to explore the impact of different
wastewater irrigation resources on soil properties, vegetables, and fruit qualities, as the
reuse of wastewater for irrigation will be greater in the future, especially in water deficit
areas due to increased population and ever increasing demands for food and fresh water
Therefore, non-conventional water resources such as wastewater should be tested for
agriculture to supply food and careful management should be adopted to ensure long-term
agricultural productivity. By considering all the above factors, an experiment was designed
in Sultan Qaboos University, Oman, with the aim to re-utilize wastewater, greywater and
dairy water in cucumber production and to investigate their environmental impact on
growing media and plant nutrient uptake.

2. Materials and Methods
2.1. Experimental Conditions

The experiment was conducted in the greenhouse conditions located at the Agriculture
Experiment Station facility, Sultan Qaboos University, Oman. Greenhouse cucumber “Beit
Alpha” cultivar seeds were procured by Mr. Waleed Al-Busaidi (technician) Department
of Plant Sciences, from the Island harvest trading LLC, Barka, Oman. In this experiment,
the environmental conditions of the greenhouse, such as temperature (27/20 ◦C) and light
(240 µmol), were maintained throughout. Greenhouse cucumber seeds were sown in
nursery plug trays (50 holes) having compost as a growing substrate and were watered
uniformly. After one month of sowing, uniform seedlings of 4 inches in length were
transplanted in plastic pots of size 7 × 10”, each having an equal volume of compost. Pots
were supplemented uniformly with Hoagland′s nutrient solution (H2395 Sigma-Aldrich,
St. Louis, MO, USA) once a week. The experiment was laid out under a completely
randomized design (CRD) and four treatments of varied water, with freshwater as control,
treated wastewater, greywater, and dairy cleansing water, were applied uniformly with
500 mL concentration according to the crop requirement. There were three replicates used
in the experiment and in each replication eight plants were used.

2.2. Water Analysis

Before irrigation, the water quality of all water resources of freshwater, treated wastew-
ater, greywater and dairy water was analyzed to determine the concentrations of macronu-
trients (sodium (Na), potassium (K), calcium (Ca), and magnesium (Mg), micronutrients
(zinc (Zn), iron (Fe) and manganese (Mn), and heavy metals (copper (Cu), barium (Ba),
chromium (Cr), lead (Pb) and cadmium (Cd) by using inductively coupled plasma atomic
emission spectroscopy (ICP AES, Interpid Il XDL) [31].

2.3. Growing Substrate Analysis

The analysis of plant growing substrate (compost) was conducted before the exper-
iment to analyze the nutrient status. Therefore, three samples of each replicate were
collected randomly at 10 cm pot depth and were taken to the soil chemistry laboratory at
the Department of Soil, Water and Agricultural Engineering, College of Agricultural and
Marine Sciences, Sultan Qaboos University, Oman. The soil organic matter content, total N
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content, macroelements, microelements, and heavy metals were determined by ICP after
nitric-perchloric acid (2:1) digestion.

2.4. Leaf and Fruit Analysis

After eight weeks of transplanting, six mature leaves from individual cucumber plants
were collected and were immediately transported to the Department of Plant Sciences,
College of Agriculture and Marine Science, Sultan Qaboos University, Oman, for laboratory
analysis. Before analysis, samples were washed thoroughly with special detergent (Alconox
0.1%) and rinsed in tap water, after each sample was cleaned with a diluted solution of
0.005% HCL and was finally rinsed in distilled water. To dry out leaf samples were left on
filter paper for 2 h and were oven-dried for 48 h at 65 ◦C. After that macro/microelements
and heavy metals were determined by ICP [31].

2.5. Fruit Yield and Quality Analysis

The yield of each plant was taken at each picking and the total yield of the plant was
calculated at final maturity and the unit was expressed in grams (g). For fruit quality
analysis, fruit size was measured by using Vernier caliper (model CP33659-00, Company
VWR, Radnor, PA, USA) and values were taken in millimeters (mm), while fruit total soluble
solid content (TSS, ◦Brix) was determined by hand refractometer (model MASTER-53α,
ATAGO, Bellevue, WA, USA). Macro/microelements and heavy metals were determined
by ICP [31].

2.6. Statistical Analysis

The experiment was laid out under a completely randomized design (CRD) and eight
plants were taken as per single replicate and a total of twenty-four plants were used in three
replications. The data were statistically analyzed by using analysis of variance (ANOVA)
and differences among treatments were compared at 5% level of probability by applying
Tukey’s HSD.

3. Results
3.1. Availability of Essential Elements and Heavy Metals in Irrigation Water Resources

The data regarding the assessment of water resources are shown in Table 1. The results
revealed that the concentration of macro, micro and heavy metals was significantly different
in diverse water resources. Among macro essential elements, the highest Na was observed
in wastewater (5370 mg/L) followed by a dairy water resource (1.50 mg/g). The amount
K was highest in dairy water (1430 mg/L) followed by wastewater (380 mg/L). Similarly,
Ca (1960 mg/L) and Mg (940 mg/L) were observed at maximum in wastewater, while
Mg was not observed in fresh water and grey water resources. Regarding micro essential
elements, the highest amount of Zn (9.89 mg/L), Fe (17.63 mg/L) and Mn (0.81 mg/L) was
observed in dairy water. Likewise, the number of heavy metals significantly varied with
water resources. The maximum concentration of Cu (3.16 mg/L) was observed in greywater
while its least amount (1.60 mg/L) was observed in freshwater. Similarly, the concentrations
of Pb (4.25 mg/L), Cr (1.64 mg/L) and Cd (0.08 mg/L) were noted highest in greywater.
Meanwhile Ba was found highest in wastewater (5 mg/L) at par with a freshwater source
(4.62 mg/L) and its quantity was observed lowest (0.25 mg/L) in dairy water.
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Table 1. Nutrients and heavy metal analysis of irrigation resources before application.

Freshwater Greywater Dairy Water Wastewater

Macroelements
Na (mg/L) 320 ± 100 c 530 ± 90 c 1500 ± 80 b 5370 ± 90 a
K (mg/L) 190 ± 20 b 310 ± 90 b 1430 ± 80 a 380 ± 50 b
Ca (mg/L) 550 ± 100 b 100 ± 40 c 670 ± 90 b 1960 ± 80 a
Mg (mg/L) 0.00 ± 0.00 c 0.00 ± 0.00 c 590 ± 20 b 940 ± 20 a

Microelements
Zn (mg/L) 6.40 ± 0.4 d 9.18 ± 0.9 b 9.89 ± 0.9 a 7.07 ± 0.2 c
Fe (mg/L) 2.95 ± 0.1 d 12.97 ± 0.2 b 17.63 ± 0.3 a 4.85 ± 0.1 c
Mn (mg/L) 0.20 ± 0.09 c 0.61 ± 0.10 ab 0.81 ± 0.08 a 0.40 ± 0.10 c

Heavy metals
Cu (mg/L) 1.60 ± 0.18 c 3.16 ± 0.06 a 1.96 ± 0.01 b 1.85 ± 0.10 bc
Ba (mg/L) 4.62 ± 0.08 a 3.71 ± 0.20 b 3.76 ± 0.09 b 5.00 ± 0.20 a
Cr (mg/L) 0.40 ± 0.09 b 1.46 ± 0.10 a 1.33 ± 0.18 a 0.40 ± 0.04 b
Pb (mg/L) 0.70 ± 0.01 c 4.25 ± 0.10 a 0.25 ± 0.02 d 1.20 ± 0.20 b
Cd (mg/L) 0.05 ± 0.01 a 0.08 ± 0.01 a 0.05 ± 0.01 a 0.05 ± 0.02 a

Any two means in a column having similar letters indicate a non-significant relationship (p ≤ 0.05).

3.2. Concentrations of Macro–Micro and Heavy Metal Elements Available in the Compost When
Treated with Different Irrigation Water Resources

The nutrient analysis of compost after final crop harvesting is presented in Table 2. The
results exhibited that among macro essential elements, the highest amount of Na (690 mg/L)
was observed in compost treated with wastewater followed by the compost treated with
dairy water (530 mg/L) and greywater (450 mg/L). Similarly, the highest contents of
Ca (18,400 mg/L) were observed in compost treated with wastewater followed by dairy
water (17,870 mg/L). While the highest amount of K was observed in compost treated with
dairy water (800 mg/L) at par with wastewater (780 mg/L). Likewise, the concentration of
all micro essential elements Zn (91.30 mg/L), Fe (862 mg/L), and Mn (52.57 mg/L) was
found at maximum in dairy water while these micronutrients were observed in minimum
quantity in compost treated with fresh water. Regarding heavy metals, the highest amount
of Cu (172 mg/L), Cr (11.53 mg/L), Pb (12.22 mg/L) and Cd (1.82 mg/L) was noticed in
compost treated with greywater. Meanwhile, the maximum amount of Ba (8.25 mg/L) was
recorded in compost treated with fresh water at par with composts treated with wastewater
(8.5 mg/L) and dairy water (8.11 mg/L), respectively.

Table 2. Nutrients and heavy metal contents of compost (growing medium) after irrigation applications.

Freshwater Greywater Dairy Water Wastewater

Macroelements
Na (mg/L) 430 ± 40 b 450 ± 50 b 530 ± 110 b 690 ± 30 a
K (mg/L) 770 ± 20 a 780 ± 30 a 800 ± 50 a 780 ± 100 a
Ca (mg/L) 17,180 ± 170 c 17,070 ± 120 c 17,870 ± 100 b 18,400 ± 150 a
Mg (mg/L) 1390 ± 30 b 1370 ± 100 b 1640 ± 100 a 1710 ± 100 a

Microelements
Zn (mg/L) 41.85 ± 5 d 62.00 ± 0.89 b 91.30 ± 20 a 51.55 ± 17 c
Fe (mg/L) 727.00 ± 100 b 746.67 ± 40 b 862.00 ± 30 a 728.67 ± 89 b
Mn (mg/L) 38.82 ± 0.05 d 41.96 ± 0.04 c 52.57 ± 0.03 a 42.65 ± 0.09 b

Heavy metals
Cu (mg/L) 16.26 ± 0.45 d 172.0 ± 17 a 59.77 ± 0.12 b 20.77 ± 0.10 c
Ba (mg/L) 8.25 ± 0.10 a 7.71 ± 0.20 b 8.11 ± 0.11 a 8.15 ± 0.09 a
Cr (mg/L) 11.25 ± 0.22 a 11.53 ± 0.20 a 7.82 ± 0.3 b 3.63 ± 0.27 c
Pb (mg/L) 7.83 ± 0.13 b 12.22 ± 0.18 a 2.93 ± 0.03 d 7.46 ± 0.8 c
Cd (mg/L) 1.31 ± 0.10 b 1.82 ± 0.10 a 1.01 ± 0.09 c 0.73 ± 0.09 d

Any two means in a column having similar letters indicate a non-significant relationship (p ≤ 0.05).
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3.3. Accumulation of Essential Minerals and Heavy Metals in Plant Leaves

The application through different water resources has significantly affected the accu-
mulation level of nutrients in plant leaf tissues as shown in Table 3. The results revealed
that in macro elements, the highest concentration of Na (1940 mg/L) was observed in
leaves that were supplied wastewater irrigation followed by dairy water irrigation applica-
tion (1220 mg/L). The macronutrients, K (9470 mg/L) and Ca (45,080 mg/L) were found
maximum in plant leaves that were treated with dairy water resources while the least
quantity of these nutrients K (6730 mg/L) and Ca (42,830 mg/L) was observed in plants
that were treated with a freshwater resource. For micronutrients, Zn (48.37 mg/L) was
found highest in plant leaves that were treated with dairy water followed by grey water
(44.58 mg/L) as the resource of irrigation, while the least amount of Zn (34.68 mg/L) was
observed in plants treated with wastewater. Similarly, other micro essentials Fe (95 mg/L)
and Mn (41 mg/L) were also found to be highest in plant leaves that were treated with
dairy water. Regarding heavy metals, the concentrations of Cu (5.38 mg/L), Cr (5.24 mg/L)
and Pb (4.34 mg/L) were noticed in leaves that were treated with greywater resources.
Meanwhile, the concentrations of Cr (5.28 mg/L) and Pb (4.34 mg/L) were the least in plant
leaves that were treated with dairy water. However, the concentration of Cd (0.46 mg/L)
was found to be a minimum in plant leaves treated with fresh water.

Table 3. Distribution status of macroelements, microelements, and heavy metals in cucumber leaves
irrigated with different irrigations resources.

Freshwater Greywater Dairy Water Wastewater

Macroelements
Na (mg/L) 710 ± 20 c 690 ± 10 c 1220 ± 90 b 1940 ±80 a
K (mg/L) 6730 ± 160 c 7550 ± 190 b 9470 ± 120 a 6130 ± 90 d
Ca (mg/L) 42,830 ± 1000 c 44,830 ± 900 a 45,080 ± 800 a 44,120 ± 700 b
Mg (mg/L) 5460 ± 110 c 5430 ± 70 c 6580 ± 100 a 6030 ± 80 b

Microelements
Zn (mg/L) 38.05 ± 0.10 c 44.58 ± 0.8 b 48.37 ± 0.9 a 34.68 ± 0.78 d
Fe (mg/L) 78.80 ± 1.78 b 50.56 ± 1.09 c 95.00 ± 3.00 a 76.18 ± 0.9 b
Mn (mg/L) 23.70 ± 1.80 b 31.10 ± 0.9 b 41.00 ± 0.10 a 31.16 ± 0.88 b

Heavy metals
Cu (mg/L) 5.07 ± 0.08 b 5.38 ± 0.12 a 4.06 ± 0.08 d 4.63 ± 0.09 c
Ba (mg/L) 11.85 ± 1.79 a 7.40 ± 0.40 b 8.38 ± 0.08 b 6.72 ± 0.09 b
Cr (mg/L) 4.46 ± 0.04 b 5.28 ± 0.10 a 3.86 ± 0.12 c 4.28 ± 0.06 b
Pb (mg/L) 2.11 ± 0.09 c 4.34 ± 0.020 a 1.81 ± 0.09 c 3.13 ± 0.08 b
Cd (mg/L) 0.46 ± 0.04 c 0.78 ± 0.03 ab 0.73 ± 0.02 b 0.81 ± 0.01 a

Any two means in a column having similar letters indicate a non-significant relationship (p ≤ 0.05).

3.4. Accumulation of Essential Minerals and Heavy Metals in Cucumber Fruit

The results regarding the minerals and heavy metals are shown in Table 4. The results
indicated that the use of different irrigation resources has a significant effect on the accumu-
lation of minerals and heavy metals in fruits. The highest amount of macro element accu-
mulation was observed in the fruits that were irrigated with wastewater (Na (1360 mg/L)
followed by the dairy water (790 mg/L). Regarding K, it was found highest (16,780 mg/L)
in fruits treated with dairy water while the least amount of K (12,530 mg/L) was ob-
served in fruits treated with wastewater. While the maximum amount of Ca (2420 mg/L)
and Mg (1550 mg/L) was observed in dairy water, however, the minimum amount of
Ca (1400 mg/L) and Mg (1090 mg/L) was detected in fruits irrigated with fresh water.
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Table 4. Distribution status of macro, microelements, and heavy metals in cucumber fruit irrigated
with different irrigation resources.

Freshwater Greywater Dairy Water Wastewater

Macroelements
Na (mg/L) 620 ± 10 c 660 ± 20 bc 790 ± 40 b 1360 ± 80 a
K (mg/L) 14,330 ± 100 b 13,770 ± 160 c 16,780 ± 180 a 12,530 ± 190 d
Ca (mg/L) 1400 ± 90 c 1920 ± 30 b 2420 ± 17 a 1420 ± 50 c
Mg (mg/L) 1090 ± 40 c 1260 ± 10 bc 1550 ± 90 a 1370 ± 10 ab

Microelements
Zn (mg/L) 24.11 ± 0.11 c 25.27 ± 0.07 b 28.13 ± 0.12 a 20.18 ± 0.05 d
Fe (mg/L) 33.88 ± 0.06 c 61.20 ± 3.58 b 67.96 ± 0.25 a 33.90 ± 0.11 c
Mn (mg/L) 10.35 ± 0.20 c 13.95 ± 0.27 b 15.68 ± 0.18 a 8.91 ± 0.04 d

Heavy metals
Cu (mg/L) 5.31 ± 0.18 a 5.68 ± 0.16 a 4.67 ± 0.20 b 5.26 ± 0.08 a
Ba (mg/L) 2.25 ± 0.35 a 2.62 ± 0.51 a 0.71 ± 0.10 b 2.81 ± 0.09 a
Cr (mg/L) 3.00 ± 0.08 b 5.02 ± 0.02 a 2.73 ± 0.03 c 3.03 ± 0.03 b
Pb (mg/L) 0.86 ± 0.07 c 1.80 ± 0.27 a 1.15 ± 0.11 bc 1.50 ± 0.09 ab
Cd (mg/L) 0.13 ± 0.18 b 0.22 ± 0.02 a 0.15 ± 0.03 b 0.20 ± 0.02 a

Any two means in a column having similar letters indicate a non-significant relationship (p ≤ 0.05).

For micronutrients, the highest amount of Zn (28.13 mg/L), Fe (67.96 mg/L) and
Mn (15.68 mg/L) were found in fruits treated with dairy water while the least quantity
Zn (20.18 mg/L), and Mn (8.91 mg/L) were found in fruits treated with wastewater, and
the Fe (33.88 mg/L) minimum amount was observed in freshwater. In heavy metals, the
highest amount of Cu (5.68 mg/L), Ba (2.62 mg/L), Cr (5.02 mg/L), Pb (1.80 mg/L) and
Cd (0.22 mg/L) were observed in fruits treated with greywater.

3.5. Effect of Irrigation Water on Fruit Production and Quality

The results regarding fruit production and quality are shown in Figure 1. The results
showed that the highest yield in cucumber (1191.02 g) was achieved through dairy water
irrigation followed by wastewater (976.65 g) and freshwater irrigation (938.14 g), while
the least amount of fruit yield (872.01 g) was obtained in plants irrigated with greywater
as shown in Figure 1a. However, the different irrigations have shown a non-significant
impact on cucumber fruit diameter as indicated in Figure 1b. With regard to the quality of
the total soluble solids, maximum TSS (2.26 ◦brix) was observed in cucumber fruits that
were irrigated with wastewater followed by the dairy water (2.06 ◦brix). However, the least
amount of TSS (1.61 ◦brix) was observed in fruits that were irrigated with fresh water and
grey water (1.57 ◦brix) as shown in Figure 1c.
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4. Discussion

Worldwide, the availability of fresh water is becoming a major concern, and the recy-
cling of wastewater for crops irrigation has received a lot of interest. However, untreated
or inadequately treated wastewater may harm soil, plants, and the environment, as well as
cause serious risks to human health [32]. The presence of macro, micro, and heavy metals at
high levels in wastewater disturbs plant physiological processes, metabolic processes and
enzyme activities as the combination of different elements does not always increase growth
and fruit yield [33,34]. However, the toxicity of these elements may affect plant yield,
growth and may induce abnormal anatomical changes [35]. Furthermore, it is argued that
heavy metals can accumulate in plants when municipal wastewater is used for irrigation,
and an excessive amount can affect residents who consume crops and/or vegetables grown
in these contaminated locations [36]. As a result, this could be the first food safety indicator.

In irrigation water, sodium (Na), magnesium (Mg) and calcium (Ca) are dominantly
present and play an important role in plant growth and development. The wastewater
carries significant amounts of nitrogen, phosphorus, potassium, calcium, magnesium,
organic matter, and trace minerals, which are regarded as good sources of nutrients for
plant growth and development [37]. After irrigation, some of the water is up taken and
consumed by plants or evaporates directly from the soil. Among these salts, Ca and Mg
often precipitate in carbonates while Na remains dominant in soil [38]. In our findings, a
higher concentration of Na was observed in compost treated with wastewater. This higher
accumulation in media may be due to wastewater as it already contains a higher amount
of Na. However, the higher level of Na in soil may depress the plants’ nutrient uptake
and may increase the salts accumulation, particularly sodium chlorides (NaCl) that are
most common in causing soil salinity. It has been reported that agriculture practices are
increasingly pressurizing fertilizer demand; as a result, it is critical to find alternatives that
maximize nutrient uptake by crop plants while minimizing the associated environmental
impacts, and wastewater streams can be used as an alternate irrigation water supply [39].
The accumulation of Na generates osmotic potential and prevents water uptake, which
creates similar conditions as drought [40]. Moreover, there may be accelerated drought
and salinity due to an increase in low-quality water for irrigation, inadequate drainage
and climate change [41]. Therefore, the increased level in Na may lead plants towards
drought conditions and the application of wastewater to arid soils may enhance salinity and
drought. The excess accumulation of other essential elements K, Ca, Cl and NO3 in plant
root zones may develop osmotic pressure in plant roots and imbalance cell ion homeostasis
that leads towards photosynthesis inhibition, inactivates certain enzyme functions and
damage to chloroplast and other organelles [42]. However, the presence of these elements
up to optimal level promotes plant growth, development, photosynthesis and transpiration.
Our results presented in Table 4 showed that the plant content of micronutrients and heavy
metals surpassed (in most cases) the WHO permitted limits as shown in Table 5. However,
Zn and Fe levels in cucumber fruit (Table 4) irrigated with freshwater and wastewater was
lower compared to the threshold values.

Nevertheless, it was observed that heavy metals taken up by the vegetables produced
under wastewater irrigation prefer to persist in the roots, a small percentage of the heavy
metals translocated into the shoots, and an even less percentage reaches the fruit [47]. These
elements also play a pivotal role in human health and their deficiency or toxicity may affect
the metabolic functions occurring in the human body. Zinc is one of the essential elements
required for the human body as it promotes cell growth, cell division, carbohydrates
breakdown, wound healing, plays an important role in the defensive system and helps
in developing immunity [48]. It is an omnipotent metal having amphoteric nature and
its daily requirement is about 15–20 mg/day [49]. However, the high uptake of zinc may
interfere with Cu uptake and may induce trauma due to zinc accumulation [50]. The
researchers also reported that heavy metals in irrigation wastewater tend to collect in
soils, where they may become bioavailable to crops and enhance bacterial populations
linked with plant growth [51]. Besides, Iron (Fe) is a micronutrient that is vital for plant
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growth, it is a critical component in energy conversions required for syntheses and other
cell life processes [52]. However, the Cu (5.26 mg/L) and Ca (1420 mg/L) were found
in the highest concentrations in cucumber fruit from various irrigation resource water
applications (Table 4), earlier studies indicate that minerals were extensively translocated
from leaves to fruits in greenhouse tomato and cumbers [53]. It has also been reported that
Cu plays an important role as a redox transition element in photosynthesis, respiration,
and the metabolism of carbon and nitrogen, as well as protecting from oxidative stress [54].

Table 5. The World Health Organization (WHO), the United States Environmental Protection Agency
(USEPA), Oman, the United Arab Emirates, Egypt, and Algerian Standards have established wastew-
ater threshold levels for reuse applications [43–46].

Parameters Units WHO US-EPA Oman UAE Jordan Egypt Algeria

Na mg/L 250 70 150 230 -

K mg/L 100 - 12 - -

Ca mg/L 450 - - 230 -

Mg mg/L 80 30 0.4 100 -

Zn mg/L 20 2 2 5 5 0.01 10

Fe mg/L 50 5 1 0.2 5 0.5 -

Mn mg/L 0.2 0.2 0.2 - 0.2 0.2 -

Cu mg/L 0.2 0.2 0.2 1 0.2 0.01 0.5

Cr mg/L 0.1 0.1 0.1 0.5 0.1 0.05 5

Pb mg/L 5 5 0.1 0.1 5 0.01 10

Cd mg/L 0.01 0.01 0.01 0.003 0.01 0.001 -

In our findings, the highest concentrations of K, Zn, Fe and Mn were observed in
dairy water resources and the maximum yield was also obtained in cucumber in a similar
resource of irrigation. However, heavy metals (Cr and Pb) were lower in all irrigation
water types compared to the threshold values (Table 5). The highest yield may be due
to the presence of K as it regulates plant stomata conductance and ensures optimal plant
growth [55]. Further, it activates certain enzymes that trigger protein synthesis, sugar
transport, and photosynthesis. Our finding has a resemblance with other researchers
who stated that K is essential for cell growth and increases fruit yield and quality [56]. It
has been also argued that K, on the other hand, is the most abundant cationic inorganic
nutrient, with a large role in activating enzymatic reactions in plants and reducing heavy
metal intake due to its availability as a nutrient in irrigation water and soil [57]. A similar
finding was observed by [58] who stated that K is involved in stomatal opening, cell
elongation and certain physiological processes that enhance plant yield. The studies have
shown that Mn is an essential element; nevertheless, high quantities of Mn in the soil
might smother plant growth. The current study found slightly elevated Mn levels in
cucumber fruit, ranging from 8.91 mg/L to 15.68 mg/L, which could be hazardous to
plants and soil media [52]. Likewise, Zn is an essential micronutrient that is required for
plant growth and is involved in various enzymatic reactions as a catalyst, metabolism
and energy transfer [59]. Therefore, it promoted plant yield attributes such as yield and
fruit diameter in our study. Zn is equally essential for human health as it improves the
immune system, prevents hair loss, muscle weakness, and memory loss. About 50% of
the world population is suffering from Zn deficiency, and the ideal dose of 15 mg/day is
required every day [60]. Likewise, according to FAO, 30% of world land is deficient in Zinc,
therefore such cultivated areas are deficient in providing required range to the plants [61].
In our study, the range of Zn obtained in cucumber fruits treated with different irrigation
resources was 20.18 to 28.13 mg/L, whereas in irrigation resources the level of Zn was less
in fresh water, wastewater, greywater and followed by dairy water, respectively. Therefore,
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irrigation through these water resources may be used in some Zn deficient soils. It has
been reported that Zn is a mineral that is required for plant nutrition, it serves structural
and/or catalytic roles in a range of enzymes, including Cu–Zn superoxide dismutase,
alcohol dehydrogenase, RNA polymerase, and DNA-binding proteins, and is important in
carbohydrate metabolism [62]. However, it has also revealed that plants, on the other hand,
are unlikely to absorb the excess Zn and Cu, which could be damaging to food consumers
and hazardous to plants long before reaching a level that is toxic to humans [46].

In our study, the highest yield of cucumber was obtained in plants treated with dairy
water. This might be due to the highest availability of essential macro and microelements in
dairy water that promoted plant growth and fruit cell division and expansion. Our findings
were in harmony with other researchers who reported that the application of wastewater
boosted tomato yield compared to normal irrigation due to the presence of nutrients [63,64].
In our findings, TSS in cucumber fruits was within the range (1.57–2.26 ◦brix) that showed
non-toxicity or non-accumulation of heavy metals. The highest TSS (2.26 ◦brix) was
observed in fruits treated with wastewater while the least TSS (1.57 ◦brix) was observed in
freshwater. The stress conditions and the abundance of elements might be a reason for the
increase in soluble solids. Similar results were observed by other researchers who suggested
that higher TSS concentrations provide a mechanism in plants to maintain osmotic pressure
during stress conditions by metals [18,65]. However, high total soluble solids levels in fruits
are also linked with consumer acceptance and are an important trait for crop harvest [66].

The reuse of wastewater in agriculture may be a greater source of saving freshwater
consumption, as non-availability of fresh water and degraded water quality is a major
issue for agriculture production [67]. Therefore, the reuse of wastewater in agriculture
offers an ideal alternative source of irrigation to conserve precious freshwater resources
particularly at a time of ever-changing climate scenarios [31]. Moreover, wastewater has
been used as a source of fertilizer for different vegetable and fruit crops [68]. However, the
use of wastewater requires consideration as it has an impact on soil physical, chemical,
and microbial properties. Further, it has an influence on crop productivity and human
health [69]. Therefore, precise monitoring and adequate strategies are required to minimize
waste water risks for human and environment to ensure sustainable reuse practice [70].

5. Conclusions

The resources of freshwater are depleting rapidly due to climate change and urbaniza-
tion. The utilization of wastewater is becoming popular in the agriculture sector, particu-
larly in the arid and semiarid regions of the world because of the severe water scarcity. The
irrigation of cucumber plants with different water resources, such as tap water, greywater,
dairy water and wastewater enhanced the quantity of essential and non-essential elements.
However, the level of these elements was within the range that was non-toxic to human
consumption and the environment. Further, the use of dairy water revealed advantages
in enhancing sustainable greenhouse cucumber production compared to other irrigation
water resources. The application of alternate water resources offered marked opportunities
for sustainable agriculture and conservation of ever-depleting precious water reserves.
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Abstract: Soil erosion is a serious environmental issue in the Gomal River catchment shared by
Pakistan and Afghanistan. The river segment between the Gomal Zam dam and a diversion barrage
(~40 km) brings a huge load of sediments that negatively affects the downstream irrigation system,
but the sediment sources have not been explored in detail in this sub-catchment. The analysis of
flow and sediment data shows that the significant sediment yield is still contributing to the diversion
barrage despite the Gomal Zam dam construction. However, the sediment share at the diversion
barrage from the sub-catchment is much larger than its relative size. A spatial assessment of erosion
rates in the sub-catchment with the revised universal soil loss equation (RUSLE) shows that most of
the sub-catchment falls into very severe and catastrophic erosion rate categories (>100 t h−1y−1). The
sediment entry into the irrigation system can be managed both by limiting erosion in the catchment
and trapping sediments into a hydraulic structure. The authors tested a scenario by improving
the crop management factor in RUSLE as a catchment management option. The results show that
improving the crop management factor makes little difference in reducing the erosion rates in the
sub-catchment, suggesting other RUSLE factors, and perhaps slope is a more obvious reason for
high erosion rates. This research also explores the efficiency of a proposed settling reservoir as a
sediment load management option for the flows diverted from the barrage. The proposed settling
reservoir is simulated using a computer-based sediment transport model. The modeling results
suggest that a settling reservoir can reduce sediment entry into the irrigation network by trapping
95% and 25% for sand and silt particles, respectively. The findings of the study suggest that managing
the sub-catchment characterizing an arid region and having steep slopes and barren mountains is a
less compelling option to reduce sediment entry into the irrigation system compared to the settling
reservoir at the diversion barrage. Managing the entire catchment (including upstream of Gomal Zam
dam) can be a potential solution, but it would require cooperative planning due to the transboundary
nature of the Gomal river catchment. The output of this research can aid policy and decision-makers
to sustainably manage sediment erosion issues of the irrigation network.

Keywords: soil erosion; sediment yield; RUSLE; sediment transport modeling; Gomal River; arid regions

1. Introduction

Soil erosion in catchments occurs in various forms such as sheet, rill, gully, river
bed and bank erosion, and landslides that contribute sediments to the water bodies. The
rate of erosion is primarily determined by the erosive events (e.g., short duration and
high-intensity rainfall events), soil type, and characteristics of the terrain [1]. The impacts
of accelerated soil erosion processes can be severe, not only through land degradation and
fertility loss but through a conspicuous number of off-site effects such as sedimentation,
siltation, and eutrophication of waterways or enhanced flooding [2]. Soil erosion rates are
exacerbated for the arid and semi-arid regions due to barren mountains with scattered
vegetation that provide direct exposure to heavy rainfall. For example, 50% of the soil loss
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occurs in Pakistan during the monsoon season [3] causing huge sediment load diverted
into the irrigation canals. Also, landslides and debris flow from the catchment increase
the sediment load in the river flows. The eroded sediments finally deposit in reservoirs,
stream channels, irrigation canals, and water conveyance structures and reduce the ca-
pacities of these water bodies to perform their prime functions and often requires costly
treatments [1,4].

Soil erosion and the fate of eroded sediments are widely recognized as one of the
major environmental concerns worldwide. The results of soil erosion rate for the year
2012 published in a global study [5] show that South America, Africa, and Asia had
respectively 8.3%, 7.7%, and 7.6% of the continental area in high erosion rate classes
(>10 t ha−1yr−1). In the global map of soil erosion rates in [5], the northern parts of Pakistan
(where the study area of this research lies) fall in the range of vulnerable to high erosion rates
(>50 t ha−1yr−1).

Sustainable irrigation requires appropriate soil erosion and sediment load manage-
ment options and strategies both at the catchment level and the diversion structures. The
catchment management options such as improved vegetation, slope stabilization, etc. are
often considered preferred solutions to limit soil erosion rates as opposed to the structural
measures for its control. However, in some cases, it becomes impractical to achieve antic-
ipated benefits of the catchment management interventions amid factors such as; steep
terrain, transboundary nature, urgency and severity of the challenges, etc. Another critical
factor to consider is the feasibility of implementing such interventions.

Significant sediment entry from river flows may reduce the discharge capacity of
irrigation canals up to 40% due to the settlement of coarse particles [6]. Many remedial
measures have been suggested by different researchers to reduce the sediment load in
canals, e.g., 41% using silt excluder [7], up to 40% using submerged vanes [8], and 40–45%
using the vortex tube sediment extractor [9]. These structural measures only remove the
coarser sediment in the canals; therefore, settling basins are assumed more appropriate
options of sediment control for both coarser and finer particles [10]. Dredging of deposited
sediment from irrigation networks also requires considerable effort and cost that farmers
often have to put in. Similarly, the control of sediment load at the diversion structure
depends on the feasibility of the proposed solution [11]. Hence, before making investment
decisions, it is more practical to identify the targeted areas (i.e., hotspot analysis) in the
case of opting for catchment management options. In the case of remedial measures (e.g., a
hydraulic structure proposed to control sediment entry) the simulation model can be useful
to predict the impacts of the proposed intervention on sustainable irrigation supplies.

Pakistan and Afghanistan share three main rivers, namely the Kabul, Kurram, and
Gomal rivers. The Gomal river is the smallest among these three in terms of average
annual inflow, but it is an essential source of livelihood for the downstream users in the
Khyber Pakhtunkhwa (KP) province of Pakistan. The combined average flow of Kabul,
Kurram, and Gomal rivers is 23.58 Gm3 yr−1, out of which the Gomal river contributes
4.1% (0.974 Gm3 yr−1). The physical infrastructures in the Gomal river catchment on the
Pakistan side comprise a storage dam, two powerhouses, a diversion barrage, and a canal
irrigation system to irrigate more than 77,000 ha of agricultural land.

Afghanistan is the upstream riparian on all shared rivers with Pakistan, including the
Gomal river. The eroded sediment from the catchment in Afghanistan finds its fate in the
reservoir of the Gomal Zam (GZ) dam and periodically sluiced in the downstream river reach.
In the absence of a joint river management agreement between Pakistan and Afghanistan,
integrated catchment management intervention cannot be introduced effectively. There is
also no data-sharing mechanism between the two catchment-sharing countries.

The Gomal river brings a considerable amount of sediments to the diversion barrage,
as shown in Figure 1. This sediment is a combination of soil eroded by rainfall in the
sub-catchment below the GZ dam and the sediment generated in the catchment upstream
of the GZ dam. Hydro-meteorological monitoring is very limited in the catchment area.
Furthermore, the sediment flushing operation at the GZ dam is ad hoc, and its concentration
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in the outflows is not monitored. All this makes the catchment of the Gomal river a data-
sparse catchment. When sediment-laden flow enters into the irrigation canal network,
the sediments settle down in the channels and impede the conveyance capacity of the
canals. This deprives the downstream users of their due share and gives rise to social
unrest and conflicts.
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Figure 1. Sediment conditions at the diversion barrage. (a) High sediments concentration at downstream of the under sluice
sections of the barrage as a result of flushing from GZ dam during 9–10 May 2019; (b) View of the main canal from canal
head regulator on 10 May 2019.

The decisions to manage erosion rates in the catchment and eroded sediments in the
water conveyance system are informed by the erosion/sediment assessment studies. These
assessments help identify catchment areas with high soil erosion susceptibility and a clear
understanding of the system’s operation. The revised universal soil loss equation (RUSLE)
is commonly used to assess soil erosion rates. Soil loss predictions are frequently unrealistic
because the methods used to estimate the soil loss equation’s factors are empirically
derived. Therefore, the methodology section emphasizes the selection of suitable methods
to determine RUSLE’s factors. Few studies have identified the impact of RUSLE factors
on soil loss. For example, both ref [12,13] concurred in their findings that the topographic
factor is the most significant factor among others, affecting the soil erosion rates. On the
other hand, ref [14] has found that improving the support practice factor by adopting
terracing showed a reduction in sediment yields. Previous studies show that no one rule
fits all when investing in catchment management interventions.

Many studies that employ the RUSLE equation limit their analysis to improve the
estimation of potential soil erosion. The input factors in RULSE can be estimated by using
values from the literature or adapted for empirical and statistical data in combination with
geographic information system (GIS) software [15], and this remains the focus of most of
the studies.

This paper contributes to the science and application related to soil erosion as it is
a critical problem worldwide, and especially in dryland areas. The paper first identifies
the sources of sediment in a segment of the Gomal river (between GZ dam and the diver-
sion barrage) in Pakistan. The incoming sediment limits supply in the irrigation system
downstream and creates huge maintenance problems. A novel contribution of this study
is its solution-oriented approach to the prevailing problem of sedimentation in the water
conveyance system. There could be many possible solutions, but this paper has analyzed in
detail a catchment management option (preventive) and a structural option (remedial). The
analysis consists of erosion rates estimation and their severity level in the sub-catchment
of the Gomal river using a computer-based empirical model. The study is focused on
the sub-catchment because it is not transboundary and, therefore, management options
can be introduced, monitored, and evaluated with relative ease. The analysis expands on
predicting the impact of improved vegetation in the sub-catchment (i.e., crop management
factor of RUSLE) as a catchment management option. Finally, a sediment transport model
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is used to determine the sediment trapping efficiency of a hypothetical settling reservoir at
the diversion barrage.

2. Materials and Methods
2.1. The Study Area

Afghanistan and Pakistan share the catchment of the Gomal river. The Gomal river
originates in the mountains of Ghazni province of Afghanistan and enters the South Waziris-
tan district of KP, Pakistan. The total catchment area at Gomal Zam (GZ) dam is 33,950 km2,
about 70% of the area lies within Pakistan, and the remaining lies in Afghanistan.

The Government of Pakistan constructed the GZ dam (32◦5′55′′ N 69◦52′53′′ E) in
South Waziristan district (formerly the South Waziristan Agency of the Federally Adminis-
tered Tribal Area) with the financial assistance of the United States Agency for International
Development (USAID). The construction of the dam started in August 2001 and was com-
pleted in April 2011. The dam impounds the Gomal River in a reservoir with 1.41 km3

storage capacity. The primary purpose of the dam is to supply water to irrigate 77,295 ha
of land through a newly built irrigation system in the Tank and Dera Ismail Khan districts
of Khyber Pakhtunkhwa province of Pakistan. The additional benefits of the dam are flood
control and a modest amount of hydroelectric power generation (17.4 MW).

The Gomal river traverses around 40 km downstream of the dam site where a barrage
is constructed near the town of Kot Murtaza, to divert the river flows into the irrigation
system. The sub-catchment of this river segment (herein referred to as sub-catchment)
is shown in Figure 2. The sub-catchment undergoes erosion and imparts sediments into
the river stream, which find their way to the diversion barrage and enters into the canal
irrigation system. This not only challenges the management of the irrigation system
but also places significant demands on the operations and maintenance budget of the
irrigation system.

Figure 2 shows the location and pictures of the GZ dam and diversion barrage. The
diversion barrage is 140 m long and 7 m high. Three gates divert water into the main canal;
in addition to that, four under sluice gates are also provided as shown in Figure 1a. The
barrage is designed to pass a flood of 5200 m3s−1 safely. The primary purpose of the GZ
dam is to irrigate 77,295 ha of land in two districts of Khyber Pakhtunkhwa province i.e., D
I Khan and Tank districts. For this purpose, an irrigation system consisting of the diversion
barrage, 60.5 km long main canal, and 206 km of distribution canals have been constructed.
The irrigation system is operational since November 2014, except for the portion fed by
a branch canal named Waran Canal. A flow and sediment monitoring station is located
approximately 2.5 km upstream of the diversion barrage, as shown in Figure 2.

At the diversion barrage, the river inflow is a combination of the flows released from
the GZ dam and runoff from the sub-catchment. The area of this sub-catchment is ~450 km2

constituting only 1.3% of the entire catchment of the Gomal river. This sub-catchment
constitutes the study area for detailed analysis in this research.

The sub-catchment is mostly barren, with no essential utilities for human settlements.
The community living in the command area of the irrigation system depends entirely on
the water from the Gomal river not only for irrigated agriculture but in some parts also for
domestic uses.

The existing dam operation is such that water is released from the tailrace of two
hydroelectric power units at the GZ dam into the Gomal River. The main spillway has
never been operated because water levels in the reservoir have not yet reached the spillway
crest level. A low-level outlet is provided in the main dam to flush the sediments, which is
operated on an ad hoc basis. This bottom outlet at an elevation of 680 m above mean sea
level (dead storage level is 711 m) was designed for flushing out deposited sediments in the
reservoir during monsoon, but one of the hydroelectric power units has never worked and,
therefore, part of the water demand (8–10 m3s−1) is supplied through this bottom outlet.
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The mean annual rainfall in the sub-catchment is 276 mm yr−1. The rainfall events
are typically of high intensity, generate significant runoff, and bring with them eroded
sediments. Erosion in this sub-catchment is often considered as a leading source of sed-
iment [16] and, therefore, efforts for watershed management and conservation practices
are emphasized as a potential solution to this issue of soil erosion [17]. The sediments
from the catchment upstream of the GZ dam are trapped in the reservoir behind the dam
and flushed through the low-level outlet. This sediment contribution is not quantified
and monitored systematically; therefore, the only data available for analysis are at the
monitoring station near the diversion barrage.
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2.2. Data and Methods
2.2.1. Annual Sediment Yield in Gomal River

The long-term annual sediment yield data (1960–2015) was analyzed to find the
cumulative trend at the monitoring station before and after the construction of the GZ
dam. The monitoring station is located 2.5 km upstream of the diversion barrage site,
and hence the sediment yield at this location includes the contribution from the entire
catchment of the Gomal river, including the sub-catchment. The monitoring station is
maintained by the Water and Power Development Authority (WAPDA) of Pakistan, which
is responsible for the collection and analysis of sediment data. Moreover, it is noteworthy
that only suspended sediment samples are collected by WAPDA using depth-integrated
samplers (DH-48).

2.2.2. Assessment of Erosion Rates

The universal soil loss equation (USLE) was developed in 1965 [18] to estimate the rate
of soil loss. This empirical equation was improved and revised in 1995, since then it has
been known as the RUSLE [1] and has been applied in numerous catchments worldwide.
RUSLE is not intended to estimate the sediment yield (as the amount of sediment reaching
or passing a point of interest in a given period) instead; its application is limited to calculate
the annual soil loss rate. However, the sediment delivery ratio (SDR) method can be used
to link soil erosion with sediment delivery to the stream. With the RUSLE model, the
average annual rate of soil loss for a catchment of interest can be predicted for any number
of scenarios in association with cropping systems, management techniques, and erosion
control practices [19]. Therefore, many studies have applied RUSLE to estimate soil loss
rates and identification of high-risk areas, e.g., [20–22]. It has become the most widely
used approach during an 80-year history of erosion modeling applied in 109 countries [23].
Alewell et al. [23] point out the limitations of USLE-type modeling that it does not address
larger rills or gully erosion but is restricted to sheet/interrill and small rill erosion only.
Due to these limitations, some researchers, e.g., reference [24] have criticized RUSLE for
using it in predicting sediment delivery ratios.

In this research, RUSLE is applied to the sub-catchment of the Gomal river to assess
erosion rate and test an improved vegetation scenario.

A = RKLSCP (1)

where A denotes average annual soil loss (t ha−1 y−1), R is rainfall-runoff erosivity factor
(MJ mm ha−1 h−1 yr−1), K is soil erodibility factor (Mg ha h ha−1 MJ−1 mm−1), LS
is topographic factor, C is crop management factor (ranges from zero to 1), and P is
conservation support practice factor (ranges from zero to 1).

Soil loss predictions using RUSLE yield varying results because the methods used
to estimate the factors in Equation (1) are empirically derived. The regional applicability
of the RUSLE requires the sub-factors to be adjusted and modified based on the specific
characteristics of the study site [25]. Some studies have attempted to evaluate the impact
of different RUSLE factors on soil loss. For example, reference [12] found the land slope
(LS) as the factor most significant factor affecting soil erosion. The authors in [12] conclude
that severe erosion occurs along the drainage channels due to steep bank slopes. Similarly,
ref [13] found that the land slope (LS) factor is that with most influence on soil erosion,
followed by P, K, C, and R. The support practice P may also be an important factor when
the management of soil erosion from the catchment is considered [14].

Assessment of soil loss using RUSLE approach requires a careful selection of methods
determining its factors. A recent study by [25] reviews the different factors of USLE and
RUSLE, and analyses how various studies around the world have adapted the equations to
local conditions.
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Rainfall-Runoff Erosivity Factor R

The factor R considers the erosion due to rainfall and runoff, which is the function of
long-term rainfall kinetic energy and maximum 30-min intensity [1,26]. For this study, pre-
cipitation data were collected from Tank meteorological station (32◦12′23′′ N, 70◦23′30′′ E)
maintained by the Water and Power Development Authority (WAPDA). The meteorolog-
ical station does not have an automatic recording rain-gauge, and hence high-intensity
rainfall data of considerable length was not available. The rainfall data for the period of
2014–2016 was collected to estimate R using an appropriate empirical equation for the
study area. Many regional studies have suggested empirical equations (see in [25]) that can
be adopted to estimate R using monthly rainfall data. The advantage of considering these
empirical equations is that they do not necessitate long-term and high-resolution rainfall
data and are suitable for use in data-sparse catchments like the Gomal river catchment.
Table 1 lists down a few of these empirical equations, which we considered to calculate
R but finally adopted the empirical equation by [27] in this research. A comparison of R
calculated with the empirical equations (as shown in Table 1) with the R from the global
rainfall erosivity dataset is presented in the Results and Discussion section. The global
rainfall erosivity dataset is collected from the Joint Research Centre, European Soil Data
Centre (ESDAC) (https://esdac.jrc.ec.europa.eu/, accessed on 30 June 2019).

Table 1. Different empirical relationships for calculation of rainfall-runoff erosivity factor R.

Serial Number Equation Geographic Location Author(s)

1 R = 4.79MFI− 142 Morocco and
other locations

West Africa
Arnoldus (1980) [28]2 R = 4.79MFI− 143

3 R = 0.66MFI− 3

4 R = 0.5× p Africa Roose (1975) [27]

5 R = −823.8 + 5.213p USA
Fernandez et al. (2003)

[29] originally developed
by the USDA-ARS

6 R = 0.1215 ×MFI2.2421 Turkey İrvem et al. (2007) [30]

7 R = 839.1 × e0.0008p India Nakil (2014) [31]

In Table 1, MFI is the modified Fournier index calculated as in Equation (2).

MFI =
12

∑
i=1

p2
i

p
(2)

where pi is the monthly rainfall in mm, and p is the annual rainfall in mm.

Soil Erodibility Factor K

The soil erodibility factor K represents the susceptibility of soil to erosion under
standard plot conditions. Soil erodibility is scaled from 0–1, depending on the soil texture,
e.g., high values are used for silt to fine sand and low values for coarse sand due to
its resistance to erosion. To calculate soil erodibility factor K, ref [32] has proposed a
relationship shown in Equation (3) that considers the soil textural information, organic
matter, information about the soil structure, and permeability. Although Equation (3)
is based on the soil data of regional conditions in the United States, in many studies
outside the United States researchers have used Equation (3) for soil erodibility factor
calculations [25].

K =
0.1317

[
2.1× 10−4M1.14(12− a) + 3.25(b− 2) + 2.5(c− 3)

]

100
(3)
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where M is a parameter based upon soil texture and estimated using Equation (4) as
adopted from [33], a is the organic matter content (%), b is a code related to soil structure (1
for very fine granular, 2 for fine granular, 3 for coarse granular, 4 for massive), and c is a
code related to soil permeability (1 to 6, fast to very slow draining characteristics).

M = (msilt + mvfs)×
(

100−mclay

)
(4)

where mclay is a fraction of clay contents with particle size <0.002 mm, msilt is a fraction
of silt contents with particle size ranging from 0.002 to 0.05 mm, and mvfs is a fraction of
very fine sand contents with particle size ranging from 0.05 to 0.1 mm. All fractions are
expressed as a percentage.

Soil maps help to define the codes related to soil structure and soil permeability. Soil
erodibility can also be identified based on the regional studies, e.g., reference [34] have
reported the erodibility factor K values for the Potohar region, Pakistan. In Pakistan, the
Soil Survey of Pakistan and the Geological Survey of Pakistan prepare maps that can be
used to define erodibility classes. Moreover, some satellite products are also available
at a coarser scale for harmonized soil type information. Satellite data of different soil
fractions are also available on 250 m grid resolution. However, the erodibility factor for
the current study was calculated using the soil texture information extracted from the
Food and Agriculture Organization (FAO) soil datasets (www.fao.org, accessed on 23 May
2019). Soil erodibility values were assigned based on the texture and organic matter of
the soil. Three soil layers were extracted from the FAO soil database. Soil classes were
identified from clay loam to loam with organic matter of more than 2% because the soils in
the catchment are very rich in organic carbon. The values assigned for clay loam and loam
were 0.26 and 0.28, respectively.

Topographic Factor (LS)

The topographic factor LS reflects the effect of slope length and steepness on soil
erosion from the catchment. It considers sheet, rill, and inter-rill erosion by water, and is a
ratio of expected soil loss from a field slope relative to the original USLE unit plot [32]. In
RUSLE, this relationship was extended to the more complex hill slopes for better estimation
of the topographic effect by modifying the steepness factor that is more sensitive than the
length factor [1]. Some studies extend the LS factor to topographically complex terrains
using a method that incorporates contributing area and flow accumulation [35]. The
flow accumulation tool built into a GIS allows the estimation of the upslope contributing
area using a digital elevation model (DEM) that, in turn, is used to calculate LS factor
to account for more topographically complex landscapes [35,36]. The flow accumulation
method to calculate slope length and steepness explicitly accounts for convergence and
divergence of flow, which is important while considering soil erosion over a complex
landscape [37]. However, a high-resolution DEM is needed for an accurate representation
of the topography to calculate LS factor. Benavidez et al. [25] reported that the method of
flow accumulation performed significantly better at the sub-watershed or field scale. We
have used Equation (5) in this research to determine the LS factor, developed by [36] and
widely used globally as well as for regional studies.

LS = (m + 1)(
U
L0

)
m
(

Sinβ

S0
)n (5)

where U is upslope contributing area per unit width (m2/m), L0 is the length of the unit
plot (m), S0 is the slope of the unit plot (%), β is the slope (%), m is a factor for sheet erosion
and n is a factor for rill erosion. The value of m ranges from 0.4 to 0.6 whereas that of
n ranges from 1.0 to 1.3, depending on the prevailing erosion types. For this study, the
value of m and n were used as 0.4 and 1.3, respectively as suggested by [36]. L0 and S0 are
constants, and their values are 22.1 m and 9% in Equation (5).
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The DEM of the Shuttle Radar Topography Mission (SRTM) with a 30 m resolution
was used to determine catchment and sub-catchment boundaries and calculate slope
length and slope steepness which are used in the RUSLE topographic factor LS (https:
//earthexplorer.usgs.gov/, accessed on 6 May 2019). ArcGIS tool was used for spatial
analysis for LS factor and catchment delineation using appropriate tools.

Crop Management Factor C and Conservation Support Practice Factor P

The crop management factor C reflects the effects of cropping and management prac-
tices on erosion. In RUSLE, its value is calculated as a product of five subfactors: prior
land use, canopy cover, surface cover, surface roughness, and soil moisture. Factor C
is expressed as a ratio of soil loss of a parcel with certain land use and a fallow condi-
tion [32,38]. Generally, C ranges between 1 and 0; higher values (≤1) are used for less
vegetation, thus considering the land as barren whereas lower values (near to zero) indicate
very strong cover and well-protected soil. Lanorte et al. [39] have reported that many
authors have adopted simplified approaches to estimate C, e.g., by using land cover maps
and assigning a C value to each class [40] or by applying remote-sensing techniques such
as image classification [41,42] and vegetation indices [43]. Various studies [44–46] report
mathematical functions to calculate C using the normalized difference vegetation index
(NDVI), which is positively correlated with the amount of green biomass and indicates
differences in green vegetation coverage [45]. In this study, the mathematical function
developed by [45] has been used to estimate the crop management factor as shown in
Equation (6). The NDVI calculations were made from Band 5 (NIR) and 4 (Red) of Landsat
8 image (https://earthexplorer.usgs.gov/, accessed on 29 May 2019) for July 2018, as
shown in Figure 3. Most of the precipitation in the study area is received during the mon-
soon season (July to September) and the scattered vegetation dependent on the monsoon
rainfall. Therefore, single imagery was used to calculate NDVI; otherwise, average values
of different periods may be used where different cropping patterns prevail, as suggested
by [13].

C = −exp[l(NDVI/r−NDVI)] (6)

where C is crop management factor, NDVI is normalized difference vegetation index, l and
r are constants, and their values are taken as 2 and 1, respectively.

Conservation support practice factor P represents the ratio of soil loss for a unit area
with a given erosion control method compared to the soil under the same conditions
without any erosion control measures [25,26]. The value of the P factor ranges from 0 to
1 (0 indicates good conservation practice and 1 represents poor conservation practice).
In this research, P was set equal to one across the sub-catchment because there are no
erosion-control works in the sub-catchment to prevent soil erosion.

Finally, the annual soil erosion rate was calculated by applying RUSLE. Morgan [26]
developed a coding system for soil erosion appraisal in the field where classes have been
defined based on erosion rate. We use the coding system by [26] to explain erosion rates
calculated in the sub-catchment.
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2.3. Sediment Transport Modeling

About 70% of annual sediment load is diverted into the canals only during the monsoon
season [9]. In flashy streams, significant proportions of sediment move as bedload, which is
challenging to account for with conventional sampling methods for suspended sediments.
The bed load fraction creates more problems when it enters irrigation canals due to the
limited sediment transport capacity of the irrigation canals [10]. In our case, sediment
enters into the irrigation system through a diversion barrage build across the Gomal river.
The description of the diversion barrage is provided in the Study Area section. In this
research, we simulated flows in a settling reservoir proposed immediately downstream
of the diversion barrage and the main canal feeding from this settling reservoir rather
than from a head regulator at the diversion barrage. The size of this hypothetical settling
reservoir is taken as 100 × 80 × 2 m3. Sediment Simulation In Intakes with Multiblock
option (SSIIM) 3D model [47] is used for sediment transport modeling to compute sediment
trapped in the hypothetical settling reservoir. The simulation informs how efficient this
structure could be in reducing sediment entry into the canal irrigation system. The SSIIM
program solves the Navier Stokes equations over a structured mesh, using the k-epsilon
model to represent the turbulent viscosities. The main strengths of SSIIM are the capability
of modeling sediment transport with a movable bed in complex geometry.

Once the flow field is computed, the convection-diffusion 3D sediment equations are
solved for each of the sediment fractions considered. From these, the trapping efficiencies,
as well as the depositional sediment pattern, are obtained.

For the hypothetical settling reservoir, a grid of 22 × 6 × 6 (792 cells) was used. Inflow
into the basin was taken as 24 m3 s−1; sediment discharge was considered as 10, 156, and
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151 kg s−1 for sand silt and clay particle sizes, respectively. The water level of 2 m from the
bed of the settling reservoir was considered as an outflow boundary condition. The flows
and sediment concentration data of 2016 was used to calculate the amount of sediment
deposition in the proposed settling reservoir. For this purpose, a sediment rating curve
was developed to calculate the sediment concentration during missing days (Figure 4). The
amount of bedload in river flows during rainfall events assumed as 10% of suspended
sediment load as suggested by [48]. For improved estimates of the sediment load, the
continuous records approach applied by [49] can be used, but it requires the hourly or daily
sediment concentration data.
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Figure 4. Sediment rating curve of the Gomal river at monitoring station during the year 2016.

3. Results and Discussion
3.1. Annual Sediment Yield

Figure 5 shows the cumulative sediment yield at the monitoring station near the
diversion barrage (see location in Figure 2). At this location, the sediment yield includes
sediment contribution from the entire GZ catchment (including the sub-catchment). Be-
fore the GZ dam construction in 2011, the sediment load from the entire catchment was
contributing to the monitoring station. There was no canal irrigation system, and the
community had historic rights to use the river water through spate irrigation. Flow and
sediment monitoring remained discontinued from 1996 to 2002. The trend lines for the pe-
riods of 1960–2010 and 2003–2010 are almost parallel, showing no substantial difference in
the pattern of sediment load in the Gomal river. The trend line for the period of 2011–2015
shows a significant change in the sediment load. This is intuitive because the GZ reservoir
has been filling during this period, and the sediment from the upstream catchment used to
be trapped in the reservoir. The trend line pre and post-dam constructions show an 85%
decrease in the annual sediment yield, suggesting that significant sediment yield is still
contributing to the diversion barrage although the sub-catchment area comprised 1.3% of
the total catchment area. This high sediment contribution can be attributed to the sediment
releases from the dam during the flushing operation, and the sub-catchment as well during
rainfall events.
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Figure 5. Cumulative sediment yield from Gomal river catchment during 1960–2015.

Figure 6 presents a sediment rating curve for the selected years from 1994 to 2016
due to the availability of limited data. Suspended sediment concentration observed at the
monitoring station ranges from 11 to 82,500 parts per million (ppm). The data after dam
operation (2015–2016) gives more insight into the sediment and discharge at the monitoring
station. Figure 7 presents the histogram of discharge and sediment concentration during
2015–2016. In Figure 7a, it is evident that the discharge remained 82% of the time around
24 m3s−1, which is about one-quarter of the irrigation demand (indent) of 100 m3s−1. On
the other hand, Figure 7b shows that 50% of the time, sediment concentration remained in
the zero to 250 ppm range.
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Figure 6. Sediment rating curve of the Gomal river at the monitoring station.

116



Sustainability 2021, 13, 3547

Sustainability 2021, 13, x FOR PEER REVIEW 14 of 23 
 

 
Figure 6. Sediment rating curve of the Gomal river at the monitoring station. 

  
(a) (b) 

Figure 7. Histogram for data during 2015–2016; (a) discharge; (b) sediment concentration. 

Table 2. Rainfall-runoff erosivity factor R using different approaches. 

 Annual Data 
Average 

2014 2015 2016 
Rainfall at Tank station (mm) 226 212 134 191 

Rainfall-runoff erosivity factor R (MJ mm ha −1 h −1 yr −1)  
Arnoldus (1980) [28], West Africa 38 59 8 35 

Arnoldus (1980) [28], Western USA 37 58 7 34 
Arnoldus (1980) [28], Northwest USA 22 25 18 22 

Roose (1975) [27], Africa 113 106 67 95 
Fernandez (2003) [29], USA 356 281 −128 170 
İrvem (2007) [30], Turkey 412 531 272 405 

Nakil (2014) [31], India 1006 994 934 978 
The European Soil Data Centre (ESDAC), Global dataset 538–1300 919 

  

10

100

1,000

10,000

100,000

1 10 100 1,000 10,000

Se
di

m
en

t C
on

ce
nt

ra
tio

n 
(p

pm
)

Discharge (m3s-1)

2010 2007 1994
2015 2016 2016_rainfall_Tank
Power (2010) Power (2007) Power (1994)

0.
0

81
.6

2.
1

0.
0

7.
1

5.
0

3.
5

0.
7

0.
0

0.
0

0

10

20

30

40

50

60

70

80

90

100

0 25 50 100 200 400 600 800 1000 More

Fr
eq

ue
nc

y 
(%

)

Discharge (m3s-1)

0.
0

48
.8

22
.1

12
.8

10
.5

1.
2

1.
2 3.

5

0

10

20

30

40

50

60

70

80

90

100

0  250  500  1,000  5,000  10,000  20,000 More

Fr
eq

ue
nc

y 
(%

)

Sediment Concentration (ppm)

Figure 7. Histogram for data during 2015–2016; (a) discharge; (b) sediment concentration.

A few high sediment concentrations were also observed at high discharges, i.e.,
>100 m3s−1, as shown in Figure 6. The figure shows high sediment concentration in 2016
as large red circles which correspond to the days when rainfall was observed at the Tank
meteorological station. This confirms that the sub-catchment contributes high sediments in
response to rainfall events as the sediment concentration was observed more than 4000 ppm
during all rainfall events. However, sediment concentrations ranging from 61 to 6540 ppm
in the same year 2016 (shown in green color) are clustered corresponding to 24 m3s−1.
This sediment concentration is likely to be coming from water releases from the GZ dam,
which is controlled to 24 m3s−1. It suggests that the dam also contributes to high sediment
load during the flushing operation. Similar sediment concentration scatter was observed
in the Upper Chenab Canal (UCC) and Marala Link Canal (MRLC) in Pakistan by [49],
where average sediment concentrations were 450 and 500 ppm, respectively. However, the
sediment concentration observed at the Gomal river monitoring station is much higher than
UCC and MRLC. The above analysis is based on the suspended sediment concentration
data only because the bed load at the monitoring station is not observed.

3.2. Erosion Rate Estimation

Table 2 shows calculated values of rainfall-runoff erosivity factor R by using vari-
ous empirical equations and the rainfall data on which calculations are based. The table
also shows the range of R in the sub-catchment from the ESDAC global data set. The
variation in calculated values of R is too wide to adopt a particular empirical equation.
We have preferred the Roose equation [27] because researchers have used this equation
to calculate R in recent studies to estimate soil erosion rate in Pakistan’s Potohar catch-
ments [34] and India’s Pravara catchment [50]. The adopted value of R in this research is,
therefore, 95 MJ mm ha−1 h−1 yr−1 (Table 2) which is based on rainfall data from the Tank
meteorological station from 2014 to 2016.

Ideally, R is calculated as a sum of individual storm erosivity values (the rainfall
intensity–kinetic energy relationship), as suggested by [1], whereby data of rainfall events
should be of considerable length and high frequency. Such high temporal resolution rainfall
(pluviograph) data needed for accurate computation of R is available only in a few regions
of the world [51]. The ESDAC global dataset is based on the rainfall intensity–kinetic energy
relationship and uses high-resolution rainfall data collected from 3540 stations across the
globe [52]. The extensive list of stations, however, does not include many countries, and
Pakistan is not an exception to this. In the case of the Gomal river sub-catchment, the
limitation of low temporal resolution of rainfall data steered the analysis to consider
empirical equations from regional studies. Table 2 shows significant variation amongst the
computed R values using empirical equations and the global data set. The comparison
in Table 2 is presented for the benefit of future studies in data-sparse catchments, where
an empirical equation may yield a more realistic R than a value from the global data
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set. It may be particularly useful to consider empirical equations in those regions where
high-resolution rainfall data was not available for global rainfall erosivity assessment
by [52].

Table 2. Rainfall-runoff erosivity factor R using different approaches.

Annual Data
Average

2014 2015 2016

Rainfall at Tank station (mm) 226 212 134 191

Rainfall-runoff erosivity factor R (MJ mm ha −1 h −1 yr −1)

Arnoldus (1980) [28], West Africa 38 59 8 35

Arnoldus (1980) [28], Western USA 37 58 7 34

Arnoldus (1980) [28], Northwest USA 22 25 18 22

Roose (1975) [27], Africa 113 106 67 95

Fernandez (2003) [29], USA 356 281 −128 170

İrvem (2007) [30], Turkey 412 531 272 405

Nakil (2014) [31], India 1006 994 934 978

The European Soil Data Centre (ESDAC), Global dataset 538–1300 919

The sub-catchment of the Gomal river is mostly hilly; thus, slopes vary from gentle to
very steep. The average slope of the catchment is 33%; therefore, terrain may be considered
steep. However, a significant portion of the sub-catchment exhibits less than a 40% slope.
The topographic factor LS varies from 0 to more than 20, with a substantial proportion of
the area (about 80%) having LS values less than 20 (Figure 8a).
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Higher values >100 indicate more risk of soil erosion [53]. Moreover, the LS factor has
been found to affect soil erosion rates more than any other RUSLE factor in the Appalachian
hills of the United States [12]. In the Dobrov river catchment, Romania, researchers [54]
have used different LS factors calculation methods and reported that the equations by [36]
produced comparable erosion rates with the measured values; therefore, it was used to
calculate the topographic factor for this study.

The computed crop management factor C (as shown in Figure 8b) is close to the
published values reported by [34] for the regional catchment areas. The factor C > 0.83
indicates minimal vegetation cover, predominating in the sub-catchment and hence the
soil is very vulnerable to erosion (Figure 8b).

The results (Figure 9a) show that 46% of the sub-catchment area shows a very severe
annual erosion rate (100–500 t h−1) while 16% shows a catastrophic annual erosion rate
(>500 t ha−1). Very severe and catastrophic erosion rates have also been reported by
different researchers for Pakistan, India, Ethiopia, and Brazil [34,55–57]. The main reasons
for such high erosion rates are steep topography, sparse vegetative cover, and highly
erodible soil type. The sub-catchment can be characterized as highly prone to erosion as
compared with other catchments in Pakistan, e.g., the Simly dam catchment [58] or the
Potohar Plateau [34,59]. Similarly, the soil erosion rates in the sub-catchment are much
higher than reported catchments in the other region of the world, for example, in Nepal [60]
and Ethiopia [61].
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3.3. Scenario Testing in Revised Universal Soil Loss Equation (RUSLE)

Figure 8b shows computed C values in the Gomal river sub-catchment. The factor C
can range from zero (for a non-erodible surface) to 1 for a bare plot (no vegetation). The
sub-catchment represents mostly barren land with values >0.8. The minimum value of
C in the sub-catchment is 0.3 that prevails sparsely in small pockets. We have tested a
scenario to understand the impact of improved C on erosion rates. For this scenario, the
value of C was set to 0.18 for the entire sub-catchment rather than computing C values with
Equation (6) as shown in Figure 8a, and keeping all other factors of the RUSLE unaltered.
The C used in the scenario is quite low, representing very well-covered and managed land.
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To draw a parallel with the real cases, researchers [62] have mapped C at the European
Union level and found the lowest mean values in Denmark and Hungary (0.178, and
0.188, respectively).

In practical terms, achieving the C value of 0.18 in the sub-catchment by improving
vegetation would be extremely difficult amid steep topography and less precipitation. How-
ever, we assume a meager value of C to see how well this potential catchment management
solution can work in reducing erosion rates.

The result in Figure 9b showed a decrease in the proportion of sub-catchment under
catastrophic erosion rate, but the majority of the sub-catchment remained in the categories
of high and severe erosion rates. A comparison of the erosion rates in various classes is
shown in Table 3, which confirms that the crop management factor alone does not achieve
a substantial reduction in soil erosion rates in the sub-catchment. Overall, the study area
exhibits very high erosion rates. Global studies [5] show that management and the related
land-use changes affect the spatial patterns and magnitude of accelerated soil erosion.
The estimates of soil loss reduction derived from the implementation of conservation
agriculture are encouraging in 40 countries, as reported by [5]. In contrast, the study
area in this research has not shown a substantial reduction in soil erosion in response to
a vegetation management scenario. These results also mirror the findings of [12], who
reported that the Hocking river basin of the United States is covered with deciduous forests
(about 50%) but is vulnerable to soil erosion due to steep slopes. Similarly, in a study
on the Mangla River Basin [63], the authors reported that heavy rainfall increased the
sediment load during the year 1992 despite increased vegetation cover compared to the
previous years. Hence, vegetation alone in the study area would not help to significantly
reduce erosion.

Table 3. Area of Gomal river sub-catchment in various erosion rate classes.

Erosion Rate
(t/ha) Category 1 RUSLE RUSLE with Improved

C Factor
Change in the Area with

Improved C Factor

Area (km2) Proportion (%) Area (km2) Area (%) km2 Percent

<2 Very slight 133.3 29.3 135.1 29.6 1.8 1.3

2–5 Slight 0.4 0.1 5.3 1.2 4.9 1247.8

5–10 Moderate 1.0 0.2 9.7 2.1 8.7 848.2

10–50 High 15.4 3.4 111.9 24.6 96.5 625.6

50–100 Severe 21.8 4.8 114.6 25.1 92.8 425.6

100–500 Very severe 209.6 46.1 76.0 16.7 −133.6 −63.7

>500 Catastrophic 73.4 16.1 3.1 0.7 −70.3 −95.8

Total 454.9 100.0 455.6 100.0
1 Erosion rates categorization is used after Morgan [26].

Limiting management intervention to the sub-catchment can result in a partial reduc-
tion in sediments at the most, and even this may not turn out to be a viable option due to
arid climatic conditions in this sub-catchment. However, the plantation campaign should
be encouraged in the catchment upstream of the Gomal Zam dam without singling out any
portion of the catchment that could be beneficial for environmental reasons. The geographic
nature of the catchment is such that 30% of the catchment area is in Afghanistan, and two
provinces share the part in Pakistan. Therefore, the catchment management option would
be more effective if the two catchment-sharing countries jointly prepare a cooperative
catchment management plan.

Moreover, check-dams can reduce the sediment load in the river basins with high
erosion rates, as suggested by [64]. Check-dams in gullies could be one of the more
effective ways to conserve soil and water, as observed in the Loess Plateau of China, where
afforestation methods were not successful due to the arid climate and barren soils [65].
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However, a few torrential storms could fill up the check dams due to high sediment load,
as concluded by [66]. Also, the terracing at the catchment level could reduce the sediment
yield by 4 to 5 times [14]. However, the use of appropriate management methods requires
that whether the soil and climate conditions are feasible for the area or not. It could be
inferred from the above discussion that any management option at the catchment scale
would be challenging and have short-term impacts to control the sediment load in the river.

3.4. Sediment Transport in a Settling Reservoir

A hypothetical settling reservoir provided immediately downstream of the existing
diversion barrage is modeled. On the ground, a considerable area (256,691 m2) is available
downstream of the diversion barrage where a settling reservoir can be constructed. This
area is currently not designated for productive uses, e.g., settlements, agriculture, etc. This
makes the proposed settling reservoir a feasible option in the short term.

The sediment-laden flow would first enter into the settling reservoir where the sed-
iments would settle down, and relatively clear water would outflow into the canal. The
SSIIM model was set up using the hypothetical geometry and boundary conditions, as
defined in the Data and Methods section. The results of the SSIIM model verify that the
settling reservoir would be able to trap 16% of the incoming sediments. More precisely,
it would be able to trap sand particles (coarse particles) almost entirely while the silt and
clay would be trapped up to 25% and 0.5%, respectively. The overall trap efficiency is
not as apparent as that of sand particles. However, the hopeful fact is that the settling
reservoir is very efficient in preventing the entry of coarse particles, which are the most
problematic particles among others. The model results reveal that 60,265 m3 sediment will
deposit in the settling reservoir every year that would otherwise have been entering the
irrigation system.

The settling reservoir can provide an expeditious solution compared to catchment
management options, e.g., improving vegetation, slope stabilization, etc. It would also
minimize the dredging requirement from the pond area upstream of the existing diversion
barrage. The modeling results also suggest that the settling reservoir should be operated
such that a flow depth of 1.5 m should be maintained in the settling reservoir, which in
turn would require regular dredging of the deposited sediments inside it.

The initial results of the model are encouraging and provide the basis for a quick
solution. This modeling exercise was limited to only one geometry of the settling reservoir
and a commonly prevailing flow condition. Prospective studies are needed to optimize
settling reservoir size and use the transient sediment transport modeling approach.

4. Conclusions

The irrigation system fed by the Gomal river is challenged by the massive amounts of
sediment flowing into it. Limited sediment monitoring arrangement and hydroclimatic
data make it a data-sparse catchment. Therefore, the sources of sediment are not clearly
known. The soil erosion estimations and management option focuses on a sub-catchment
of 450 km2 (~1.2% of total catchment area) between the Gomal Zam dam and a diversion
barrage ~40 km downstream of the dam.

The trends of cumulative sediment load pre and post-dam construction suggest an
85% decrease in the annual load. It can be inferred that the sediment share from the
sub-catchment is ~15% that is larger compared to its relative size (1.3%) to the entire
catchment. It means the sub-catchment could be considered as a hotspot within the Gomal
river catchment. Moreover, results of the suspended sediment scatter also indicate that
outflows during the flushing operation of the dam substantially contribute to the sediment
load of the Gomal River that calls for a monitoring mechanism to compute the proportion
of this contribution.

Soil erosion rates estimated using the revised universal soil loss equation (RUSLE)
reveals that the different approaches and available data sets significantly impact the ero-
sion rates. In data-sparse catchments like the Gomal river, the options become limited
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to select a factor estimation method. In the case of rainfall-runoff erosivity factor R, a
comparison of empirical equations and global data sets revealed colossal variation. The
European Soil Data Centre (ESDAC) data set resulted in much higher values as compared
with Roose’s [27] relationship which is adopted for this study. In our case, the values of
R adopted from a global dataset yield unrealistic erosion rates of catastrophic severity.
Similarly, estimation of the cropping management factor with Knijff et al. [45] approach
resulted in better values than the Durigon et al. (2014) [44] estimations. Therefore, the
parameter estimation method for RUSLE empirical approach should be selected through
careful consideration of regional literature rather than relying solely on global data sets,
which in turn may give misleading results.

The results from RUSLE showed that most of the Gomal river sub-catchment area falls
in very severe and catastrophic erosion rate categories (>100 t h−1y−1), and hence there
are no apparent hotspots within the sub-catchment. High erosion rates can be attributed
to steep topography, low vegetation, and highly erodible soil, as explained by RUSLE
factors estimation.

A scenario was tested to understand the effectiveness of improved vegetation in the
sub-catchment as an option to limit soil erosion. The results showed a small reduction in
erosion rates. Half of the sub-catchment area still showed a high and severe erosion rate
(10–100 t h−1y−1), and 17% of the area showed a very severe erosion rate (100–500 t ha−1y−1).
This implies that improving vegetation in the sub-catchment can be beneficial for environ-
mental reasons, but it may not be a single solution to prevent soil erosion from the catchment
and consequently reducing sediment load in the river and that finds its way into the down-
stream irrigation system. For any catchment management option, e.g., improving vegetation,
the entire catchment should be considered in the planning.

This study reveals that for catchments with such high erosion rates, complexities,
and data limitations, improving one factor of RUSLE might not play a definitive role
in managing land degradation. Sensitivity analysis of computed soil loss to changes in
multiple factors of RUSLE and conditions could give better insight and poses an area of
future work.

Reducing immediate negative impacts of high erosion rates remains a priority for
catchment managers. In this context, the study finds a relatively quick solution by building
a settling reservoir immediately downstream of the diversion barrage. The results from
a 3D sediment transport model (SSIIM) suggest that 95% of sand particles and 25% silt
particles can be trapped if the required water depth is maintained in the settling reservoir.
The settling reservoir option, if adopted, would substantially reduce the sediment entry in
the irrigation network. However, dredging would be required on an annual basis for the
efficient operation of the settling reservoir.

Future research work should, therefore, seek to optimize the geometry of the set-
tling reservoir and compare the results of various sediment transport models. It is also
recommended to improve the sediment monitoring network at the Gomal river and the
canal network for making informed management decisions. To better understand the
sediment budget, future studies may use sediment yield assessment models for a better
understanding of the sediment load contribution from the catchment area. The findings
of this study are helpful for practitioners and to inform future investments to resolve the
sedimentation problem. This research also provides the comparison of different methods to
estimate the RUSLE factors applied in other parts of the world. The discussion around the
selection of the methods can be helpful for the global audience to choose the appropriate
methods of parameter calculation for catchments with similar characteristics.
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Notation
a organic matter content (%)
A average annual soil loss
b code related to soil structure
c code related to soil permeability
C crop management factor
K soil erodibility factor
LS topographic factor
M percent silt and very fine sand contents
MFI modified Frontier Index
NDVI normalized Difference Vegetation Index
NIR near Infra-Red
p annual rainfall
P Conservation support practice factor
pi monthly rainfall
R rainfall-runoff erosivity factor
U upslope contributing area per unit width
l constant in Equation (6)
m exponent in Equation (5) representing sheet erosion
mclay clay fraction content (<0.002 mm);
msilt silt fraction content (0.002–0.05 mm);
mvfs very fine sand fraction content (0.05–0.1 mm)
n exponent in Equation (5) representing rill erosion
r constant in Equation (6)
β slope
L0 length of the unit plot
S0 slope of unit plot
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Abstract: Pakistan is facing a severe energy crisis due to its heavy dependency on the import of costly
fossil fuels, which ultimately leads to expansive electricity generation, a low power supply, and
interruptive load shedding. In this regard, the utilization of available renewable energy resources
within the country for production of electricity can lessen this energy crisis. Livestock waste/manure
is considered the most renewable and abundant material for biogas generation. Pakistan is primarily
an agricultural country, and livestock is widely kept by the farming community, in order to meet
their needs. According to the 2016–2018 data on the livestock population, poultry held the largest
share at 45.8%, followed by buffaloes (20.6%), cattle (12.7%), goats (10.8%), sheep (8.4%), asses (1.3%),
camels (0.25%), horses (0.1%), and mules (0.05%). Different animals produce different amounts of
manure, based upon their size, weight, age, feed, and type. The most manure is produced by cattle
(10–20 kg/day), while poultry produce the least (0.08–0.1 kg/day). Large quantities of livestock
manure are produced from each province of Pakistan; Punjab province was the highest contributor
(51%) of livestock manure in 2018. The potential livestock manure production in Pakistan was
417.3 million tons (Mt) in 2018, from which 26,871.35 million m3 of biogas could be generated—with
a production potential of 492.6 petajoules (PJ) of heat energy and 5521.5 MW of electricity. Due to
its favorable conditions for biodigester technologies, and through the appropriate development of
anaerobic digestion, the currently prevailing energy crises in Pakistan could be eliminated.

Keywords: renewable energy; biogas production; livestock manure; anaerobic digestion
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1. Introduction

The production of cheap, green energy has been considered a prime objective for a
country heading towards sustainable development. Pakistan, as a developing country,
needs an enormous amount of energy, around 25,000 megawatts (MW), for its industrial,
agricultural, and household needs (Figure 1). However, this energy demand has not been
met, which has led to electricity crises [1–3]. Due to these severe energy crises, Pakistan
is currently facing tremendous electricity load shedding (10–14 h/day) [4–7]. Energy
consumption has increased due to the growth in industrialization and the increasing urban
population. For example, the per capita energy consumption of Pakistan has shown an
increasing trend from the year 2000, from 373.13 to 484.45 kWh [8].

Figure 1. Electricity supply, demand, and deficit of the country.

The current determined capacity of Pakistan is 22,000 MW of electricity (Figure 1).
Mismanagement at transmission and distribution networks and high discharges have resulted
in high losses that consequently increase load shedding. This is the foremost reason that
Pakistan is facing energy shortfalls of 4000–6000 MW, as presented in Figure 1 [9–14]. The
industrial, agricultural, and domestic sectors are suffering badly due to the ongoing energy
shortfall [6]. A recent survey—conducted by the Private Power and Infrastructure Board,
Government of Pakistan, Ministry of Energy (Power Division)—indicated that electricity
consumption of 90.36 terawatt-hours (TWh) was recorded in Pakistan during 2015–2016, with
6.01% electricity export and 0.49% electricity import.

The electricity demand of the country is increasing at an annual rate of 11–13% [15]
because of the increase in growth centers and the industrialization process. Pakistan is
likely to follow the same trend in the future, as well. The energy demand for Pakistan is
projected to rise to 54,000 MW in 2020 and 113,000 MW in 2030 [16–18].

It was found that 70% of Pakistan’s population lives in rural areas, and that 96.6%
of rural people have no access to modern energy facilities. Thus, they are facing energy
poverty. In this regard, it was also found that about 45% of their energy expenditure is spent
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on solid biomass such as dung cakes, firewood, and crop residues, with an additional 12%
spent on natural gas, LPG, kerosene, and candles used for lighting and cooking purposes
in rural areas [19].

Natural gas, firewood, kerosene, livestock dung, liquid petroleum gas (LPG), firewood,
and electricity are the most common fuels currently being used for cooking purposes in
Pakistan [20]. Natural gas (supplied through pipes) is the cheapest fuel for cooking
purposes. However, due to the limited reserves and insufficient supply systems, it cannot
be a promising fuel for cooking [21]. The limited reserves and high prices of fossil fuels
have resulted in the fact that kerosene and LPG are not viable options for cooking purposes
in Pakistan. On the other hand, the most common cooking fuels such as firewood, crop
residues, and animal dung have lower efficiency with higher heating values as compared
to the other fuels [22].

Raising livestock is one of the major agricultural activities in Pakistan which con-
tributes to the agricultural economy of Pakistan. In this context, the agriculture-based
economy has a 24.5% share of the gross domestic product (GDP) and provides 60% of ex-
port earnings in Pakistan. Likewise, 55.6% of the economy is from the livestock sector and
contributes 11.8% of Pakistan’s GDP. Cattle raising is one of the major agricultural activities
in Pakistan, meaning that a large quantity of livestock waste is produced in Pakistan which
could be utilized as an appropriate source of sustainable energy. Cattle manure in most
villages is used to prepare dried dung cakes that are burned for cooking energy.

People living in hilly areas of Pakistan are in difficult conditions to fulfill their energy
demands, and they spend a lot of time collecting animal dung and woody biomass. In this
regard, the use of livestock waste for energy production will be a worthwhile approach for
providing an energy supply to the rural areas which in turn is beneficial for the economic
development of the country, with a reduction in environment concerns [23,24].

Moreover, the use of biogas as a clean energy source will also reduce the utilization
of conventional fossil fuels which in turn will lower GHG, and other hazardous gas
emissions which are detrimental to the environment [25,26]. In this view, the development
of biodigester technology will provide a manure management facility for dairy farms as
well as for poultry farms. Digested manure is a natural fertilizer which can be applied
to crops as a cost-effective alternative to synthetic fertilizers [26]. On the other hand, the
development of biodigester technology will result in the conservation of resources and
protection of the environment [27]. Considering the large quantity of livestock manure
production in rural areas of Pakistan, it has potential to be utilized for energy production
in order to overcome prevailing energy crises. The biogas produced from cattle manure is
a unique sustainable energy supply due to its high availability as a decentralized energy
source [28]. However, currently, the main issue with anaerobic digestion of livestock
manure is the ammonia toxicity due to the higher concentrations of nitrogen as well
as lower degradation during anaerobic digestion due to the higher concentrations of
lignocellulosic materials [29,30]. This problem can be tackled by co-digestion of manure
with material having a lower concentration of nitrogen [31,32].

Some studies have already been carried out to show the role of agro-industrial waste
for biogas generation as an important source of sustainable energy in Pakistan [10,33,34].
Currently, about 8000 biogas plants are operative in Pakistan [35]. However, there is a lack
of scientific study to evaluate the potential of livestock manure as a pivotal bioresource and
the potential of biogas generation via anaerobic digestion of the available livestock manure
in different provinces of Pakistan. Furthermore, it is also not clear how the potential of
biogas from animal manure can contribute to the heat and electrical energy supply in
Pakistan. Hence, it is essential to find out the potential of biogas, methane, and electricity
generation using animal manure for enhancing biodigester technology in the country as
well as for overcoming the prevailing energy and environmental issues.

Herein, we studied the potential of renewable energy production (e.g., biogas, methane,
electricity, heat energy) from livestock manure in Pakistan by spatially analyzing and char-
acterizing the data (from 1960 to 2018) that were collected from the Pakistan Bureau of
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Statistics and Ministry of National Food Security & Research. The results of this study
will be useful for developing biogas-based electricity projects in all provinces of Pakistan
which will not only be helpful in overcoming the ongoing energy crises but will also create
employment opportunities, particularly in rural areas. This analysis will also be useful to
the policymakers of developing countries that can change the lives of many villagers.

2. Methodology
2.1. Calculation of Livestock Population

The livestock population and density records were extracted from the archives of
livestock census data (collected by the Pakistan Bureau of Statistics from 1960 to 2018) and
arrayed provincially [36,37]. However, in this study, livestock populations were estimated
for 2016, 2017, and 2018, using the annual growth rate of 8–10% [38].

2.2. Calculation and Measurement of Total Amount of Livestock Manure in Pakistan

The amount of manure produced by an animal depends on many parameters, includ-
ing body weight, size, age, amount of feed, and type of animal [39]. The reference study
found that the amount of manure produced by cattle and camels is 10–20 kg/day and
15–17 kg/day, respectively [39]. For sheep/goats, it is 2 kg/day, whereas, for mules, horses,
and asses, it ranges from 10 to 15 kg/day [39]. Similarly, for poultry, daily manure genera-
tion is estimated to be 0.08–0.1 kg [39]. Keeping in view the effect of influential parameters,
in this study, the average manure production for cattle/buffalo, goats/sheep, camels, and
mules/horses/asses was considered 10 kg/day, 2 kg/day, 15 kg/day, 10 kg/day, and
0.1 kg/day, respectively.

2.3. Calculation of Total Potential of Biogas Production from Livestock Manure

The potential of biogas generation from livestock manure in the country was calculated
using manure produced annually. The biogas production from animal manure can be
affected by various factors such as the amount of manure, the availability of manure,
and the total solids content in animal manure [39]. A variable coefficient of manure
availability was introduced to concede the manure collection and transportation losses in
the calculation. Table 1 summarizes the numeric values of influential parameters that were
considered in this study. The theoretical potential of biogas (TPB) generated from animal
manure was determined by the following Equation (1).

TPB = M × AC × TS × BY
kgTS

(1)

where TPB is the theoretical potential of biogas (million m3 year−1), M is the quantity of
livestock manure/year/province (million kg year−1), AC denotes the availability coefficient
of animal manure for selected species, TS is the total solids content of animal manure, and
BY is the biogas yield of animal manure for each kilogram of total solids (m3 kg−1 TS).

Table 1. Amount of animal manure produced, manure availability coefficient, biogas yield, and ratio of the total solids of
animal manure for selected species [25,40,41].

Species Manure Yield
(kg/Day)

Manure Availability
Coefficient (%)

Biogas Yield
(m3kg−1 TS) Ratio of the TS (TS%)

Cattle 10–20 50 0.6–0.8 25–30
Buffalo 10–20 50 0.6–0.8 25–30
Sheep 2 33 0.3–0.4 18–25
Goat 2 33 0.3–0.4 18–25

Camel 15–17 50 0.6–0.8 25–30
Horse 10–15 50 0.6–0.8 25–30

Ass/Donkey 10–15 50 0.6–0.8 25–30
Mule 10–15 50 0.6–0.8 25–30

Poultry 0.08–0.1 99 0.3–0.8 10–29
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In this study, the biogas potential determined for the manure obtained from the
selected animal species was calculated by considering AC and BY values of 50% and
0.6 m3 kg−1 TS, respectively, for cattle, buffaloes, camels, horses, asses, and mules. More-
over, AC and BY values of 33% and 0.30 m3 kg−1 TS were considered for sheep/goats,
whereas for poultry, 99% and 0.15 m3 kg−1 TS, respectively, were considered. Similarly,
the TS value was considered 25% for cattle, buffaloes, camels, horses, asses, and mules,
whereas 20% was considered for sheep/goats and 29% for poultry [42].

2.4. Calculation of Potential of Methane and Electricity Production from Livestock Manure

In this section, a few assumptions were considered to estimate the methane and
electricity production potential from the available livestock manure. However, it has been
well documented that the proportion of methane content in goat/sheep manure ranges
between 40 and 50%, whereas it ranges between 50 and 70% for poultry [43]. Biogas
production has been significantly dependent upon the amount of methane production.
It has been found that approximately 50–70% of the methane content transforms into
biogas [44]. For this study, the biogas generation through anaerobic digestion of manure for
the specified livestock was assumed to be 60% of methane, while methane was considered
to form 50% of the biogas content for poultry manure. The heating value of methane was
calculated by considering a conversion efficiency of 85% in the boiler, and the calorific
value of methane was considered as 36 MJ/m3. The annual electricity generation potential
using biogas was determined by Equation (2):

ebiogas = Ebiogas × η (2)

where ebiogas = amount of electricity generated using biogas (kWh year−1), Ebiogas = total
amount of energy in biogas which has not been converted, and η = efficiency of the power
plant for conversion of biogas to electricity (~30%). The unconverted energy content of the
biogas was determined by the following Equation (3):

Ebiogas = C.Vbiogas × mbiogas (3)

where C.Vbiogas = caloric value of the biogas, ~6 kWh m−3 [45], and mbiogas = annual amount
of biogas produced from the selected species of livestock.

3. Results and Discussion
3.1. Livestock Population and Potential of Biodigester Technology

The livestock growth rate was calculated, and influential parameters were evaluated
accordingly. Table 2 shows the provincial livestock population record of Pakistan from
1960 to 2018. From Table 2, it is summarized that the total livestock population achieved
the highest number of 362,111,000 in 2018. Poultry exhibited the largest share, i.e., 45.8%,
followed by goats, cattle, buffaloes, sheep, asses, camels, horses, and mules, with shares of
20.6%, 12.7%, 10.8%, 8.4%, 1.3%, 0.25%, 0.1%, and 0.05%, respectively. Punjab ranked at the
top with a livestock population share of 39.7% on the regional scale, and Balochistan had
the lowest population share, i.e., 13.6%. The temporal increment in the livestock population
(4.9 times from 1960) emphasizes the potential of biogas origination and, consequently,
biodigester technology development in the country.
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Table 2. Livestock population in different provinces of Pakistan for the years 1960–2018 (×1000 heads) [36,37].

Animal
Type 1960 1972 1976 1986 1996 2006 2016 2017 2018

Punjab

Cattle 9673 8226 8108 8817 9382 14,412 20,826 21,607 22,417
Buffaloes 6129 7413 7979 11,150 13,101 17,747 23,850 24,566 25,302

Sheep 5583 6280 8037 6686 6142 6362 7168 7254 7341
Goats 2973 5943 7767 10,755 15,301 19,831 26,011 26,726 27,461

Camels 266 365 338 321 187 199 199 199 199
Horses 226 264 286 245 181 163 163 163 163
Asses 897 1063 1139 1657 1948 2232 2465 2490 2515
Mules 23 20 29 36 57 63 63 63 63

Poultry 6440 8688 13,783 27,848 24,511 25,906 50,961 54,528 58,345
Total 32,210 38,262 47,466 67,515 70,810 86,915 131,706 137,596 143,806

Sindh

Cattle 2936 2800 2854 3874 5664 6925 10,007 10,382 10,771
Buffaloes 1353 1522 1834 3220 5615 7340 9684 10,160 10,465

Sheep 1590 840 1829 2616 3710 3959 4460 4514 4568
Goats 2201 2275 4237 6755 9734 12,572 16,490 16,943 17,409

Camels 62 80 144 218 225 278 278 278 278
Horses 40 71 94 76 63 45 45 45 45
Asses 159 242 373 500 694 1004 1109 1120 1131
Mules 1 2 3 5 12 20 22 22 23

Poultry 1250 2743 6295 8798 11,549 14,136 27,807 29,754 31,836
Total 9592 10,575 17,663 26,062 37,266 46,279 69,902 73,218 76,526

KPK

Cattle 3206 2962 3000 3285 4237 5968 8624 8947 9283
Buffaloes 651 791 762 1271 1395 1928 2591 2668 2748

Sheep 2432 2455 3675 1599 2821 3363 3789 3834 3880
Goats 3035 3737 4686 2899 6764 9599 12,590 12,936 13,292

Camels 76 101 95 70 65 64 65 66 66
Horses 23 31 29 34 47 76 81 83 85
Asses 306 408 381 446 534 560 618 624 631
Mules 19 32 28 23 60 67 74 75 76

Poultry 4190 4939 9708 17,203 22,501 27,695 54,480 58,294 62,374
Total 13,938 15,456 22,364 26,830 38,424 49,320 82,912 87,527 92,435

Balochistan

Cattle 643 482 684 1157 1341 2254 3257 3379 3505
Buffaloes 26 22 33 63 161 320 430 442 456

Sheep 2564 3859 5075 11,111 10,841 12,804 14,426 14,599 14,774
Goats 1596 3238 4441 7299 9369 11,785 15,457 15,882 16,319

Camels 86 185 212 349 339 380 380 380 380
Horses 10 19 23 29 43 60 60 60 60
Asses 99 171 244 370 383 472 521 526 531
Mules 0.4 1 1 4 6 6 6 6 7

Poultry 454 1183 1958 3295 4637 5911 11,628 12,441 13,312
Total 5478.4 9160 12,671 23,677 27,120 33,992 46,165 47,715 49,344

3.2. Suitability of Livestock Manure as a Potential Substrate for Biodigester Technology

The livestock manure potential of the country in 2018 increases approximately 2.6 times
from 1960 due to accretion in the livestock population. The gradual increase in livestock
manure indicates that waste management through anaerobic digestion could be a viable
solution, which also assists in overcoming the prevailing energy crises of the country. More-
over, manure management through anaerobic digestion will also reduce the consumption
of synthetic fertilizers and increase crop yields due to the utilization of organic fertilizer,
resulting in revenue generation.
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Table 3 shows the temporal increment in animal manure production from 1960 to
2018. Based on calculations, ~417.3 million tons (Mt) of animal manure was produced in
2018. At the regional level, Punjab manifested the highest livestock manure potential with
a 51% share of the total manure in 2018, followed by Sindh, KPK, and Balochistan, with
shares of 24.1%, 14.85%, and 10.04%, respectively, whereas among animals species, cattle
showed the highest contribution of 40.21% to the total manure produced in 2018, followed
by buffaloes, goats, sheep, asses, poultry, camels, horses, and mules, with shares of 34.08%,
13.02%, 5.34%, 4.19%, 1.44%, 1.20%, 0.3%, and 0.14%, respectively.

Table 3. Animal manure production potential in Pakistan from 1960 to 2018 (Mt/year).

Animal
Type 1960 1972 1976 1986 1996 2006 2016 2017 2018

Cattle 35.30 30.02 29.59 32.18 34.24 52.60 76.01 78.86 81.82
Buffaloes 22.37 27.05 29.12 40.69 47.81 64.77 87.05 89.66 92.35

Sheep 4.07 4.58 5.86 4.88 4.48 4.64 5.23 5.29 5.35
Goats 2.17 4.33 5.66 7.85 11.16 14.47 18.98 19.50 20.04

Camels 1.45 1.99 1.85 1.75 1.02 1.08 1.08 1.08 1.08
Horses 0.82 0.96 1.04 0.89 0.66 0.59 0.59 0.59 0.59
Asses 3.27 3.87 4.15 6.04 7.11 8.14 8.99 9.08 9.17
Mules 0.08 0.07 0.10 0.13 0.20 0.22 0.22 0.22 0.22

Poultry 0.23 0.31 0.50 1.01 0.89 0.94 1.86 1.99 2.12
Total 69.79 73.23 77.91 95.45 107.61 147.50 200.05 206.33 212.80

Sindh

Cattle 10.71 10.22 10.41 14.14 20.67 25.27 36.52 37.89 39.31
Buffaloes 4.93 5.55 6.69 11.75 20.49 26.79 35.34 37.08 38.19

Sheep 1.16 0.61 1.33 1.90 2.70 2.89 3.25 3.29 3.33
Goats 1.60 1.66 3.09 4.93 7.10 9.17 12.03 12.36 12.70

Camels 0.33 0.43 0.78 1.19 1.23 1.52 1.52 1.52 1.52
Horses 0.14 0.25 0.34 0.27 0.22 0.16 0.16 0.16 0.16
Asses 0.58 0.88 1.36 1.82 2.5331 3.66 4.04 4.08 4.12
Mules 0.003 0.007 0.01 0.01 0.04 0.07 0.08 0.08 0.08

Poultry 0.04 0.10 0.22 0.32 0.42 0.51 1.01 1.08 1.16
Total 19.53 19.73 24.27 36.36 55.44 70.07 93.99 97.58 100.6

KPK

Cattle 11.70 10.81 10.95 11.99 15.46 21.78 31.47 32.65 33.88
Buffaloes 2.37 2.88 2.78 4.63 5.09 7.03 9.45 9.73 10.03

Sheep 1.77 1.79 2.68 1.167 2.05 2.45 2.76 2.79 2.83
Goats 2.21 2.72 3.42 2.11 4.93 7.00 9.19 9.44 9.70

Camels 0.41 0.55 0.52 0.38 0.35 0.35 0.35 0.36 0.36
Horses 0.08 0.11 0.10 0.12 0.17 0.27 0.29 0.30 0.31
Asses 1.11 1.48 1.39 1.62 1.94 2.04 2.25 2.27 2.30
Mules 0.06 0.11 0.10 0.08 0.21 0.24 0.27 0.27 0.27

Poultry 0.15 0.18 0.35 0.62 0.82 1.01 1.98 2.12 2.27
Total 19.90 20.67 22.30 22.76 31.07 42.20 58.05 59.98 61.97

Balochistan

Cattle 2.34 1.75 2.49 4.22 4.89 8.22 11.88 12.33 12.79
Buffaloes 0.09 0.08 0.12 0.22 0.58 1.16 1.56 1.61 1.66

Sheep 1.87 2.81 3.70 8.11 7.91 9.34 10.53 10.65 10.78
Goats 1.16 2.36 3.24 5.32 6.83 8.60 11.28 11.59 11.91

Camels 0.47 1.01 1.16 1.91 1.85 2.08 2.08 2.08 2.08
Horses 0.03 0.06 0.08 0.10 0.15 0.2 0.21 0.21 0.21
Asses 0.36 0.62 0.89 1.35 1.39 1.72 1.90 1.91 1.93
Mules 0.001 0.003 0.003 0.014 0.021 0.021 0.021 0.021 0.025

Poultry 0.01 0.04 0.07 0.12 0.16 0.21 0.42 0.45 0.48
Total 6.36 8.77 11.77 21.39 23.83 31.60 39.91 40.89 41.90
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3.3. Potential of Biogas Production from the Utilization of Biodigester Technology

Table 4 shows the regional increase in biogas production from 1960 to 2018. It is found
that 417.3 Mt of manure possesses the potential of producing 26,871.35 Mm3 of biogas. Due
to the province having the highest population and manure production, Punjab is leading
in biogas generation with a 53.92% share, followed by Sindh, KPK, and Balochistan, with
24.64%, 14.45%, and 6.97% shares in total biogas generation, respectively. Moreover, large
animals such as cattle and buffaloes showed the highest biogas production potential with
46.83% and 39.70% shares of the total biogas generation, respectively. The other large animals
such as camels, horses, asses, and mules revealed 1.41%, 0.35%, 4.89%, and 0.17% shares
in the total biogas production, respectively. At the same time, smaller animals such as
goats and sheep were found to have 4% and 1.64% shares, respectively. Similarly, poultry
contributes 0.97%. In comparison to other agricultural countries, Pakistan leads in the biogas
production potential (26,871.35 Mm3/year), followed by Iran (16,146.35 Mm3/year), Malaysia
(4589.5 Mm3/year), and Turkey (2180 Mm3/year), as shown in Figure 2 [25,39,46–48].

Figure 2. Biogas and methane potential of Pakistan in comparison to Iran, Turkey, and Malaysia.

3.4. Potential of Methane Production from the Utilization of Biodigester Technology

The methane production potential using farm animal manure in Pakistan is shown in
Table 5. The results proclaim that the total methane production potential in 2018 showed
the highest amount of 16,096.73 Mm3. The methane production potential in 2018 was
estimated to be 2.45, 2.35, 2.12, 1.41, 0.96, 0.45, 0.06, and 0.03 times higher than the methane
production potential in 1960, 1972, 1976, 1986, 1996, 2006, 2016, and 2017, respectively.
Punjab had the highest methane potential with a 53.95% share, while Sindh, KPK, and
Balochistan had 24.65, 14.41, and 6.97% shares in the total methane production potential,
respectively. In comparison, it was found from cited studies that the potential of methane
generation from livestock manure in Iran, Canada, Malaysia, Turkey, and Indonesia was
5160, 2310, 2289, 1308, and 5758 Mm3 year−1, respectively [25,39,46–48].
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Table 4. Potential of biogas generation from livestock manure in Pakistan from 1960 to 2018 (Mt/year).

Animal
Type 1960 1972 1976 1986 1996 2006 2016 2017 2018

Punjab

Cattle 2647.98 2251.86 2219.56 2413.65 2568.32 3945.28 5701.11 5914.91 6136.65
Buffaloes 1677.81 2029.30 2184.25 3052.31 3586.39 4858.24 6528.93 6724.94 6926.42

Sheep 80.69 90.77 116.16 96.63 88.77 91.95 103.60 104.84 106.10
Goats 42.97 85.90 112.26 155.45 221.16 286.63 375.96 386.29 396.92

Camels 109.22 149.87 138.79 131.81 76.78 81.71 81.71 81.71 81.71
Horses 61.86 72.27 78.29 67.06 49.54 44.62 44.62 44.62 44.62
Asses 245.55 290.99 311.80 453.60 533.26 611.01 674.79 681.63 688.48
Mules 6.29 5.47 7.93 9.85 15.60 17.24 17.24 17.24 17.24

Poultry 10.12 13.65 21.66 43.77 38.52 40.72 80.10 85.71 91.71
Total 4882.53 4990.12 5190.73 6424.17 7178.39 9977.43 13,608.1 14,041.94 14,489.88

Sindh

Cattle 803.73 766.5 781.28 1060.5 1550.52 1895.71 2739.41 2842.07 2948.56
Buffaloes 370.38 416.64 502.05 881.47 1537.10 2009.32 2650.99 2781.3 2864.79

Sheep 22.98 12.14 26.43 37.81 53.62 57.22 64.46 65.24 66.02
Goats 31.81 32.88 61.24 97.63 140.69 181.71 238.34 244.89 251.62

Camels 25.45 32.85 59.13 89.51 92.39 114.15 114.15 114.15 114.15
Horses 10.95 19.43 25.73 20.80 17.24 12.31 12.31 12.31 12.31
Asses 43.52 66.24 102.10 136.87 189.98 274.84 303.58 306.6 309.61
Mules 0.27 0.54 0.82 1.36 3.28 5.47 6.02 6.02 6.29

Poultry 1.96 4.31 9.89 13.82 18.15 22.21 43.70 46.76 50.04
Total 1311.08 1351.56 1568.70 2339.82 3603 4572.99 6173.01 6419.37 6623.43

KPK

Cattle 877.64 810.84 821.25 899.26 1159.87 1633.74 2360.82 2449.24 2541.22
Buffaloes 178.21 216.53 208.59 347.93 381.88 527.79 709.28 730.36 752.26

Sheep 35.15 35.48 53.11 23.11 40.77 48.60 54.76 55.41 56.08
Goats 43.86 54.01 67.73 41.90 97.76 138.74 181.97 186.97 192.12

Camels 31.20 41.47 39 28.74 26.69 26.28 26.69 27.10 27.10
Horses 6.29 8.48 7.93 9.30 12.86 20.80 22.17 22.72 23.26
Asses 83.76 111.69 104.29 122.09 146.18 153.3 169.17 170.82 172.73
Mules 5.20 8.76 7.66 6.29 16.42 18.34 20.25 20.53 20.80

Poultry 6.58 7.76 15.25 27.04 35.36 43.53 85.63 91.63 98.04
Total 1267.93 1295.05 1324.86 1482.58 1917.83 2611.14 3630.78 3754.80 3883.64

Balochistan

Cattle 176.02 131.94 187.24 316.72 367.09 617.03 891.60 925 959.49
Buffaloes 7.11 6.02 9.03 17.24 44.07 87.6 117.71 120.99 124.83

Sheep 37.06 55.77 73.35 160.59 156.69 185.06 208.51 211.01 213.54
Goats 23.06 46.80 64.19 105.49 135.41 170.34 223.41 229.55 235.87

Camels 35.31 75.96 87.05 143.30 139.20 156.03 156.03 156.03 156.03
Horses 2.73 5.20 6.29 7.93 11.77 16.42 16.42 16.42 16.42
Asses 27.10 46.81 66.79 101.28 104.84 129.21 142.62 143.99 145.36
Mules 0.10 0.27 0.27 1.09 1.64 1.64 1.64 1.64 1.91

Poultry 0.71 1.85 3.07 5.17 7.28 9.29 18.27 19.55 20.92
Total 309.24 370.66 497.31 858.88 968.03 1372.64 1776.25 1824.22 1874.40
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Table 5. Potential of methane generation from livestock manure in Pakistan from 1960 to 2018 (Mt/year).

Animal
Type 1960 1972 1976 1986 1996 2006 2016 2017 2018

Punjab

Cattle 1588.79 1351.12 1331.73 1448.19 1540.99 2367.17 3420.67 3548.95 3681.99
Buffaloes 1006.68 1217.58 1310.55 1831.38 2151.83 2914.94 3917.36 4034.96 4155.85

Sheep 48.41 54.46 69.70 57.98 53.26 55.17 62.16 62.90 63.66
Goats 25.78 51.54 67.35 93.27 132.6 171.98 225.57 231.77 238.15

Camels 65.53 89.92 83.27 79.08 46.07 49.02 49.02 49.02 49.02
Horses 37.12 43.36 46.97 40.24 29.72 26.77 26.77 26.77 26.77
Asses 147.33 174.59 187.08 272.16 319.95 366.60 404.87 408.98 413.08
Mules 3.77 3.28 4.76 5.91 9.36 10.34 10.34 10.34 10.34

Poultry 5.06 6.82 10.83 21.88 19.26 20.36 40.05 42.85 45.85
Total 2928.50 2992.70 3112.27 3850.12 4303.18 5982.38 8156.85 8416.59 8684.75

Sindh

Cattle 482.23 459.9 468.76 636.30 930.31 1137.43 1643.65 1705.24 1769.13
Buffaloes 222.23 249.98 301.23 528.88 922.26 1205.59 1590.59 1668.78 1718.87

Sheep 13.78 7.28 15.86 22.68 32.17 34.33 38.67 39.14 39.61
Goats 19.08 19.72 36.74 58.58 84.41 109.02 143.00 146.93 150.97

Camels 15.27 19.71 35.47 53.70 55.43 68.49 68.49 68.49 68.49
Horses 6.57 11.66 15.43 12.48 10.34 7.39 7.39 7.39 7.39
Asses 26.11 39.74 61.26 82.12 113.98 164.90 182.15 183.96 185.76
Mules 0.16 0.32 0.49 0.82 1.97 3.28 3.61 3.61 3.77

Poultry 0.98 2.15 4.94 6.91 9.07 11.10 21.85 23.38 25.02
Total 786.45 810.50 940.23 1402.51 2159.98 2741.57 3699.43 3846.94 3969.05

KPK

Cattle 526.58 486.50 492.75 539.56 695.92 980.24 1416.49 1469.54 1524.73
Buffaloes 106.92 129.92 125.15 208.76 229.12 316.67 425.57 438.21 451.35

Sheep 21.09 21.29 31.87 13.86 24.46 29.16 32.85 33.24 33.64
Goats 26.32 32.40 40.63 25.14 58.66 83.24 109.18 112.18 115.27

Camels 18.72 24.88 23.40 17.24 16.01 15.76 16.01 16.26 16.26
Horses 3.77 5.09 4.76 5.58 7.71 12.48 13.30 13.63 13.96
Asses 50.26 67.01 62.57 73.25 87.70 91.98 101.50 102.49 103.64
Mules 3.12 5.25 4.59 3.77 9.85 11.00 12.15 12.31 12.48

Poultry 3.29 3.88 7.62 13.52 17.68 21.76 42.81 45.81 49.02
Total 760.10 776.25 793.39 900.71 1147.16 1562.33 2169.90 2243.72 2320.38

Balochistan

Cattle 105.61 79.16 112.34 190.03 220.25 370.21 534.96 555.00 575.69
Buffaloes 4.27 3.61 5.42 10.34 26.44 52.56 70.62 72.59 74.89

Sheep 22.23 33.46 44.01 96.35 94.01 111.04 125.10 126.60 128.12
Goats 13.84 28.08 38.51 63.29 81.25 102.20 134.04 137.73 141.52

Camels 21.18 45.57 52.23 85.98 83.52 93.62 93.62 93.62 93.62
Horses 1.64 3.12 3.77 4.76 7.06 9.85 9.85 9.85 9.85
Asses 16.26 28.08 40.07 60.77 62.90 77.52 85.57 86.39 87.21
Mules 0.065 0.16 0.16 0.65 0.98 0.98 0.98 0.98 1.14

Poultry 0.35 0.92 1.53 2.58 3.64 4.64 9.13 9.77 10.46
Total 185.47 222.21 298.08 514.81 580.09 822.65 1063.92 1092.57 1122.55

The gradual increase in methane production from livestock manure will reduce the
energy imports of the country, which are currently at 34%, and the government is spending
about USD 1.27 billion annually on these imports.

3.5. Potential of Heat Energy and Electricity Production from Biodigester Technology

Figure 3 shows that the potential of heat energy acquired from the burning of methane
in 2018 was 492.6 PJ. Compared to 1960, heat energy increased 245.46% in 2018 due to the
higher livestock manure production, thereby exalting methane production. On the regional
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scale, Punjab yielded more heating energy (266 PJ/year), followed by Sindh (121.71 PJ/year),
KPK (510.5 PJ/year), and Balochistan (34.4 PJ/year). Consequently, Pakistan is leading
in heat energy production from methane as compared to Malaysia, Turkey, and Iran due
to the high livestock population [25,39,46–49]. In addition, the potential of heat energy
produced in Pakistan is higher than in Canada [25]. Similarly, the potential of electricity
generation from biogas was computed and is showcased in Figure 4. The highest potential
of electricity generation by manure-based biogas obtained was 5521.5 MW in 2018. This
value accounts for ~22% of the country’s electricity requirement which is an indication of the
considerable energy share from livestock waste. A similar study was conducted in Canada
which showed that biogas electricity could fulfill ~22% of the country’s electricity demands
using agricultural waste such as wood waste and municipal solid waste [25].

Figure 3. Potential of heat energy obtained from the methane produced by livestock manure in
different provinces of Pakistan.

Figure 4. Potential of electricity generation from manure-based biogas in different provinces of Pakistan.

Punjab province had the highest electricity generation potential, with a value of
2977.3 MW, followed by Sindh, KPK, and Balochistan, with values of 1360.9, 798.0, and
385.1 MW, respectively. Furthermore, Punjab province had the highest electricity generation
potential in 2018, contributing 54% of the total electricity generation, followed by Sindh,
KPK, and Balochistan, with 25%, 14%, and 7% shares in electricity generation, respectively,
as shown in Figure 5.
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Figure 5. Province-wise share of biogas-based electricity.

Figures 6 and 7 illustrate the potential of electricity generation by manure-based
biogas from different livestock animals. It is found that large ruminants, namely, cattle and
buffaloes, had the highest potential for electricity generation, followed by asses and goats.
The potential of electricity generated from cattle manure-based biogas had the maximum
share, meaning that in 2018, it had a percentage value of 47%, followed by buffaloes, asses,
goats, sheep, camels, poultry, horses, and mules, with percentage values of 40%, 5%, 4%,
2%, 1%, 1%, 0.35%, and 0.17%, respectively. It has previously been found that the potential
of electricity generation by manure-based biogas in Malaysia, Turkey, and Iran could be
944 MW year−1, 448 MW year−1, and 3317 MW year−1, respectively [25,39,46–48].

Figure 6. Share of selected livestock species in biogas-based electricity.

Figure 7. Potential of electricity generation from manure-based biogas by different farm animals
in Pakistan.
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3.6. Feasibility and Suitability of Biodigester Technology in Pakistan

Studies conducted in many countries such as China [50], Malaysia [47], Turkey [39],
Brazil [51], Serbia [52], Ecuador [42], Nepal [53], Indonesia [54], and Ethiopia [55] have
indicated that biodigester technology is becoming popular because of its user-friendliness,
cost-effectiveness, and robustness.

The prevailing energy crises of Pakistan can be eliminated by the appropriate de-
velopment of biodigester technology. Biodigester technology in Pakistan has been con-
sidered over recent decades. In this regard, the first biogas plant was installed in Sindh
in 1959 [19,56]. The government of Pakistan focused on the development of biodigester
technology during the year 1974; the Pakistan Council for Appropriate Technology (PCAT)
constructed 31 fixed dome digesters in different areas of Pakistan. Figure 8 depicts the
biodigesters installed by different organizations in Pakistan during 1974–2015 [56].

Figure 8. The number of biodigesters that have already been installed by different organizations in
Pakistan between 1974 and 2015.

According to Ghimire and Nepal, 2009 [56], many factors can drastically affect the
potential of biodigesters, including technical factors, economic and financial factors, social
factors, and institutional factors. Figure 9 shows all the main factors mentioned along with
their classification. These inhibiting factors could be minimized if special attention is paid
during the program implementation phase.

Most parts of Pakistan have favorable conditions for biodigesters. It is clear from the
country’s livestock population that most of these animals are found in Punjab, Sindh, and
KPK. It has been estimated that 10 million households are involved in raising livestock. In
most parts of Punjab and Sindh, the temperature is favorable for the production of biogas.
Construction materials and the labor force are easily available. Moreover, the land for
installing biogas plants is not a problem for most farmers in Pakistan. However, about 30%
of farmers in the country do not have favorable conditions for installing biodigesters due
to the non-availability of land or harsh temperature conditions [56,57].
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Figure 9. Factors affecting biodigester technology development in Pakistan.

From Table 6, it is found that Pakistan has a capacity of 5 million biodigesters which
can be easily installed in different farming areas. In this regard, the annual increase in
the livestock population (as presented in Table 2) indicates a promising technology for
biodigester development, especially in rural areas of Pakistan.

Table 6. Potential for biogas plants in Pakistan [56].

Particulars Number of Households

Total number of households that have livestock animals 10 million
Households with only one cattle or buffalo which are technically

not feasible for installing biodigesters 2 million

Households having no potential for biodigesters due to various
factors such as temperature and competitiveness of biogas 3 million

Total number of households having potential for
biodigester installation 5 million

4. Conclusions

This study accentuates the livestock manure production potential and its utilization
in different areas of Pakistan. This study found that livestock manure is a sustainable
bioresource for energy generation in Pakistan. The highest population of livestock in
Pakistan is found in Punjab province, followed by Sindh, KPK, and Balochistan. Livestock
is mainly managed in almost 10 million households. The total potential of animal manure
in the country for 2018 was 417.3 Mt, and 26,871.35 million m3 of biogas, 492.6 PJ of
heat energy, and 5521.5 MW of electricity could potentially be produced from animal
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manure in 2018 to reduce the ongoing energy crises in Pakistan. Moreover, there are
ample opportunities to harness biodigester technologies in Pakistan because of the space
available for installing 5 million biodigesters in different farming areas. Considering the
huge potential of biodigester technology, the country has a high need for the development
and implementation of national programs focusing on disseminating domestic biodigesters
in Pakistan.
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Abstract: The energy crisis and increasing fossil fuel prices due to increasing demands, controlled
supplies, and global political unrest have adversely affected agricultural productivity and farm
profitability across the globe and Pakistan is not an exception. To cope with this issue of energy
deficiency in agriculture, the best alternate strategy is to take advantage of biomass and solid
waste potential. In low-income countries such as Pakistan, the greenhouse heating system mostly
relies on fossil fuels such as diesel, gasoline, and LPG. Farmers are reluctant to adopt greenhouse
farming due to the continuously rising prices of the fossil fuels. To reduce reliance on fossil fuel
energy, the objective of this study was to utilize biomass from crop residues to develop an efficient
and economical biomass furnace that could heat greenhouses to protect the crop from seasonal
temperature effects. Modifications made to the biomass furnace, such as the incorporation of
insulation around the walls of the furnace, providing turbulators in fire tubes, and a secondary heat
exchanger (heat recovery system) in the chimney, have increased the thermal efficiency of the biomass
furnace by about 21.7%. A drastic reduction in hazardous elements of flue gases was observed due to
the addition of a water scrubber smoke filter in the exit line of the flue. The efficiency of the biomass
furnace ranged from 50.42% to 54.18%, whereas the heating efficiency of the diesel-fired heater was
71.19%. On the basis of the equal heating value of the fuels, the unit material and operating costs
of the biomass furnace for wood, cotton stalks, corn cobs, and cow dung were USD 2.04, 1.86, 1.78,
and 2.00 respectively against USD 4.67/h for the diesel heater. The capital and operating costs of the
biomass furnace were about 50% and 43.7% of the diesel heater respectively, resulting in a seasonal
saving of about 1573 USD. The produced smoke was tested as environmental friendly under the
prescribed limits of the National Environmental Quality Standards (NEQS), which shows potential
for its large-scale adoption and wider applications.

Keywords: biomass; furnace; greenhouse; efficiency; economics

1. Introduction

Energy requirements in the future are certain to increase drastically with the ever-
growing global population. In the coming years, more people will require the excess of
energy that is presently available from different sources [1,2] Generally, energy is considered
the main pillar of the economic growth of a country as most of the industries run on energy,
which is playing remarkable role in socio-economic growth [3]. Energy is first and foremost
a requirement for sustainable development. In terms of energy mix, Pakistan’s energy
sector heavily depends on thermal energy which consists of imported coal, local coal,
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re-gasified liquid natural gas, and natural gas that constitute about 58.4% of the total
energy mix. The share of different sources such as hydroelectric, thermal, nuclear, and
renewable is 30.9, 58.4, 8.2, and 2.4%, respectively. From the energy mix, the contribution
of renewable energy needs to be enhanced as uncontrolled burning of fossil fuels is leading
to increased environmental pollution by the release of greenhouse gases [4]. Moreover,
a substantial potential for renewable energy is present in the country. All these aspects
demand switching to renewable energy resources, which will help reduce the gap between
energy supply and demand in Pakistan [5,6]. Table 1 shows that there is a large potential
for biomass-based renewable energy in Pakistan. Renewable energy sources like solar,
geothermal, and biomass are commonly used in greenhouse heating [7]. During the winter
season, the increased demand for heat energy to keep the temperature of the greenhouses
at the desirable level for crop production is essential. Hence, a proper greenhouse heating
system is unavoidable for healthy and optimum crop production [8].

Table 1. Calculation of estimated annual surplus biomass production [9].

Crop
Type

Estimated Crop Production
(000 tons/year)

Crop
Residue

Ratio (CRR)

Estimated Biomass Production
(000 tons/year)

Estimated Surplus
Biomass (000 ton/year)

Sugarcane 65,257 0.12 7831 2552

Cotton 14,531 3.40 49,405 5039

Wheat 34,581 1.00 34,581 5689

Rice 16,754 1.00 16,754 6534

Maize 4260 1.25 5325 680

Total 135,383 113,896 20,494

Renewable energy sources like solar, geothermal, and biomass are commonly used in
greenhouse heating [7]. To cater for the increasing energy demands, developed nations are
continuously making efforts to explore alternate energy sources and coin new methods and
technological innovations for energy conservation and efficiency improvement [10,11]. The
literature has provided information about the application of heating and cooling devices for
use in food and agriculture sectors in Portugal [12]. However, these studies do not provide
the latest research and development framework and modalities that could help towards
the design of a low-cost furnace or hot air generators for the agriculture sector, especially,
when talking about remote locations. However, these studies discussed the utilization
of renewable energy to provide hot air for the agriculture sector, in detail. Some studies
suggested a methodology for analyzing the regional potential for developing biomass
district heating systems based on forestry biomasses [13–15].

In consideration of a holistic and cost-effective approach, the overall energy price tag
on greenhouses comes around 10–15% of its total cost of production. The profit margins of
greenhouse farming have decreased due to rising energy costs, which have doubled over
the last two decades [16]. Most greenhouse heating systems in Pakistan rely on electricity
or fossil fuels, the prices of which have remained volatile and are continuously rising.
Therefore, farmers are reluctant to adopt greenhouse farming due to decreasing profit
margins. Higher energy costs in greenhouse farming have motivated the farmers to explore
alternative means to reduce energy costs. Many growers use firewood for the heating of
greenhouses, the cost of which is also rising. However, being an agrarian economy, Pakistan
produces a large mass of crop residues annually [17,18]. The estimated production of major
crop residues of cotton stalks, wheat straw, rice straw, sugarcane trash, and corn stalk in
Pakistan are 49.4, 34.581, 16.75, 7.83, and 5.325 million tons per annum, respectively [2].
These crop residues are abundantly available in the country and require a viable strategy
to be utilized in an efficient way, as compared to direct land filling and open air burning
which is the current practice [2,19,20].
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Generally, farmers are very cautious in exploring new sources of energy for their
agricultural operations. Most farmers understand that firewood is the best option and
low-cost source for thermal heating at the farm level [16]. Two types of biomass boilers and
furnaces are currently used in the world on the basis of manual fuel feeding and automated
feeding. Manually loaded boilers and furnaces are mostly run on waste wood whereas
automatically fueled boilers run on different biomass sources like wood chips, biomass
pellets, wood biomass, grain, and bagasse [21,22].

As per author information, there is no comprehensive study in Pakistan that has
developed an indigenous waste fuel-based furnace in the agricultural sector for better and
improved thermal applications. In this study, we developed a biomass/solid waste fuel
furnace that can be helpful for thermal applications in the agriculture sector for better and
improved production purpose. The objective of the study was to utilize biomass/solid
waste in an efficient and economical way as a greenhouse heating system. The produced
heat can be utilized for greenhouse heating to maintain optimal temperature during
winter season.

2. Materials and Methods
2.1. Design Parameters

The biomass furnace for greenhouse heating was designed and developed at the
Faculty of Agricultural Engineering, Pir Mehr Ali Shah Arid Agriculture University,
Rawalpindi, Pakistan. The important design considerations included simple design, lo-
cal manufacturing, light weight, portability, economics, and ease of operation. The 1st
prototype model of the biomass furnace was installed in a 30.48 × 12.19 m2 greenhouse
tunnel for further testing and evaluation. Biomass furnaces work on the principle of a
boiler, where the direct burning of biomass takes place in the burning chamber. The clean
and hot air moves in a separate enclosure surrounding the hot air tubes. A typical biomass
furnace consists of a combustion chamber, primary heat exchanger, chimney, secondary
heat exchanger, water scrubber smoke filter, air distribution system, automatic air tem-
perature control system, ash chamber, axial fan, blower for combustion, and temperature
gauges. The basic design considerations for the design and development of the biomass
furnace for greenhouse heating included:

1. It should be simple, light weight, portable, and easy to operate.
2. It can be manufactured using indigenous material and local technology.
3. It should be affordable (economical) and efficient.

The important parameters for the design of a biomass furnace for greenhouse heating
are described hereunder.

2.1.1. Equation (1): Volume of the Targeted Tunnel

Volume = Length × Width × Height (1)

2.1.2. Equation (2): Energy Required to Heat the Targeted Tunnel

Q = m × Cp × ∆t (2)

where m = mass of air in the tunnel, Cp = specific heat of air (1.008 kJ kg−1 K−1), and
∆t = the difference in final and initial temperature inside the tunnel.

2.1.3. Equation (3): Biomass Required to Maintain the Required Heat in the
Targeted Tunnel

Biomass required =
Heat Required

Calorific value of biamass
(3)
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2.1.4. Heat Exchanger Design

Equations (4) and (5): The heating surface required is computed by:

A =
Q

U × ∆tm
(4)

Q = U × A × ∆tm (5)

where A = heat transfer area (m2), Q = heat transfer rate, kJ h−1, U = overall heat transfer
coefficient, kJ h−1 m2 ◦C (for air 28.58 kJ h−1 m2 ◦C), ∆tm = Log mean temperature
difference (◦C), which is given by Equation (6):

∆tm =
(T1 − t2)− (T2 − t1)

ln (T1−t2)
(T2−t1)

(6)

where T1 = inlet fire tube temperature (◦C), T2 = outlet fire tube temperature (◦C), t1 = inlet
shell side air temperature (◦C), and t2 = outlet shell side air temperature (◦C).

Equation (7): The heat transfer rate can be measured as:

Q = m × Cp × ∆t (7)

where m = mass flow rate of air (kg hr−1), and Cp and ∆t are as specified above.
The schematic diagram of the biomass furnace is presented in Figure 1 and its isometric

view is presented in Figure 2, whereas the connectivity of biomass furnace with the
greenhouse tunnel is shown in Figure 3. The design final parameters of the biomass
furnace are outlined in Table 2.

Table 2. Specification of biomass furnace.

Parameters Values

Length of furnace 168.0 cm

Width of furnace 108.0 cm

Height of furnace 183.0 cm

Fuel loading capacity 50 kg/batch

Construction material MS steel

Volume flow rate 0.17 m3/s

Heat exchanger area 5 m2

Cross-sectional area of exhaust 0.0046 m2

Volume of tunnel 1303.6 m3

Mass of air in tunnel 1469.16 kg

Efficiency 54%

Total weight 400 kg

Price USD 1562.5

2.2. Fabrication of Biomass Furnace

Apart from design parameters, fabrication material is the most important aspect of the
biomass furnace that directly affects its thermal efficiency and capital cost. A multitude of
fabrication materials (silver, copper, brass, iron, steel) with varying thermal conductivities
(406, 385, 109, 80, 50 W/mK) and melting points (962, 1085, 930, 1538, 1450 ◦C), respectively,
are in use across the world. However, their manufacturing industry and capital costs
limit their wider-scale adoption. Pakistan is a low-income agrarian economy and the
manufacturing sector is still at its infancy but has tremendous growth potential. For
fabrication of the prototype type biomass furnace designed in this study, we selected
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easily available and the lowest cost material, i.e., mild steel. A local vendor (M/S Malik
Engineering and Works, Rawalpindi) was hired for the fabrication of the biomass furnace
in a precise manner to ensure the precision of all the design parameters. Figure 4 displays
the different views of the fabricated biomass furnace.

Figure 1. Schematic diagram of biomass furnace (a) back view (b) front view, and (c) cross-sectional view.
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Figure 2. Isometric view of biomass furnace.

Figure 3. Connectivity of the biomass furnace to the greenhouse tunnel.
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Figure 4. Different views of fabricated biomass furnace. (a) side view. (b) front view. (c) back view.

A variable flow blower is provided in the combustion chamber for the mixing of the
stoichiometric air-fuel ratio for optimum combustion. The combustion gases move in a
network of parallel vertical tubes provided with spiral baffles for delaying the passage
of gases in the tubes. The heat is transferred from biomass flames to fire tubes through
the radiation and convection principles of heat transfer, while from inner surfaces to the
outer surfaces of tubes heat is transferred through the conduction principle. The hot air
passing from all fire tubes gets very hot and exits from one end, which directly opens into
the greenhouse or tunnel. Processed air passes through a zigzag having different baffles
for getting maximum heat transfer from the hot air tubes to the processed air. An auxiliary
suction fan is provided at the exit of the hot air for getting the maximum amount of hot air
for drying purposes.

2.3. Biomass Collection and Preparation

Biomass residue samples (wood, cotton stalk, corn cob, and cow dung) were collected
from farmers’ fields in the surrounding areas. The moisture content affects the heating value
of a biomass fuel. For a moist fuel, the heating value decreases because a portion of the heat
is used to evaporate the water present in the biomass. The collected biomass was sun-dried
to lower the moisture content (10%). Thereafter, the biomass was converted into pellets,
chips, and briquettes for greenhouse heating using a biomass furnace. Therefore, almost
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no cost was incurred to dry the biomass used for this study. However, the conversion of
biomass to pellets, chips, and briquettes were prepared manually with a labor cost of USD
0.375/day.

2.4. Evaluation of the Biomass Furnace

The prototype biomass furnace unit was evaluated at the National Agricultural Re-
search Centre, Islamabad using different feed rates of wood. The biomass furnace was
operated continuously for 10 h, while the air flow rate of the blower was fixed at 0.17 m3/s
during the entire testing period. The thermal efficiency of the furnace was recorded for
each feed rate of the firwood. The pretesting indicated considerable heat losses in the walls
of the combustion chamber and through the hot flue gases releasing from the exhaust vent.
Therefore, the design and fabrication of the prototype biomass furnace unit was further
modified to increase its thermal efficiency and make it environmentally friendly.

3. Results
3.1. Pretesting of the Biomass Furnace

The prototype biomass furnace was pretested using firewood feed rates of 8, 10, and
12 kg/h. The prototype biomass furnace was transported to the engineering workshop of
the National Agricultural Research Centre (NARC), Islamabad for its pretesting, evaluation,
and further modification (Figure 5). Data were collected on ambient air temperature,
furnace temperature, exhaust temperature, heated air temperature, tunnel temperature,
output heat flow rate, efficiency of the furnace, and heating time during the different tests
(Table 2). The efficiency, input and output power, and operational cost of the furnace
were determined to make the comparison between different feed rates of wood (8, 10,
and 12 kg/h). Based on input and output powers, the average efficiency of the furnace
increased linearly with the feed rate of the firewood (Table 3). Thermal efficiency was
calculated with the ratio of output heat flow rate to input heat flow rate. The output heat
flow rate was calculated using Equation (8):

Qoutput = m × (kg) × Cp. × ∆T (8)

where Q = energy flow rate (Kw); m (fan speed) = mass flow rate (0.1008 kg/s); Cp = specific
heat of air (1.012 KJ/kg·k); ∆T = temperature difference (T2 − T1); T2 = final temperature;
T1 = initial temperature.

Table 3. Temperature, flow rate, and efficiency of wood at different feed rates during pretesting of the biomass furnace.

Biomass
Type and

Feeding Rate
(kg/h)

Amb. Air
Temp. (◦C)

Furnace
Temp. (◦C)

Exhaust
Temp. (◦C)

Heated Air
Temp.
(◦C)

Tunnel
Temp. (◦C)

Output Heat
Flow Rate

(kW)

Thermal
Efficiency η

(%)

Wood 8 10.2 247.7 191.3 98.5 26.4 14.30 42.89

Wood 10 13.8 300.1 211.8 126.8 33.5 18.30 43.91

Wood 12 9.5 318.8 229.4 146.1 34.1 22.12 44.24

The input heat flow rate is the product of a biomass burnt per hour and the calorific
heating value of that biomass, i.e., Qinput = m, the calorific or heating value of biomass
multiplied with quantity used per hour. However, the increase in efficiency was dis-
proportionate with the increase in the feed rate of wood. Nevertheless, pretesting of
the prototype biomass furnace suggested its larger suitability for greenhouse heating in
cold environments.
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Figure 5. Pretesting of the biomass furnace at NARC.

The design of a diesel heater is relatively better due to its better engineering, and
copper material having good thermal conductivity (385 W/m K). However, the material
of the biomass furnace was mild steel, which possesses relatively lower thermal conduc-
tivity (64.8 W/m K). The design temperature of exhaust gas was assumed to be 373.15 K,
but the actual values always differ from the design values because in theoretical design,
mostly ideal conditions are assumed while the actual conditions are always different
from the theoretical. This fact leads to lower actual efficiency of the machine than the
theoretical efficiency.

3.2. Modification of the Prototype Biomass Furnace

The major deficiencies identified during the pre-testing of the prototype biomass
furnace unit were its low thermal efficiency due to considerable heat losses from furnace
walls as well as from the vent. The risk of environmental pollution due to the uncontrolled
emission of toxic flue gases was another drawback of the prototype furnace. To cater for
these issues, the design and fabrication of the furnace was modified by providing insula-
tion work inside, installing turbulators in the heat exchanger tubes, adding a secondary
heat recovery unit, and installing a water scrubber smoke filter in the furnace to reduce
environmental pollution.

The insulation work was carried out by providing a thick layer of glass wool across the
walls of the furnace as a barrier to reduce thermal losses during the operation of the biomass
furnace. Hot air turbulators are commonly used for enhancing the thermal efficiency of
boilers, air heaters, and heat exchangers. They retain hot air for longer durations inside
the heat exchanger, resulting in saving fuel and increasing thermal efficiency. The air
turbulators in the modified biomass furnace were provided inside the heat exchanger
and heat recovery unit. A significant volume of precious hot air was wasted through the
vent located at the top of furnace. To address this issue, a secondary heat exchanger was
provided on top of the vent as a heat recovery unit. The flue gases again passed through
this secondary heat exchanger unit or heat recovery unit, which contained tubes and a
convection chamber for further recovery of heat from the flue gases. The addition of this
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heat recovery unit considerably improved the thermal efficiency of the furnace and reduced
exhaust temperature. The emission of raw flue gases from the furnace into the atmosphere
is detrimental to environment. A wide variety of exhaust emission control devices such
as venturi wet scrubbers, packed tower wet scrubber, impingement wet scrubbers, and
catalytic converters are used in industrial applications to control environment pollutions,
but these devices are very costly and not affordable to the common farmer. To address
this problem, a simple and economical water scrubber smoke filter device was designed,
developed, and tested for the cleaning of flue gases emitting from the biomass furnace
developed in this study. This modification added 312.5 USD more in capital cost of the
furnace. It was provided on the top of the furnace from where flue gases pass through
before mixing into the environment. The water scrubber smoke filter controls air pollution
and removes particulate matter by dissolving it in liquid. The smoke filtering device is very
useful for reducing air pollution and is also used for the reduction of many exhaust gases,
which include CO, NO, NO2, H2S and SO2 [23,24]. To monitor the exhaust flue gases, the
US-EPA and PAK-EPA certified TESTO-350 flue gas analyzers were used. The modified
biomass furnace is shown in Figure 6.

Figure 6. Side view of the modified biomass furnace.

3.3. Testing of the Modified Biomass Furnace

The modified biomass furnace was shifted to the field and installed outside an existing
greenhouse/tunnel with the dimensions 30.48 m × 12.19 m × 4.26 m. The heating efficiency
of the biomass furnace was evaluated by varying three feeding rates of wood biomass,
e.g., 8, 10, and 12 kg/h. The efficiency and economics of the modified biomass furnace
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was also evaluated for common types of crop residue-based biomasses (cotton stalks, corn
cobs, and cow dung), as well as diesel, which is the standard fuel for greenhouse heating
in Pakistan. Data were collected on furnace parameters, such as ambient air temperature,
furnace inside temperature, heated air temperature, furnace exhaust temperature, tunnel
temperature, heat flow rate, and furnace efficiency. The furnace was operated continuously
for 10 h, while the air flow rate of the furnace was kept constant at 0.17 m3/s during the
entire testing period. The initial performance of the prototype biomass furnace was poor
due to considerable heat loss from the furnace walls and the vent. However, a considerable
reduction in heat energy dissipated from the exhaust vent and significant increases in the
furnace temperature, heated air temperature, output heat flow rate, and thermal efficiency
were observed after modification of the biomass furnace (Tables 3 and 4).

Table 4. Temperature, flow rate, and efficiency of wood at different feed rates after modification of the biomass furnace.

Biomass Type and
Feeding Rate

(kg/h)

Amb. Air
Temp. (◦C)

Furnace
Temp. (◦C)

Exhaust
Temp. (◦C)

Heated Air
Temp. (◦C)

Tunnel
Temp. (◦C)

Output Heat
Flow Rate

(kW)

Thermal
Efficiency
η (%)

Wood 8 6.0 371.4 149.0 122.0 15.0 17.33 51.98

Wood 10 5.8 394.5 158.3 153.0 15.9 22.20 53.28

Wood 12 7.1 404.8 174.4 183.7 16.4 27.09 54.18

Cotton Stalks 13.0 7.2 389.2 155.4 174.6 15.0 25.84 51.71

Corn Cobs 13.0 6.3 388.9 158.9 178.7 15.3 26.46 52.33

Cow Dung 23 5.4 364.2 161.3 169.8 14.1 25.21 50.42

Diesel fuel 4 L/h 7.1 477.4 107.5 129.4 27.5 36.09 72.19

4. Discussion
4.1. Efficiency of the Modified Biomass Furnace

Modification in the design and fabrication of the biomass furnace resulted in significant
improvements in its performance under different feed rates of firewood. On average, the
furnace temperature increased by 36.1%, heated air temperature by 23.4%, output heat flow
rate by 21.7%, and thermal efficiency by 21.7%, and exhaust temperature reduced by 23.8%
over the prototype biomass furnace (Figure 7). These improvements were achieved with a
nominal increase in the capital cost of the modified biomass furnace.

Figure 7. Improvements in various parameters after the modification of the biomass furnace.
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4.2. Efficiency of Different Biomasses Relative to Diesel

Diesel is the standard and most widely used fuel for greenhouse heating in Pakistan.
However, due to its increasing price, greenhouse growers are continuously searching for
viable alternatives for heating of their greenhouses. As such, the efficiency of different
biomass fuels used in this study was compared with respect to the heating value of the
diesel fuel. The average heating value of 4 L diesel fuel is about 45 MJ/kg. The feed rates of
the selected biomass fuels were adjusted to meet the reference heating value of diesel fuel.
During the tests, three feed rates of wood viz. 8.0, 10.0, and 12.0 kg/h were used, whereas
one feed rate for cotton stalks (13.0 kg/h), corn cobs (13.0 kg/h), and cow dung (22.5 kg/h)
was used for testing purpose. The biomass furnace was operated continuously for 10 h
under all diesel and biomass fuel tests. The idea behind this was to explore economic and
viable solutions for greenhouse heating so that the growers could use their crop residues
for this purpose.

Table 4 shows average efficiencies of the modified biomass furnace for different
biomasses and diesel fuel. Based on input and output powers, the efficiency of the diesel
fuel was 72.19%, which is higher than the efficiency of different biomasses. The reason is
that there were still many heat losses from the biomass furnace. In contrast, the diesel-fired
heater had minimal heat loss from the heating surface.

4.3. Economics of Biomass Furnace for Greenhouse Heating

The economic analysis of the biomass furnace for greenhouse heating is the most
important factor for farmers, as well as end users, in order to understand the cost of green-
house heating that they have to pay by adopting this innovative technology. Therefore, an
economic comparison of the biomass-based heating of greenhouse tunnel with a commer-
cially available diesel-fired heater was carried out. The following assumptions were made
in order to make an economic comparison of the two system:

1. It was assumed that both systems would be operated for 600 h per annum.
2. Labor cost as well as man-hours were assumed to be equal for both systems.
3. The life of the system was assumed to be equal for both systems.
4. The feeding rate of biomass (wood) for the furnace was fixed with the fuel consump-

tion of the diesel heater. For example, 4 L/h was the fuel consumption of diesel heater.
The calorific value of diesel was 45 MJ/Kg. This makes 12 kg/h of wood equal to the
heating value of diesel.

Following Kepner et al. [25], the cost analysis based on fixed and variable costs of the
biomass furnace for greenhouse heating is presented in Table 4. The purchase price (capital
cost) of the new biomass furnace for greenhouse heating was estimated as USD 1562.50,
whereas the market price of the diesel-fired heater was assumed to be USD 3125, and the
useful life of the both systems was taken as 15 years. The annual fixed cost and variable
cost of the biomass furnace for greenhouse heating was calculated to be USD 398.44 and
USD 828.11, respectively. This made the total cost (fixed + variable) equal USD 1226.55.
The cost of wood fuel consumption in an hour of furnace operation was USD 0.75, whereas
for diesel heater it was USD 2.78. The repair and maintenance costs were USD 0.13/h for
the biomass furnace and USD 0.42 for diesel heater. The electric load of the furnace was
calculated as 1000 watts per hour whereas that of the diesel heater was 420 watts.

Apart from the capital cost, the operating cost of the biomass furnace is the most
important economic consideration for the selection of greenhouse heating system. Table 5
shows the detail comparison of operational costs per day and per season of the biomass
furnace using different biomass sources. The economic cost analysis presented in Table 6
indicates that the adoption of the biomass furnace as a greenhouse heating system could
save about 1573.09 USD annually for each greenhouse grower. This means that the diesel
heater is 2–3 times more expensive than the biomass furnace. Thus, the biomass furnace is
economical and environmentally friendly as compared with the diesel-fired heater.
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Table 5. Comparison of operational cost of biomass furnace using different biomass fuels with the diesel heater.

Fuel Source Unit Calorific
Value MJ/kg

Estimated Unit
Cost (USD)

Biomass Feeding
Rates

Equivalent to 4 L
Diesel Heating

Operational
Cost (USD/h)

Operational
Cost

(USD/Season)

Net Seasonal
Saving over

Diesel
Heating (USD)

Diesel 45.00 0.63 4.0 lit 4.67 2799.64 NIL

Wood 15.00 0.06 12.0 kg 2.04 1226.55 1573.09

Cotton stalks 14.00 0.04 13.0 kg 2.04 1117.80 1681.84

Corn cobs 14.00 0.04 13.0 kg 1.78 1069.05 1730.59

Cow dung 8.00 0.03 22.5 kg 2.00 1198.43 1601.21

Rice husk 15.00 0.05 12.0 kg 1.89 1136.55 1663.09

Wood chips 18.00 0.05 10.0 kg 1.79 1076.55 1723.09

Operational cost is determined by following Kepner et al. [25].

Table 6. Cost analysis of a biomass furnace for greenhouse heating.

Item Diesel Heater Biomass Furnace

Basic information
Purchase price (USD) 3125 1562.5
Annual usage (hr) 600 600
Life (yrs) 15 15
Life (hrs) 9000 9000
Salvage value (USD) 312.5 165.25

Fixed cost
Depreciation (USD/hr) 0.31 0.16
Interest (USD/hr) 0.86 0.43
Insurance (USD/hr) 0.05 0.03
Tax (USD/hr) 0.05 0.03
Shelter (USD/hr) 0.05 0.03

Sub-total (USD/hr) 1.33 0.66

Variable cost
Electricity cost (USD/hr) 0.13 0.13
Cost of diesel/wood (USD/hr) 2.78 0.75
Labor cost (USD/hr) 0.38 0.38
Repair and maintenance (USD/hr) 0.42 0.13

Sub-total (USD/hr) 3.34 1.38

Total Cost (USD/hr) 4.67 2.04
Operating cost (USD/day) 46.66 20.44

Saving over diesel heater (USD/hr) 2.62
Saving over diesel heater (USD/day) 26.22
Saving over diesel heater (USD/Season) 1573.13

Conversion rate is based on 1 USD being equal to PKR 160.

4.4. Emissions of Flue Gases

One of the major drawbacks of the conventional greenhouse heating systems is the
emission of a higher concentration of greenhouse gases into the atmosphere. The emission
of four flue gases (carbon monoxide (CO), sulfur dioxide (SO2), nitrogen dioxide (NO2), and
carbon dioxide (CO2)) was monitored before and after the installation of the water scrubber
smoke filter over the top of the furnace. In case of no water scrubber, excessive (greater
than National Environmental Quality Standards-NEQS limits) carbon monoxide (CO) was
only detected for cotton stalks and cow dung. The concentrations of the remaining three
flue gases remained well below the NEQS limits, which are specified as 698, 649, and
638 ppm for CO, SO2, and NO2, respectively, whereas such a limit is not specified for
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CO2. Nevertheless, the provision of a water scrubber smoke filter significantly reduced the
concentrations of the emitting flue gases into the atmosphere (Figure 8).

Figure 8. Flue gas concentrations of different biomass fuels before and after the water scrubber. (a) Carbon monoxide (CO).
(b) Sulphur dioxide (SO2). (c) Nitrogen dioxide (NO2). (d) Carbon dioxide (CO2).

The provision of the water scrubber smoke filter reduced CO concentrations by 73.7%
from wood, 73.9% from cotton stalks, 62.2% from corn cobs, and 80.6% from cow dung,
while 99.4% of the SO2 was removed from wood. Sulfur dioxide was in considerable
concentration only in wood, whereas in cotton stalks, corn cobs, and cow dung, it could
not be detected. Similarly, the removal of NO2 concentration was about 71.0% for wood,
50.0% for cotton stalks, 68.1% for corn cobs, and 54.1% for cow dung. It is worth noting
that the addition of the water scrubber smoke filter did not reduce the emission of CO2;
rather its concentration was slightly increased due to the reaction of CO with water to form
CO2. The elevated levels of CO emissions from cotton stalks and cow dung were efficiently
lowered to meet the NEQS.

5. Conclusions

A biomass furnace was successfully designed and developed at the Faculty of Agri-
cultural Engineering and Technology, PMAS-AAUR, with the aim of utilizing biomass
(crop residues) in an efficient and economical way as an alternative energy source to fossil
fuels for greenhouse heating. Based on the experimental results, the following conclusions
were drawn:

i. A biomass furnace is an efficient and attractive heating system for greenhouse
heating and has great potential for similar uses like the heating of farmhouses,
poultry sheds, and water; and the drying of grains, fruits, and vegetables.

ii. The designed biomass furnace is lightweight and portable, which enhances its
practical utility.

iii. Modifications made to the biomass furnace, such as the insulation of the outer
walls of the furnace, the provision of turbulators in fire tubes, and the addition of
a secondary heat exchanger (heat recovery unit) in vent/chimney increased the
thermal efficiency of the biomass furnace by 21.7% (from 43.68% to 53.15%).

iv. The thermal efficiency of the biomass furnace can be increased considerably by
using fabrication materials with greater thermal conductivities (e.g., silver, copper,
brass, etc.) and by installing the furnace inside the tunnel.
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v. The thermal efficiencies of the biomass furnace with different biomasses were lower
than the diesel-fired heater and ranged from 50.42% to 54.18% against 71.9% by
diesel fuel. In terms of equal calorific value of 4 L diesel, the thermal efficiencies of
different biomasses vary slightly with the highest efficiency for wood followed by
corn cobs, cotton stalks, and cow dung.

vi. The designed biomass furnace is significantly more economical as compared to
a commonly used diesel heater. Its capital cost is only 50% and operational cost
is about 43.7% of the traditional diesel fuel heater. Hence, a seasonal saving of
1573 USD over the diesel heater can be achieved by using a biomass furnace.

vii. The seasonal operating cost of the biomass furnace is about 50% of the diesel heater
(1562.5 USD against 3125 USD).

viii. The produced smoke was tested as environmentally friendly under the prescribed
limits of the National Environmental Quality Standards (NEQS), which shows
potential for its large-scale adoption, and wider applications can be a source of safe
disposal of agricultural wastes.

Keeping in view the increasing rates of fossil fuels and easy availability of crop
residues at the farms, the designed biomass furnace displays a very high potential for its
large-scale adoption in the heating of various systems. However, the lack of policy frame-
work, adequate research and development, market development, commercial services,
farmer awareness, trainings, demonstration, and legal and regularity issues are the major
bottlenecks in the utilization of these biomass resources within the country.
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Abstract: Biochar produced from transforming bioresource waste can benefit sustainable agriculture
and support circular bioeconomy. The objective of this study was to evaluate the effect of the ap-
plication of biochar, produced from wheat straws, and a nitrification inhibitor, sourced from neem
(Azadirachta indica), in combinition with the recommended synthetic fertilizer on soil properties,
maize (Zea mays L.) plant growth characteristics, and maize grain yield and quality paramters. The ni-
trification inhibitor was used with the concentrations of 5 and 10 mL pot−1 (N1 and N2, respectively)
with four levels of biochar (B0 = 0 g, B1 = 35 g, B2 = 70 g, B3 = 105 g, B4 = 140 g pot−1), one rec-
ommended nitrogen, phosphorous, and potassium syntactic fertilizer (250, 125, and 100 kg ha−1,
respectively) treatment, and one control treatment. The results showed that the nitrification inhibitor
enhanced crop growth while the application of biochar significantly improved soil fertility. The ap-
plication of biochar significantly enhanced soil organic matter and soil nitrogen as compared with
nitrogen–phosphorus–potassium treatment. The highest root length (65.43 cm) and root weight
(50.25 g) were observed in the maize plants treated with B4 and N2 combinedly. The grain yield,
total biomass production, protein content from biochar’s B4, and nitrogen–phosphorus–potassium
treatments were not significantly different from each other. The application of 140 g biochar pot−1

(B4) with nitrification inhibitor (10 mL pot−1) resulted in higher crop yield and the highest protein
contents in maize grains as compared to the control treatments. Therefore, the potential of biochar
application in combination with nitrification inhibitor may be used as the best nutrient management
practice after verifying these findings at a large-scale field study. Based on the experimental findings,
the applied potential of the study treatments, and results of economic analysis, it can be said that
biochar has an important role to play in the circular bioeconomy.

Keywords: bioresources; circular bioeconomy; economic analysis; Nitrification inhibitor; smog;
wheat straw

1. Introduction

Developing countries in South Asia face serious environmental problems from poor
management of waste materials such as the burning of crop residues [1]. The antienvi-
ronmental burning of crop residues takes place to get ready for the next cropping cycle.
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Through such burning, although agricultural fields are cleared and get quickly ready for
next sowing yet the adverse impacts of the release of greenhouse gases [2] on public health
offsets the personal gains of individual farmers. Avoiding the burning of crop residues can
help reduce smog-based public issues originating from poor air quality (including diseases
and traffic accidents) that have been reported for more than 2 decades in India and Pakistan
particularly between October and November every year [3]. The circular bioeconomy finds
the best place to play its role in such conditions with options for transforming crop residues
through recycling this valuable bioresource to biochar for sustainable agriculture [4]. Cir-
cular bioeconomy benefits from the enhanced circularity of bioresources (wheat and/or
rice straws) as its agriculture-based waste feedstock [1].

Biochar application to agricultural soils has been identified as a low-cost approach with
an environmentally sound option in the wake of the global depletion of clean environment.
It has attracted attentiveness in recent years mainly due to importance of soil carbon
sequestration [4,5]. Biochar application is viable in enhancing crop growth [6–8] through
improving soil chemical and physical properties [9,10] such as its extremely porous interior
structure [11,12]. It acts as a soil conditioning mediator thereby improving soil water
holding capacity by altering the soil pore size distribution [13] thus preventing nutrient
loss from agricultural fields [14–16].

Feedstock for biochar ranges from a variety of raw materials including agricultural
waste. Figueredo et al. [17] reported that the raw material and the pyrolysis temperature
impact the nutrient concentration of biochar. They characterized and reported the release of
nutrients and contaminants from types of biochar made from sugarcane bagasse, eucalyptus
bark, and sewage sludge on 350–500 ◦C pyrolysis temperature. Biochar is an enriched
carbon-based material and is the product of biomass pyrolysis and has profound impacts
on improving soil carbon storage [18]. An important attribute of biochar is its cation
exchange capacity (CEC) due to its large surface area and porosity which impact the soil
biota and nutrient dynamics [6,19]. It enhances the soil nutrient availability to plants [20,21],
flourishes the soil microbial population [19,22,23], and reduces greenhouse gas emissions
through carbon sequestration [24]. Eventually, it increases the crop yield [25]. For example,
Peng et al. [26] stated that 1% application of biochar increased 64% total biomass (above and
below ground) of the maize in ultisol soils. Henceforth, it might play a positive role against
climate change [27–29]. By active carbon sequestration, biochar has the potential to gain
carbon credits [4]. The positive response of crop productivity against biochar application is
attributed to its nutrients such as Ca, mg, K, and unintended fertility. These indirect and
direct fertility aspects of biochar are categorized as a soil conditioner and soil fertilizer,
respectively [6,26,30] that improve soil fertility [31]. The soil pH is also improved by the
alkalinity of biochar [12] and it also facilitates the availability of phosphorous [32].

Biochar had a major and significant effect on different characters like a seedling,
stem girth, number of roots, length of roots, and percentage germination [33]. Among the
positive effects of biochar on plant development, the nitrogen use efficiency (NUE) has also
been moderately recognized [10,34]. Laird et al. [35] found better N retention in soil hence,
preventing approximately 11% N loss following 2% biochar application. Similarly, Clough
et al. [36] reported that the biochar amendment had great agronomic advantages including
changes soil nitrogen dynamics.

Nitrogen losses, precisely in agricultural soils are a widespread problem and are
categorized into denitrification, leaching down with water as well as transformations into
gaseous components [37]. In the case of anthropogenic N supplementation to agricultural
soils, Zhang et al. [38] and others [39] found that about 30–80% of this N is taken up and
incorporated by crops with loss of the remaining N proportion. Reactive N is effectively
conserved through intrinsic soil N dynamics within natural environments [40–42]. Nitrate
(NO3

−) losses in soils of subtropical regions are more characterized by the leaching
or runoff due to high rainfall patterns [40]. Nitrogen losses through nitrification are
common in unsaturated N soils particularly upon the application of ammonium sulfate;
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nonetheless, in saturated agricultural soils, N immobilization and mineralization into NH4
are more frequent [43].

Nitrification inhibitors (NIs) are commonly employed in agricultural soils for enhanc-
ing the N retention by preventing its loss in the N2O form and reducing the leaching of
N [44–46]. Hence, to overcome N losses, NIs are distinguished in cropping systems [45,47]
for enhancing crop production and decreasing the N2O emission [46] hence improving
the NUE in agricultural soils [48,49]. The NIs have shown a reduction in leaching of
ammonium and urea-based fertilizers [50]. These inhibitors encourage the N retention in
the soil in NH4 by inhibiting the activity of ammonium monooxygenase (AMO). This AMO
is recognized as a broad-spectrum efficiency for substrates [51]. The NIs compete with
the active sites of this enzyme and aids in preventing the NH4-enzyme complex and in
this way, delay the rate-limiting step of nitrification [52]. A variety of NIs are used in
agricultural biochar-amended soils. For example, 3,4-dimethyl pyrazole phosphate is
viable for reducing N losses even at low application rates [53] with little adverse effects
on soil ecology [48]. Another important NI is the dicyandiamide that is useful in reducing
soil N losses [54]. These NIs have profoundly reduced N losses for example potassium
thiosulfate is also characterized as a good NI [55]. Moreover, Cai et al. [56] in a laboratory
experiment, found that dicyandiamide can reduce N2O emissions up to 70% and predicted
that these substances might be performed excellently at field scale as well [57,58].

Besides, recent studies have suggested that NIs correlate with biochar, explaining
that the sorption of NIs is influenced by applied biochar [36,59–63]. The soil amendment
of biochar, regardless of its feedstock, adds up new binding sites, thereby altering soil
attributes such as pH and hydrophobicity and ultimately affecting the sorption of applied
NIs resulting in the high productivity of cropping systems [64–66].

We hypothesized that the wheat crop residues would make nutrient-rich biochar and
that such a soil amendment (biochar mixed with NI and NPK) will benefit soil health,
plant growth, and crop yield and quality leading a way to circular bioeconomy. The hypoth-
esis was tested by evaluating the effect of the application of biochar, produced from wheat
straws, and NI, sourced from neem (Azadirachta indica), in combinition with recommended
doeses of NPK on soil properties, maize (Zea mays L.) plant growth characteristics and
maize grain yield and quality paramters. The use of neem as a NI in combination with
NPK and biochar produced from wheat crop residues accounts for novelty of this work.
Another novelty component of this work is the economic analysis that could not be found
in biochar mixed with other fertilizers literature.

2. Materials and Methods

This experimental study was carried out at COMSATS University Islamabad, Vehari
Campus Pakistan located at latitude 32◦03′ N longitude 72◦31’ E and with an altitude of 184
m. Long-term mean annual rainfall and reference evapotranspiration were approximately
231 mm and 1790 mm, respectively, while the annual mean daily maximum and minimum
temperature were 28.0 ◦C and 13.7 ◦C, respectively as the experiment (Figure 1).

2.1. Preparation of Biochar, Neem Extract, and Experimental Pots

Biochar for this study was prepared with wheat straw via the pyrolysis method,
which is also known as the thermal decomposition under oxygen-free conditions. The feed-
stock (wheat straw) of biochar were first heated at 105 ◦C for 30 min to remove the moisture
from the raw materials. During the processing of biochar production, the temperature
of the biochar pyrolysis apparatus was between 450 and 550 ◦C in a perpendicular oven.
The gas produced from biochar preparation was condensed in the plant and collected as
a liquid bio-oil for the safety of environmental pollution. The final biochar product was
milled to pass through a 1 mm filter before its use. Selective properties of the produced
biochar are given in Table 1.
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Table 1. Physio-chemical characteristics of biochar and soil used in the experiment.

Characteristics Biochar Soil

Organic matter (%) 45.5 0.74
Total nitrogen (g kg−1) 0.35 0.04

Total phosphorous (g kg−1) 1.34 6.5
Total potassium (g kg−1) 9.40 14.0

Electrical conductivity (dSm−1) — 1.41
pH 8.8 7.5

Ash content (g kg−1) 120 —
Moisture (%) 31 —

Cation exchange capacity (cmolc kg−1) 93 6.5

As per local practice of preparing neem extract for kitchen/backyard gardening,
the neem leaves plus seeds were soaked in water overnight with 1:2 neem to water ratio
(5 kg of neem leaves/seeds in 10 L of water). The same material was then boiled on the
next day to the point when approximately 50% of the water was evaporated and/or left in
the boiling pan. The boiled solution was then sieved to collect neem extract to be used as
NI in this experiment.

The soil made pots (30-cm height, 15-cm radius from the bottom, and 20-cm radius
from the neck) were used during this experiment to grow maize under the experimental
treatments. Each pot had a filling capacity of 15 kg of soil. All the pots were filled with 5 kg
of non-sterilized soil collected from a nearby agricultural field that was sieved by using a
4.5-mm sieve to remove plant roots and other debris. A small hole was permitted at the
bottom of each pot to let the excess water drain out in case of excessive rain. The properties
of experimental soil are given in Table 1.

2.2. Experimental Design and Treatments

The experimental design for this was a factorial split-plot design with three replica-
tions. Four levels of biochar (B0 = 0 g, B1 = 35 g, B2 = 70 g, B3 = 105 g, B4 = 140 g per pot),
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one treatment of recommended the N, P, and K (250, 125 and 100 kg ha−1, respectively)
and one control treatment were used to make the experimental treatments. A treatment
of one selected NI (neem extract solution; N1 = 5 mL, N2 = 10 mL pot−1) was applied to
each of the four biochar levels, one NPK level, and one control. Resultantly, the set of four
biochar treatments separately existed with 5 mL NI and with 10 mL NI. Therefore, the total
experimental units were twelve as given below.

• T1 = N1B0 (control): 5 mL neam + 0 g biochar
• T2 = N1NPK: 5 mL neam + N, P, and K added @ 250, 125 and 100 kg ha−1, respectively
• T3 = N1B1: 5 mL neam + 35 g biochar
• T4 = N1B2: 5 mL neam + 70 g biochar
• T5 = N1B3: 5 mL neam + 105 g biochar
• T6 = N1 B4: 5 mL neam + 140 g biochar
• T7 = N2B0 (control): 10 mL neam + 0 g biochar
• T8 = N2NPK: 5 mL neam + N, P, and K added @ 250, 125 and 100 kg ha−1, respectively
• T9 = N2 B1: 10 mL neam + 35 g biochar
• T10 = N2 B2: 10 mL neam + 70 g biochar
• T11 = N2 B3: 10 mL neam + 105 g biochar
• T12 = N2 B4: 10 mL neam + 140 g biochar

2.3. Sample Analysis

The experimental soil (collected from the field) and soils from each experimental
pot were analyzed for various soil properties. Soil organic matter was determined by
the dichromate oxidation method [67]. Soil electrical conductivity (EC) and pH were
determined in a 1:5 soil/water extract. Plant available-N in the soil was determined by
the methods defined by Hesse [68] and available-P was determined by using the method
as described by Olsen [69]. Available soil potassium (K) was determined by the method
described by Junsomboon and Jakmunee [70].

The experiment started on February 12, 2018 and the maize variety Pioneer 31R88
was sown in experimental pots on the same day right after fertilization and crop sowing.
At maturity, one plant was randomly extracted from each replication and washed with
water. Root length was measured from plant base to root tip with the help of scale. The plant
roots were oven-dried separately at 70 ◦C till constant weight and their dry weight was
recorded. The number of days to tasseling, silking, and maturity were noted in each plant
and the mean number of days taken to tasseling, silking, and crop maturity was calculated
from the sowing date. A sample for thousand grains was taken from each pot and sun-
dried up to standard moisture content in the grains and weighed by an electrical balance.
At maturity, grain yield was calculated. The harvested plants were threshed manually,
and grain yield was recorded on a g plant−1 basis. For biological yield whole plant was
harvested and weighed. At harvest, the grains were taken from each plant and nitrogen
contents of the seeds were calculated by using the micro-Kjeldahl method [71], and then
crude protein contents were calculated by using the following formula.

Crude protein = Nitrogen × 6.25

2.4. Statistical and Economic Analysis

The treatment effects on the studied variables were analyzed by constructing an
analysis of variance (ANOVA) using SAS [72]. When F-values were significant, the least
significant difference test was used for comparing means of treatments. The difference in
treatment means was considered significant at p < 0.05. An economic analysis of the crop
inputs (expenses) and output was performed on the basis of costs that varied in different
treatments and by adding fixed cost following the procedure devised by Byerlee [73].
For economic analysis, the yeild was converted from plant pot−1 to Ton ha−1 by considering
666,666 plants per ha as reported by Hammad et al. [74]. All the input and output prices
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were made based on numbers obtained from consulting growers and the 2018 Economic
Survey of Pakistan.

3. Results

Basis for presenting the study findings were made from the ANOVA results for the
study variables. Sample ANOVA results for selective variables (root length, grain yield,
total biomass, and protein content) are presented in Table 2. If the interaction of NIs
and biochar levels were non-significant, the results were presented individually for each
treatment. For example, the interaction of NIs and biochar levels were non-significant
for root length (p = 0.9343). Therefore, results of such variables are discussed separately
(see Tables 3 and 4). However, if interactions of the NIs and biochar levels were signif-
icant; for example, for grain yield (p = 0.0029), total biomass (p = 0.0031), and protein
contents (p = 0.0030), the results of these variables are discussed for the combined effects of
experimental treatments (see Table 5).

Table 2. Sample analysis of variance (ANOVA) values for selective variables (root length, grain yield, total biomass,
and protein content) to base method for presenting study results.

Source of Variation DF SS MS F p

Root Length
Replication 2 12.77 6.384

NI 1 81.60 81.601 42.2 0.0229
Error Replication×NI 2 3.87 1.934

Biochar 5 2547.1 509.420 61.39 0.0000
NI×Biochar 5 10.42 2.084 0.25 0.9343

Error Replication×NI×Biochar 20 165.97 8.299
Total 35 2821.73

Grain Yield
Replication 2 4.39 2.19

NI 1 348.44 348.44 33.1 0.0289
Error Replication×NI 2 21.06 10.53

Biochar 5 6050.56 1210.11 89.45 0.0000
NI× Biochar 5 358.22 71.64 5.3 0.0029

Error Replication×NI×Biochar 20 270.56 13.53
Total 35 7053.22

Total Biomass
Replication 2 30.2 15.08

NI 1 584 584.03 1617.31 0.0006
Error Replication×NI 2 0.7 0.36

Biochar 5 34,868.3 6973.65 124.04 0.0000
NI×Biochar 5 1477.1 295.43 5.25 0.0031

Error Replication×NI×Biochar 20 1124.4 56.22
Total 35 38,084.8

Protein Content
Replication 2 0.574 0.2869

NI 1 6.588 6.5878 765.03 0.0013
Error Replication×NI 2 0.017 0.0086

Biochar 5 280.939 56.1878 213.55 0.0000
NI×Biochar 5 6.922 1.3844 5.26 0.0030

Error Replication×NI×Biochar 20 5.262 0.2631
Total 35 300.302

DF: Degree of freedom, SS: Some of squares, MS: Mean squares, NI: Nitrification inhibitor.

3.1. Soil Properties

Soil organic matter is an important characteristic that plays a key role in maize grain
yield. The result showed that the maximum soil organic matter (1.03%) was observed in
the N2 treatment of NI (Table 3). The soil organic matter increased with increase of biochar
application levels. The application of biochar level B4 (140 g pot−1) resulted in soil organic

166



Sustainability 2021, 13, 2599

matter of 1.30% for this treatment, which was 65% (0.84 vs. 1.30) greater from the soil
organic matter content of control treatment.

Table 3. Effect of biochar and nitrogen inhibitor application on soil physic-chemical properties.

Treatments Soil Organic
Matter (%) Soil pH Soil EC

(dSm−1)
N in the Soil

(mg g−1)
P in the Soil
(mg kg−1)

K in the Soil
(mg kg−1)

N1 1.02 a 7.61 a 1.58 a 0.046 b 6.96 a 15.60 b
N2 1.03 a 7.59 a 1.56 a 0.049 a 6.97 a 15.83 a

Significance <0.07 <0.03 <0.08 <0.001 <0.01 <0.01
LSD 5% 0.05 0.15 0.053 0.0011 0.56 0.15

Control 0.74 c 7.51 a 1.41 b 0.045 b 6.48 c 13.97 b
NPK

(Recommended) 0.83 c 7.65 a 1.54 ab 0.045 b 4.46 a 16.73 a

B1 0.92 bc 7.51 a 1.50 ab 0.046 ab 6.68 bc 14.96 ab
B2 0.98 b 7.61 a 1.59 ab 0.046 ab 6.82 abc 15.18 ab
B3 1.26 a 7.63 a 1.66 a 0.047 ab 7.05 abc 16.27 a
B4 1.30 a 7.69 a 1.69 a 0.049 a 7.26 ab 16.88 a

Mean 1.02 7.60 1.57 0.046 6.96 15.67
Significance <0.02 <0.3 <0.03 <0.021 <0.03 <0.01

LSD 5% 0.13 0.64 0.20 0.003 0.67 1.97
CV 7.45 4.65 7.02 3.57 5.28 6.96

EC: Electrical conductivity, N: Nitrogen, P: Phosphorous, K: Potassium, NPK: Nitrogen–phosphorus–potassium treatment. Means values
that share different homogeneous group letters (a, b, or c) in a column vary significantly at p ≤ 0.05, CV: coefficient of variance, LSD:
Least significance difference, N1 and N2 are neem extract solutions (5 mL, 10 mL pot−1, respectively) B1 = 35, B2 = 70, B3 = 105, B4 = 140 g
biochar pot−1.

The maximum soil pH (7.59) was observed in the N2 of NI treatment, which was was
improved with biochar applications; however, the effect biochar levels on soil pH was
non-significance. The application of biochar level B4 at the rate of 140 g pot−1 resulted in
the highest soil pH 7.69. The lowest soil pH (7.51) was observed in unfertilized treatment;
i.e., control treatment. Soil electrical conductivity (EC) is another important characteristic
that plays a key role in plant growth. The result showed that the maximum soil EC was
attained at the N1 of NI which was 1.58 dSm−1. The results showed that soil EC was
improved with increasing of the biochar application rate. The application of biochar level
B4 resulted in the highest soil EC (1.69 dSm−1). The lowest soil EC (1.41 dSm−1) was
observed in control treatment.

The result showed that the maximum N in the soil was observed at the N2 level of NI
which was 0.049 mg N g−1 (Table 3) and it increased with increase in biochar application
reaching to its higest value of 0.049 mg g−1 in B4 treatment and the lowest value (i.e.,
0.045 mg N g−1) in the soil of control treatment. Similarly, the highest P concentration
(6.97 mg kg−1) was deternined in the soil of N2 application (Table 3). Like N, the con-
centraiton of P also increased with increasing biochar application rate. The application
of biochar at the rate of 140 g pot−1 (level B4) resulted in the highest P (7.26 mg kg−1)
concentration in the soil of B4 treatment and the lowest concentration of P (6.48 mg kg−1)
was observed in the soil of control treatment. In addition to N and P, the K in the soil is
also an important characteristic that plays a key role in growth and yield quality. The con-
centration of K was the highest in soil of the N2 level of NI (15.83 mg kg−1). Its concen-
tration was significantly affected by levels of biochar application (Table 3). The K had
the increasing trends with increasing the biochar application rate also as its highest value
(16.88 mg kg−1) was from the biochar application at the 140 g pot−1 (B4) and the lowest
value was (13.97 mg kg−1) in the soil of control treatment.

3.2. Plant Growth Characteristics

The results showed that the maximum root length (55.35 cm) was observed at N2 level
(Table 4). Besides, root length was significantly also affected by levels of biochar application
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(p < 0.0001). Among the biochar treatment levels, maximum root length (65.43 cm) was
noted at B4 treatment (140 g biochar pot−1) followed by NPK treatment which had the
root length equavalent to 61.36 cm that was 38% greater (40.7 vs. 65.4) than the root length
of plants of control treatment. The lowest root length (40.70 cm) was observed in the
control treatment. Like root length, there was also a substantial difference between the root
weight of maize treated with two different treatment levels of NIs. The maximum root
weight (42.13 g plant−1) was observed for N2 level that was significantly different from N1
treatment (p < 0.01).

Table 4. Effect of biochar and nitrogen inhibitor applications on maize growth parameters.

Treatments Root Length
(cm)

Root Weight
(g) Days to Tasseling (Day) Days to Silking (Day)

N1 52.34 b 38.51 b 45 a 51 a
N2 55.35 a 42.13 a 47 a 52 a

Significance (P) <0.022 <0.02 <0.10 <0.09
LSD 5% 1.99 3.58 2.53 1.95

Control 40.70 d 30.60 d 42 c 47 c
NPK (Recommended) 61.36 ab 41.83 b 47 ab 53 ab

B1 47.15 c 35.25 cd 44 bc 49 bc
B2 51.40 c 39.90 bc 46 ab 52 abc
B3 57.01 b 44.13 b 48 a 54 a
B4 65.43 a 50.25 a 50 a 56 a

Mean 53.84 40.33 46 52
Significance (P) <0.01 <0.01 <0.01 <0.02

LSD 5% 5.22 5.57 3.99 4.88
CV 5.35 7.62 4.78 5.23

Means values that share different homogeneous group letters (a, b, c, or d) in a column vary significantly at p ≤ 0.05, CV: coefficient
of variance, LSD: Least significance difference, Control: A treatment without fertilizer, N1 and N2 are Neem extract solutions (5 mL,
10 mL pot−1, respectively) and B1: 35, B2: 70, B3: 105, and B4: 140 g biochar pot−1.

Similarly, maize treated with N2 took non-significantly lesser days (47 days) for
tasselling and silking (52 days) as compared to N1 treatment in which the tasselling
and silking took place after 45 and 51 days, respectively (Table 4). However, there was
significant differences in the tasselling and silking days of maize treated with different
biochar levels (p < 0.05). Maximum days to tasselling (50 days) and silking (56 days) were
reported at biochar level B4 while tasselling occurred after 42 days and silking after 47 days
in the control treatment. The onset of tasselling (47 days) and silking (53 days) was also a
bit earlier in maize treated with NPK. Furthermore, the results from B4 were statistically
similar to the NPK treatment level while silking in B4 treatment was statistically at par
with NPK application treatment. In both NI treatment levels; i.e., N1 and N2, crop maturity
occured after 102 days and maturity during N1 and N2 was statistically similar. However,
maturity was significantly affected by different levels of biochar application; i.e., maturity
was delayed with increasing level of biochar application. Maize treated with B4 reached
maturity after 108 days which was 11 days later than that in B1 (97 days). Maturity in B4
was statistically at par with NPK application treatment and the mean number of days to
maturity was 102 days.

3.3. Yield and Quality Parameters

Grain yield and total biomass were also significantly affected by levels of biochar and
NPK applications and significantly (p < 0.01) increased with an increasing level of biochar
application (Table 5). The maximum grain yield (84.00 g plant−1) and biomass (266.67 g
plant−1) were resulted from the application of recommended NPK with the combination of
N2. However, the application of biochar level B4 with N1 resulted in grain yield of 76.67 g
plant−1 and total biomass of 256 g plant−1. The highest grain yield (43.00 g plant−1) and
the lowest total biomass (172. 33 g plant−1) were observed in N2B0. In the case of total
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biomass, N1B4 and N2B4 were statistically similar to NPK treatment as represented by
similar LSD letters. In the case of protein content, the highest protein content (14.3%) in
maize grain was observed in the grains of NPK treatment in combination with N2. Besides,
significantly increasing protein content percentage with increasing biochar applications
was also observed. At the largest biochar application level, the protein content was 12.37%,
which was slightly lower than that of N1NPK treatment (12.97%). The lowest protein
content was observed in the N2B1 treatment (4.90%).

Table 5. Effect of biochar and nitrogen inhibitor application on maize yields and quality.

Treatments Grain Yield
(g Plant−1)

Total Biomass
(g Plant−1)

Protein Content
(%)

N1B0 (control) 43.33 f 183.33 de 5.67 g
N1NPK 73.33 b 252.67 a 12.97 ab

N1B1 44.67 f 181.00 de 6.27 fg
N1B2 51.33 e 198.00 cd 7.77 ef
N1B3 59.67 cd 221.33 b 9.80 cd
N1 B4 76.67 b 256.00 a 10.30 c

N2B0 (control) 43.00 f 172.33 e 4.90 g
N2NPK 84.00 a 266.67 a 14.30 a

N2B1 53.00 de 193.67 cde 7.53 ef
N2B2 61.33 c 214.67 bc 8.43 de
N2B3 72.67 b 245.00 a 10.37 c
N2 B4 72.33 b 248.33 a 12.37 b

Mean 61.27 219.42 9.22
Significance (P) <0.003 <0.003 <0.003

LSD 5% 6.26 22.45 1.54
CV 6.00 3.42 5.56

Means values that share different homogeneous group letters (a–g) in a column vary significantly at p ≤ 0.05, CV:
Coefficient of variance, LSD: Least significance difference, Control: A treatment without fertilizer, N1 and N2 are
Neem extract solutions (5 mL, 10 mL pot−1, respectively) and B1: 35, B2: 70, B3: 105, and B4: 140 g biochar pot−1.

3.4. Economic Analysis Results

The highest net returns were calculated for N2NPK treatment ($759.4 ha−1) followed
by N2B3 ($664.7 ha−1) and N1B4 ($587.7 ha−1) treatments (Table 6). Although the NPK
treatment had the highest returns but it is argued that the difference between its and
biochars treatments’ profit may be traded of with the long-term treasure of soil health
with a wealth of sequestered soil organic carbon and the bioremediation role of biochar
for soil health [4]. With improvements in biochar production technologies, inclusion of
biochar in the best nutrient management pracitces, and reduction of its cost due to higher
commercial production, circulation, and demand, its market price is anticipated to drop
down. Hence, the economical availability of biochar will reduce the costs of crop inputs
and will increase the farm profitability. The mixed use of biochar with compost or with
synthetic fertilizers can also be argued for its importance in farmer’s income. Numerous
studies have highlighted [75,76] that the crop growth is affected precisely due to biochar
made changes in soil nutrient cycles, specifically the cycling of P and K.
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Table 6. Economic analysis of input and output costs on maize cultivated with the experimental treatments.

Treatment Total Yield,
Ton ha−1

Adjusted
Yield after

Considering
10% Yield Lost

during Field
Harvest,

Ton ha−1

Gross
Income

Based on
Maize Grain

Price in
Pakistan

($360 ton−1)

Biochar Cost
Based on
Biochar

Price
($140 ton−1)

Fertilizer
per Hectare

Cost, $
ton−1

Variable
Cost, $ ha−1

Fixed
Cost,

$ ha−1

Net Benefit,
$ ha−1

N0B0 2.389 2.15 773.9 — — 0 415 358.9
N1NPK 4.889 4.4 1583.9 — 694.0 640.0 415 528.9

N1B1 2.978 2.68 964.9 163.3 — 163.33 415 386.5
N1B2 3.422 3.08 1108.7 326.7 — 326.66 415 367.1
N1B3 3.978 3.58 1288.9 490.0 — 490.0 415 383.7
N1B4 5.111 4.60 1656.1 653.3 — 653.33 415 587.7
N0B0 2.367 2.13 766.8 — — 0 415 351.8

N2NPK 5.600 5.04 1814.4 — 694.0 640.0 415 759.4
N2B1 3.533 3.18 1144.8 163.3 — 163.33 415 566.5
N2B2 4.089 3.68 1324.7 326.7 — 326.66 415 583.1
N2B3 4.845 4.36 1569.7 490.0 — 490 415 664.7
N2 B4 4.822 4.34 1562.3 653.3 — 653.33 415 494.0

All calculations are based on numbers obtained from consulting growers and the 2018 Economic Survey of Pakistan.

4. Discussion

The role of biochar and NIs on growth and yield of maize has been reported in
literature [7,26]. Among the direct and indirect effects of biochar, the latter are more
distinguished as reported by Glaser et al. [6]. According to Genesio et al. [77] the biochar
application to the soils changes the natural state and thermal dynamics of the soil thereby
promoting crop growth. They further reported that biochar supplementation with the NI
had a promising role in the germination and phenology of plants.

Slow-release of N from synthetic fertilizers is achieved by coating the fertilizer grains
with hydrophobic chemicals to provide a physical barrier against water for minimizing N
losses and improving N uptake by crops; however, such alternatives may harm the soil
health and crop growth [78]. In contrast, the natural NIs are soil environment friendly and
plant growth stimulators. The nature-based inhibitors have been exhaustively investigated
as alternatives [79]; these include powder of Azadirachta indica seed [62] and bark of
Acacia caven [63]. Such alternatives promote the slow release of N to soil solution [80].
In our experimentl treatments involving higher concentration of NI sourced from naturally
occurig neem significantly reduced N loss from soil. These reults are in agreement with the
finding of Mohanty et al. [62] who used neem seed powder, and found that the difference
in urea content of treated and untreated samples was less significant at the start but became
more profound with time, pointing to an inhibitory mechanism of neem whereby it takes
some time for the bio inhibitor to be activated [78].

In our study, better root length and root weight were reported for the application of
140 g biochar pot−1 that is linked with better nutrient accessibility to roots after the biochar
application to soils [26,32]. Besides, maize root growth was increased with increasing
biochar application because the biochar hold a slight ratio of labile carbon [5], which either
improves root growth or facilitates the root contact to available P [81,82].

In the case of N, biochar application increased the quantity of N reserved in the
soils that is not according to the earlier conclusions that biochar expands the absorption
capacity of the soil but decreases leakage of nitrate and ammonium because of its great
surface area and absorbent structure [35,83] as found in the soils tested by Zhang et al. [38]
with biochar adjustment. The results of the current study showed K availability was also
increased through the biochar amendment resulting in enhanced K content in the soil.
This K content then increased the maize total biomass and grain yield in treatments that
received greater biochar application. However, at this point, the fertilizing effect of biochar
is more characterized because K availability to maize was increased due to the high content
of K in biochar along with its reduced leaching [35,84]. Martinsen et al. [84] argued that K
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is the major nutrient supplied by biochar which helps in delaying the tasseling and silking
days and also helps in alleviating the nutrient stress conditions.

The treatments with increasing level of biochar application also enhanced the P
availability to maize, which also improved maize grain yield, total biomass, and protein
content For example, the B4 treatment relative to other treatments, made P available for
plants by increasing the soil pH [13,85] that helps in reducing P sorption [86,87]. DeLuca
et al. [88] further elucidated that the biochar amendment ensures better P availability to
crops, with the ability of biochar to retain exchangeable P ions due to its positively charged
sites. The increase in maize total biomass and grain yield in B4 treatment is also attributed
to biochar’s role in increasing the total soil organic carbon as reported by Trupiano et al. [89].
Likewise, Pandit et al. [30] mentioned increased maize biomass production with increasing
biochar supplementation.

Better soil water retention is governed by biochar amendments as found by Hagemann
et al. [90] suggesting that biochar influences in forming organic coatings of soils by reducing
pore spaces (resulting in increased capillary rise) and enhanced hydrophilicity. This leads
to better soil health and enhanced crop yield [7,74,91]. From our study results, it can
be assumed that the application of biochar to agricultural soils is thoughtful and can be
used as an alternative option to lime materials in raising the pH, especially in acidic soils
because it is noted that approximately 30% world’s soils are acidic and 50% of them have
the arable potential [92].

The impact of applying biochar as a soil amendment is for approximately 30% world’s
soils that are acidic and 50% of which have arable potential. The application of biochar
to agricultural soils can alternate soil liming, which is used to raising the pH of acidic
soils [93]. This leads to the potential of improving acidic soils of Atlantic Canada, to make
them suitable for potato cultivation. Soil liming is a common practice in potato fields
where the pH is either too acidic or too alkaline. The lime application in Canadian soils
varies from province to province; as 11.3 and 20.2% of the croplands of New Brunswick
and Prince Edward Island were treated with lime for making them suitable for potato
cultivation [94]. Overall, the use of biochar improves soil health especially in poor soils of
arid and semiarid regions [95]. Based on the experimental findings, the applied potential
of the study treatments, and results of economic analysis, it can be said that biochar has an
important role to play in the circular bioeconomy in future.

5. Conclusions

Biochar amendment to agricultural soils is environmentally safe and a sustainable
approach relative to synthetic fertilization. Besides, it is also helpful in increasing the
fertilizer use efficiency as well as reducing soil pollution. Like biochar supplementation,
applying the nitrification inhibitor (neem extract) revealed better maize growth and yield.
The maize had the best growth parameters namely the maximum root length, root weight,
tasseling, silking, and crop maturity under the treatment of 140 g of biochar applied
per pot/plant and 10 mL pot−1 application of neem extract. Therefore, the potential of
biochar application in combination with nitrification inhibitors should be further exploited
for sustainable crop production. It is therefore concluded that the circular bioeconomy
seems one of the solutions to transform wheat straw biowastes into a useful bioproduct
(biochar) that can ensure agricultural sustainability in terms of a closed-loop sustainability
framework involving biomass. With attributes of success of circular bioeconomy at small
as well as at large scales, farmers can recycle their crop residues and benefit from a circular
resource economy. Biochar can be synthesized by farmers themselves at a low cost instead
of spending on the purchase of commercially produced biochar that has the same fertility
components. Waste to biochar is a sustainable partway to the circular bioeconomy.
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Abstract: In view of the low seeding efficiency and precision of seeders used for Brassica chinensis in
China, a new double-row pneumatic precision metering device for Brassica chinensis was designed,
fabricated, and evaluated. With the characteristics of small size and high sphericity of Brassica
chinensis seeds in mind, the structure and key dimensions of the metering plate were determined,
and a force analysis of the seed-filling process was carried out. The negative pressure (NP), angular
velocity (AV) of the metering plate, and cone angle (CA) of the suction hole were selected as the
main influencing factors of the experiment. In order to explore the influence of each single factor
and the interaction between factors on the seeding performance, a single factor experiment and a
central composite design (CCD) experiment were designed, respectively, and the experimental results
were analyzed by analysis of variance (ANOVA). After optimizing the main influencing factors such
that the target of the qualified index (QI) was greater than 94% and the miss index (MI) was less
than 2.5%, it was found that when CA was 60◦, NP was 1.55–1.72 kPa, and AV was 1.1–1.9 rad/s,
the seeding performance was excellent. The bench verification results of seeding performance
(94% ≤ Q ≤ 100%, 0 ≤ M ≤ 2.5%) and the coefficient of variation (CV) of seed mass (CV of seed
mass in outer and inner circle: 5.15%; CV of total seed mass: 8.60%) under the condition of parameter
optimization were analyzed; as a result, the accuracy of the parameter optimization was confirmed.

Keywords: ANOVA; Brassica chinensis; coefficient of variation; double-row; metering device; pneumatic

1. Introduction

Brassica chinensis (BC) is rich in vitamins and minerals, with a high plant cellulose
content. It is widely cultivated in China because its vegetable is favored by people in the
North and South [1]. The planting mode of BC is mainly individual planting in China,
and artificial seeding is also the main method for the plantation process. Because this kind
of seeding method is relatively inefficient, the implementation of mechanized precision
seeding technology is a primary requirement for BC cultivation.

The term “small seeds” usually refer to seeds with an average diameter of less than
3 mm, and includes most of the seeds of vegetables and flowers [2]. BC seeds are small
in size, but their regular shape and high average sphericity index are suitable for high-
speed precision seeding. Precision seeding is defined as the process of using a precision
seeder to make a single seed fall accurately into a reserved position in the soil according
to certain agronomic requirements [3]. The seed metering device is a core component for
the realization of high-speed precision seeding, and its performance is one of the most
important factors that affect the quality of the seeding [4]. A pneumatic metering device
has the advantages of having a low seed size requirement, does not damage the seed, is
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suitable for single-grain precision seeding, and is suitable for high-speed seeding [5]. In
order to meet the agronomic requirements of narrow-row dense planting of small sized
seeds, and to achieve the goal of high-speed precision seeding, it is necessary to design
a double-row precision metering device with a simple structure, strong adaptability, and
good seeding performance [6].

At present, many experts and scholars have carried out research on pneumatic seed
metering devices, but research on multi-row precision metering devices is not extensive.
Research carried out has included an air-suction potato seed metering device that improved
the seeding performance of large-size seed crops [7]. After theoretical analysis, the main
structure and operating parameters of the device were determined. Two orthogonal tests
(conventional tuber test and mini-tuber test) were then carried out to analyze the influence
of the operating parameters on the seeding quality, which were then evaluated with
corresponding indicators (multiple-seeding index (MTI), missing-seeding index (MI), and
qualified index (QI)). The results of the conventional tuber test (mini-tuber test) indicated
that the MTI was 1.1% (0.5%), MI was 0.8% (0.6%), and QI was 98.1% (98.9%) under the
conditions of a 30 (35) r/min rotating speed, 25 (17) cm seed height, and 10 (3.5) kPa
pickup vacuum pressure. A novel combination vacuum and spoon belt metering device to
improve the efficiency and precise seeding of potatoes was designed by [8]. The structure
and dimensions of the seed metering device are key components that have to be included
in the experimental design to verify the seeding performance of the seed metering device.
The experiment results found that, when the seeding belt speed was 0.43 m·s−1, the
spoon aperture was 15.72 mm, and the cleaning air pressure was 2.94 kPa, the seeding
effect of the metering device was high (the missing seed index was 3.97%, the multiple
seed index was 4.65%, and the qualified seed index was 91.38%). A six-row air-blowing
centralized precision seed-metering device for the realization of precision seeding of Panax
notoginseng was designed by [9]. A mechanical model of the movement process for the seed
metering device was constructed based on a method combining theoretical calculations
and simulation analysis. The outlet pressure of the air nozzle and the forward velocity
and cone angle of the hole were selected as the test factors for carrying out the quadratic
rotation orthogonal combination test. After parameter optimization, it was found that
when the cone angle of the hole was 50◦, the forward velocity was less than 0.73 m/s, and
the outlet pressure of the air nozzle was 0.32–0.52 kPa, the qualified index of grain spacing
was higher than 94%, the miss index was less than 3%, the multiple index was less than 5%,
and the coefficient of variation of the row displacement consistency was less than 5%.

A pneumatic disk with four rows for planting rapeseed was designed by Elebaid
et al. [10], and its performance under several rotating speeds and vacuum pressure values
was investigated. Subsequently, the seed mass of the four-row design was measured and
analyzed under the influence of rotational speed and negative pressure. It was found
that the seed mass of row 1 and the seed mass of row 4 were significantly different under
high-speed conditions (25 and 30 r/min). Taghinezhad et al. [11] designed and modeled
a new mechanism for a sugarcane metering device with Catia software. The effect of
metering device tooth length and the speed of the sugarcane billet metering device were
studied in order to find the best combination for improving the distance uniformity and
filling performance of the metering device cells. The analytical hierarchy process was used
to select the best combination, and it was found that a 2 cm tooth length and a 0.75 m/s
forward speed was the best-suited combination for the metering device, and the consistency
ratio was computed as being lower than 0.1. Mandal et al. [12] designed a pneumatic seed
metering mechanism for a power tiller-operated three-row precision planter. The optimum
design and operating parameters of the modular seed metering device were determined by
conducting experiments on the sticky belt test stand, with various performance indexes
being considered. The optimum design and operation parameters were determined as
follows: the number of holes for the seed metering disc was eight, the diameter of the
hole was 3.5 mm, the pitch circle diameter of the disc was 116 mm, operational speed was
0.11 m·s−1, and negative pressure was 6 kPa.
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The objectives of this study are to design, fabricate, and evaluate a new double-
row pneumatic precision metering device for BC. Additionally, the effects of the cone
angle (CA) of the suction hole, the angular velocity (AV) of the metering plate, and the
negative pressure (NP) on the seeding performance of the metering device are investigated.
Additionally, the range of optimal working parameters is determined and verified.

2. Materials and Methods
2.1. Structure and Working Principle of Seed Metering Device

A new double-row pneumatic precision metering device for BC was designed. The
power input mechanism of the seed metering device consisted of a sprocket which trans-
ferred power to the shaft for the rotation of the metering plate. The overall structure of the
seed metering device is shown in Figure 1. The seeds in the seed box become adsorbed in
the suction hole of the metering plate under the effect of NP. The stirring wheel located
in the seed-filling zone rotates with the metering plate under the periodic collision by
the striking column. As a result, the seeds which were originally accumulated in the
seed-filling zone achieved a flowing state. The seeds adsorbed by the suction hole in the
seed-filling zone are transferred using the metering plate to the seed-cleaning zone. The
seed cleaning devices of the inner and outer circles scrape off the multiple seeds absorbed
by one hole to ensure that one seed is absorbed by one hole. The seed rotates with the
metering plate to the seed-throwing zone, and due to the cut-off of the negative pressure
airway, the seed breaks away from the adsorption force of NP and falls under the action of
gravity and centrifugal force. The diversion channel separates the seeds from the inner and
outer circles; after that, the seeds enter the diversion tube to form a double-row seed flow.
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2.2. Physical Properties of Brassica Chinensis

“Shanghai Ai Ji” is a common variety of BC in China, and the seeds of this variety were
used for the experiment. The physical properties of BC are shown in Table 1. Fifty samples
were randomly selected, and the triaxial dimensions were measured using a digital vernier
caliper with an accuracy of 0.01 mm. One thousand samples were weighed five times using
an electronic balance with an accuracy of 0.001 g, and the mean was then calculated.
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Table 1. Physical properties of Brassica chinensis.

Physical Properties Maximum Value, mm Minimum Value, mm Mean, mm Standard Error

Length l 2.04 1.39 1.74 0.15
Width w 1.91 1.30 1.65 0.13

Thickness h 1.97 1.33 1.63 0.16
Thousand Seed mass, g - - 2.410 -

According to the results of the triaxial dimensions of seeds in Table 1, the average
equivalent diameter (De) and the average spherical rate (Sp) of the seeds can be calculated
by the following formulas:

De =
3
√

l · w · h (1)

Sp =

3√
l · w · h

l
× 100% (2)

where l is the average length of the seeds, in mm; w is the average width of the seeds, in
mm; h is the average thickness of the seeds, in mm; De is the average equivalent diameter
of the seeds, in mm; and Sp is the average spherical rate of the seeds, in %.

According to the above equations, the average equivalent diameter of seeds (De) was
1.67 mm, and the average spherical ratio (Sp) was 96%.

2.3. Structural Design and Theoretical Analysis of the Metering Plate
2.3.1. Determination of Key Parameters for the Metering Plate

As key parts of the seed metering device, the structure parameters of the metering
plate have a significant effect on seed filling performance [13,14]. The integral structure
and key dimensions of the metering plate are shown in Figure 2. The position of the outer
circle hole is low at the seed-filling zone, and the pressure exerted by the upper seeds on
the lower seeds is large, resulting in an increase in the seed-filling resistance of the lower
seeds. Moreover, the linear velocity at the center of the outer circle hole is larger than that
at the inner circle hole. The seed-filling time is relatively shorter, so the outer circle hole
is more difficult to fill under the same conditions. The diameter of the outer circle hole is
determined according to the size of the seeds using Equation (3):

d2 = (0.64 ∼ 0.66)De (3)

where d2 is the diameter of the outer circle hole, in mm.
From Equation (1), the average equivalent diameter (De) of seeds was 1.67 mm. The

range of the diameter of the outer circle hole can be obtained by substituting De = 1.67 mm
into Equation (3): d2 = (1.07~1.10 mm). For this design, the diameter (d2) of the outer circle
hole was selected to be 1.1 mm. It is more difficult to fill the outer circle hole than the inner
circle, so the diameter (d2) of the outer circle hole was larger than the diameter (d1) of the
inner circle hole (1.0 mm).

The number of holes on the inner and outer circles determines the size of the double-
row metering plate. With the increase in the number of holes of the inner and outer circles,
the diameter of the metering plate increased accordingly. Similarly, the linear velocity at
the center of the suction hole of the metering plate decreased. As a result, the seed-filling
performance of the hole increased with the increase in the seed-filling time [15]. The
number of holes was inversely proportional to the product of the rotation speed of the
double-row metering plate (r/min) and the planting space of the seeds (mm), and directly
proportional to the forward speed of the planter (m/s). The equation for calculating the
number of holes is as follows:

N =
60vd

nl
(4)

180



Sustainability 2021, 13, 1374

where N is the number of holes; vd is the forward speed of the planter, in m/s; n is the
rotation speed of the double-row metering plate, in r/min; l is the planting space of the
seeds, in mm.
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According to the agronomic requirements, the dense planting spacing of BC is
4~5 cm with a row spacing of 10~11 cm. As such, the planting space for the seeds was
l ≤ 5 cm = 0.05 m. According to the Design Manual for Agricultural Machinery [16], the linear
velocity at the center of holes of the metering plate was v ≤ 0.35 m/s. Considering the
actual installation size of the seed metering device, the radius of the metering plate with
double-row holes was determined to be R ≥ 100 mm. According to the equation of rotation
speed (n = v/2πR), it can be calculated that the rotation speed of the metering plate was
n ≤ 0.557 r/s = 33.42 r/min. At present, the pneumatic precision metering device can
generally adapt to high-speed seeding (vd ≥ 6 km/h = 1.67 m/s). Therefore, it can be
calculated from Equation (4) that N ≥ 60, and the number of holes of the inner and outer
circles was finally determined as N1 = N2 = 60.

Since the number of holes (N1, N2) in the inner and outer circles was 60, the angle between
the two adjacent holes in the inner and outer circles is as follows: θ1 = θ2 = 360◦/60 = 6◦. As
shown in Figure 2, three points (OEF) constitute an isosceles triangle. The distance L satisfies the
following: L > d2 + 2lmax = 1.1 mm + 2× 2.04 mm = 5.18 mm, where lmax is the maximum length
of seeds, mm. From the cosine theorem of isosceles triangle OEF, the equation for calculating R2
is as follows:

R2 =

√
L2

2(1− cos(θ2))
(5)

It can be calculated from the above equation that R2 > 49.39 mm. Considering that
sufficient space was reserved for the inner circle hole of the metering plate and the space
of the metering plate was fully utilized, the radius of the center of the outer circle hole
was determined to be 75 mm (R2 = 75 mm). The design of the metering plate diameter
should be greater than 2R2 and a sufficient margin should be left. Combined with the
Design Manual for Agricultural Machinery [16], the diameter of the metering plate was finally
determined to be 200 mm (D = 200 mm).
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The space between the inner and outer circles holes is an important factor to ensure
the seeding quality of a double-row metering device. Furthermore, the space of the holes
directly affects the stability of seed movement. The relationship between the inner and
outer holes is shown in Figure 3.
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According to Figure 3, the following geometric relationships are determined:
{

Pythagorean theorem : l2
AD + l2

CD = l2
AC

Restrictions on length AC : lAC > d1+d2
2 + 2De

(6)





lCD = R1 sin
(

θ1
2

)

R1 = R2 − lAD

(7)

where R1 is the radius of the center of the inner circle hole, in mm.
The spacing (lAD) between the inner and outer holes can be obtained from Equations (6)

and (7):

lAD >

√(
d1 + d2

2
+ 2De

)2
−
[
(R2 − lAD) sin

(
θ1

2

)]2
(8)

The spacing between the inner and outer holes can be obtained (lAD > 2.18 mm) by
substituting the known parameters into Equation (8). Taking into account the reasonable
use of the space of the metering plate and the non-interference of the inner and outer holes,
the spacing between the holes of the inner and outer circles (lAD) was determined to be
8 mm.

2.3.2. Design of Diversion Tube for Seed Metering Device

The diversion tube guides the seeds placed on the metering plate of double-row holes
to form double-rows and the seeds flow and fall smoothly along the surface of the wall.
The seeds drop from the outer circle holes through the No. 1 diversion tube, and the inner
circle holes through the No. 2 diversion tube. The diversion tube is shown in Figure 4.
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Figure 4. The structure of diversion tube.

After analyzing the process of seed-dropping, the diversion angle α of the diversion
tube was finally determined to be 60◦. According to the experiment measurements, the
static friction coefficient was completed earlier and the average value of the static friction
angle between the seed and the diversion tube (Material: DSM IMAGE8000) was 18.95◦.
When β is greater than the static friction angle, the relative movement occur between the
solid surfaces. The angle β can be calculated as: β = (180◦ − α)/2 = 60◦. The seeds can fall
smoothly in the diversion tube and form double-row seed flows at β > 18.95◦. In this study,
narrow rows were considered for planting BC, and row space was set to 100 mm (10 cm)
according to agronomic requirements.

2.3.3. Force Analysis of Seed-Filling Process

Owing to high average spherical ratio, the seeds of BC can be regarded as a sphere
during the force analysis of the seed-filling process. The force analysis is aimed at the outer
circle seeds that are difficult to be adsorbed by the suction hole in the seed-filling zone.
During the seed-filling process, the force acting on the adsorbed seeds was divided into
component forces in three directions (x, y, z), as shown in Figure 5.
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A suction hole adsorbs a single seed, which must meet the following moment equilib-
rium conditions:

Fb ≤ FPr2 (9)
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For the seeds to be steadily adsorbed by the suction hole, the equilibrium condition of
forces must be satisfied in the xy plane:

{
x axis : f + G cos(β) = FNx

y axis : J + G cos(θ) = FNy
(10)

The resultant force FNxy of FNx and FNy on the xy plane are obtained according to
Equation (10):

FNxy =
√

F2
Nx + F2

Ny =

√
( f + G cos(β))2 + (J + G cos(θ))2 (11)

Since F is numerically equal to FNxy (F = FNxy), Equation (9) is rewritten as follows:

FP ≥

√
( f + G cos(β))2 + (J + G cos(θ))2b

r2
(12)

According to the pressure formula (P = F/S), the adsorption pressure of the suction
hole is as follows:

P = FP
S ≥

√
( f+G cos(β))2+(J+G cos(θ))2b

r2S

≥
√
( f+G cos(β))2+(J+G cos(θ))2b

πr3
2

(13)

where P is the adsorption pressure of the suction hole, in Pa; S is the area of suction hole, in
mm2; f = mgλ, λ = (6~10)tan(ε), ε is the angle of repose of seeds, in ◦; J = mv2/R2, vh is the
linear velocity at the center of the suction hole, in m/s.

The 1000-grain weight of the seed measured in the early stage was 2.41 g, so the
average mass of each seed was 2.41 × 10−6 kg (m = 2.41 × 10−6 kg). The angle θ = 60◦ and
β = 30◦ were measured when the hole was at the optimum seed-filling position. In the
early stage, the angle of repose of seeds was measured to be 25.46◦ (ε = 25.46◦), so the value
of λ can be calculated as 3.809 (λ = 8 tan(25.46◦) = 3.809). According to the Design Manual
for Agricultural Machinery [16], the linear velocity at the center of the holes of the metering
plate was v ≤ 0.35 m/s. The range of distance b was determined to be 1.21–1.83 mm, so the
average value of b was 1.52 mm (b = 0.00152 m). Substituting the above parameters into
Equation (13), the P obtained is greater than 324.4 Pa (P ≥ 324.4 Pa).

2.4. Experimental Materials and Equipment

The seeds of “Shanghai Ai Ji” were used as experimental material for the study. A
self-built double-row metering device bench (Figure 6) was used for the experiments.
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2.5. Experimental Methods and Evaluation Indicators

Combined with the research results of relevant scholars and previous experimental
research, the main parameters affecting seeding performance were determined to be
negative pressure, angular velocity of the metering plate, and cone angle of the suction
hole. Therefore, NP, AV, and CA were selected as the main experimental factors of this
experiment [17,18].

A suitable NP value can adsorb the seeds and ensure that only one seed is adsorbed
by one suction hole. According to the theoretical calculation results, the minimum value of
NP was (P ≥ 324.4 Pa) and based on the design of this study, a combination of a double-
row metering plate coupled with the existence of pressure loss resulted in the selection
requirements for the NP value being relatively strict [19]. After the pre-experiment, the
NP value was selected to be 0.5~2.5 kPa. It was found that when the rotation speed
of the metering plate exceeded 35 r/min (converted to AV of 3.67 rad/s), the seeding
performance of the metering device decreased sharply. As such, the AV of the metering
plate was changed at 1.5–3.5 rad/s. The change in the CA of the suction hole directly
affected the change in the flow field at the suction hole, which led to a change in adsorption
force of the suction hole. According to the pre-experiment, when the CA of the suction
hole changed from 45◦ to 75◦, it was observed that the adsorption situation of the suction
hole of the inner and outer circles was good. Therefore, three kinds of metering plate with
different cone angles of the suction hole were custom-machined, having cone angles of 45◦,
60◦, and 75◦.

Each group of experiments was repeated three times, and its average value was taken.
According to the National Standard of P.R.C (GB/T 6973-2005 Testing Methods of Single
Seed Drills (Precision Drills)) [20], the QI and the MI of the inner and outer circles of the
metering device were determined as the indexes of seeding performance in this experiment.
This experiment measured 180 samples of planting spacing. The dense planting spacing
of BC was 4~5 cm according to the agronomic requirements, so the theoretically qualified
planting spacing (L) of this experiment was set to 4.5 cm. According to the requirements
where the planting spacing was within the range of (0.5L = 2.25 cm, and 1.5L = 6.75 cm), it
was qualified spacing; where the planting spacing was greater than 6.75 cm, it was miss
spacing; and where the planting spacing was less than 2.25 cm, it was multiple spacing.
Qualified spacing and miss spacing coupled with the total sample number (180) were used
to calculate the qualified index (QI) and miss index (MI), respectively, as percentages. The
experimental scheme is shown in Table 2.

Table 2. Experiment factors and levels.

Level NP [a] x1, kPa AV [b] x2, rad·s−1 CA [c] x3, ◦

−1 0.5 1.5 45
0 1.5 2.5 60
1 2.5 3.5 75

Note: [a] NP = Negative pressure; [b] AV = Angular velocity; [c] CA = Cone angle.

3. Results and Discussion
3.1. Single Factor Experiment
3.1.1. Effect of Negative Pressure on Seeding Performance

From Figure 7, it can be seen that when the AV of the metering plate was 2.5 rad/s
and the CA was 60◦, the influence trend of NP on the seeding performance of the inner and
outer circles was essentially similar. With increase in NP, the QI of the inner and outer circles
first increased and then decreased, and the MI of the inner and outer circles decreased
continuously. The qualified index of the outer circle (QO) reached the maximum value
(Qomax = 95.45%) and the qualified index of the inner circle (QI) reached the maximum
value (QImax = 94.58%) when the NP was 1.71 and 1.63 kPa, respectively.
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When the NP value was low, the adsorption force of the suction holes on the seeds was
relatively small such that the phenomenon of missed suctioning occurred in the suction
hole of the inner and outer circles. This resulted in the MI being high (M ≥ 7%). At this
time, owing to the large radius of the outer circle, the high linear velocity at the center of
the suction hole of the outer circle, and the smaller time of seed-filling, the QI was higher
than the QO. When the NP gradually increased, the adsorption force of the suction holes
on the seeds also increased, and the MI of the inner and outer circles decreased sharply.
When the NP was too high, there were some suction holes in the inner and outer circles
that adsorbed multiple seeds, which led to an increase in the multiple index of the inner
and outer circles. As a result, the QI was reduced at this time.

From Figure 7, it can also be seen that the QI of inner and outer circles was high
(Q ≥ 92%) and the MI of inner and outer circles was low (M ≤ 4%) when the NP was in the
range of 1.57–2.16 kPa.

3.1.2. Effect of Angular Velocity on Seeding Performance

The influence trend of AV of the metering plate on the seeding performance of the
inner and outer circles was fundamentally similar (Figure 8) at 1.5 kPa negative pressure
and 60◦ cone angle.
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When the AV of the metering plate was low, the seed cleaning device of the inner circle
had weaker collision strength for the seeds which then were reabsorbed by the suction hole.
As a result, there was a higher multiple index for the inner circle, such that the QO was
higher than the QI. When the AV of the metering plate gradually increased, the QI of inner
and outer circles first increased and reached the peak (QImax = 94.58%, Qomax = 95.45%),
and then decreased. Where the AV of the metering plate was too large, the seed-filling time
of the suction hole was too short when the metering plate passed through the seed-filling
zone. As a result, there was missed suctioning of the suction hole of the inner and outer
circles, so that the MI of the inner and outer circles was high (M ≥ 7%).

From Figure 8, it can also be seen that the QI of the inner and outer circles was high
(Q ≥ 92%) and the MI of the inner and outer circles was low (M ≤ 4%) when the AV was in
the range of 1.62–2.28 rad/s.

3.1.3. Effect of Cone Angle on Seeding Performance

The influence trend of CA of the suction hole on the seeding performance of the inner
and outer circles was fundamentally similar (Figure 9) at 1.5 kPa negative pressure and
2.5 rad/s angular velocity.
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When the CA of the suction hole was small, the adsorption force of the suction hole
acting on the seed was relatively concentrated, which led to the phenomenon of some
suction holes in the inner and outer circles adsorbing multiple seeds, so that the QI of the
inner and outer circles was not high (Q ≤ 93%). When the CA of the suction hole increased,
the QI of the inner and outer circles first increased and reached the peak (QImax = 94.78%,
Qomax = 95.91%), and then decreased.

3.2. Central Composite Design Experiment
3.2.1. Experimental Design and Results

The experimental scheme design and coding of influencing factors was performed
according to the Central Composite Design in Design-Expert 8.0.6 software. This software
was also used to process and analyze the experimental data. The experiment scheme and
results are shown in Table 3.
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Table 3. Experimental scheme and results.

NO. NP [a] x1, kPa AV [b] x2, rad·s−1 CA[c] x3, ◦
QI [d], % MI [e], % QI, % MI, %

OC [f] IC [g]

1 −1 −1 −1 85.56 13.33 91.11 8.33
2 1 −1 −1 92.78 3.33 88.89 2.22
3 −1 1 −1 78.33 21.67 74.44 25.56
4 1 1 −1 91.11 4.44 88.33 6.11
5 −1 −1 1 87.22 9.44 91.67 7.22
6 1 −1 1 92.78 3.89 87.78 1.67
7 −1 1 1 77.22 22.78 75.00 25.00
8 1 1 1 92.22 4.44 87.22 3.33
9 −1 0 0 81.11 16.67 83.33 16.67

10 1 0 0 89.44 3.89 87.78 2.22
11 0 −1 0 93.33 3.33 91.11 1.67
12 0 1 0 87.78 7.78 88.89 8.33
13 0 0 −1 92.78 2.78 91.67 1.67
14 0 0 1 94.44 3.89 92.22 1.11
15 0 0 0 95.00 4.44 94.44 3.89
16 0 0 0 92.78 3.33 93.33 2.78
17 0 0 0 93.33 5.00 92.78 4.44
18 0 0 0 92.78 4.44 91.67 3.89
19 0 0 0 94.44 3.89 94.44 3.33
20 0 0 0 93.89 4.44 92.78 3.89

Note: [a] NP = Negative pressure; [b] AV = Angular velocity; [c] CA = Cone angle; [d] QI = Qualified index; [e] MI =
Miss index; [f] OC = Outer circle; [g] IC = Inner circle.

3.2.2. Analysis of Variance

Multiple regression fitting of the experimental results was performed using ANOVA
in Design-Expert 8.0.6 software. This is shown in Table 4. After multiple regression analysis,
the regression equations of the QI (Q) of the inner and outer circles, the MI (M) of the inner
and outer circles, and various influencing factors can be obtained as follows:

QO = 101.399 + 19.622x1 + 1.951x2 − 0.893x3 + 1.875x1x2 + 0.005x1x3
− 0.014x2x3 − 6.567x1

2 − 1.287x2
2 + 0.008x3

2 (14)

MO = 10.811 − 19.610x1 − 1.740x2 + 0.397x3 − 2.503x1x2 + 0.028x1x3
+ 0.037x2x3 + 5.935x1

2 + 1.210x2
2 − 0.004x3

2 (15)

QI = 93.042 + 12.154x1 − 1.755x2 − 0.151x3 + 4.028x1x2 − 0.028x1x3
+ 1.591 × 10−15x2x3 − 6.036x1

2 − 1.591x2
2 + 0.002x3

2 (16)

MI = −15.778 − 15.550x1 + 1.872x2 + 0.961x3 − 3.683x1x2 − 0.014x1x3
−0.014x2x3 + 6.288x1

2 + 1.843x2
2 − 0.008x3

2 (17)

From Table 4, it can be seen that the P-value of each evaluation indicator (QO, MO,
QI, MI) is less than 0.01, indicating that the regression model established in this paper
is highly significant. Furthermore, the lack of fit for each model was greater than 0.05,
which indicates that the four regression equations are highly fitted. The coefficients of
determination (R2) of the four models are 0.965, 0.990, 0.947, and 0.991, respectively. These
coefficients of determination are all close to 1, indicating that the four models had a high
fitting degree to the experimental data. The non-significant factors with p-value > 0.05
were eliminated according to the significant level p-value of different influencing factors in
each model, and the following optimized regression equations were obtained:

QO = 84.880 + 19.036x1 − 5.314x2 + 1.875x1x2 − 6.278x1
2 (18)

MO = 15.121 − 16.804x1 + 2.373x2 − 2.503x1x2 + 5.557x1
2 + 0.832x2

2 (19)

QI = 97.688 + 12.710x1 − 9.709x2 + 4.028x1x2 − 6.778x1
2 (20)

MI = 9.248 − 14.478x1 + 4.202x2 − 3.683x1x2 + 5.654x1
2 + 1.209x2

2 − 0.0003x3
2 (21)
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Table 4. ANOVA for response surface quadratic model.

EI [a] Source SS [b] DF [c] F Value p-Value Significance

QO
[d]

Model 538.09 9 30.60 <0.0001 **
x1-NP 239.02 1 122.33 <0.0001 **
x2-AV 62.55 1 32.01 0.0002 **
x3-CA 1.10 1 0.56 0.4699
x1x2 28.13 1 14.39 0.0035 **
x1x3 0.04 1 0.02 0.8902
x2x3 0.34 1 0.18 0.6835
x1

2 118.59 1 60.69 <0.0001 **
x2

2 4.55 1 2.33 0.1578
x3

2 8.60 1 4.40 0.0623

Residual 19.54 10
Lack of Fit 15.44 5 3.76 0.0861
Pure Error 4.10 5
Cor Total 557.63 19

MO
[e]

Model 728.02 9 109.13 <0.0001 **
x1-NP 408.32 1 550.86 <0.0001 **
x2-AV 77.23 1 104.19 <0.0001 **
x3-CA 0.12 1 0.17 0.6921
x1x2 50.10 1 67.59 <0.0001 **
x1x3 1.39 1 1.88 0.2002
x2x3 2.46 1 3.32 0.0982
x1

2 96.88 1 130.70 <0.0001 **
x2

2 4.03 1 5.44 0.0419 *
x3

2 2.80 1 3.78 0.0805

Residual 7.41 10
Lack of Fit 5.77 5 3.50 0.0976
Pure Error 1.65 5
Cor Total 735.44 19

QI
[f]

Model 562.37 9 19.84 <0.0001 **
x1-NP 59.78 1 18.98 0.0014 **
x2-AV 134.54 1 42.71 <0.0001 **
x3-CA 0.03 1 0.01 0.9239
x1x2 129.77 1 41.19 <0.0001 **
x1x3 1.39 1 0.44 0.5209
x2x3 1.14E-13 1 3.61E-14 1.0000
x1

2 100.19 1 31.80 0.0002 **
x2

2 6.96 1 2.21 0.1680
x3

2 0.34 1 0.11 0.7476

Residual 31.50 10
Lack of Fit 25.73 5 4.45 0.0634
Pure Error 5.78 5
Cor Total 593.87 19

MI
[g]

Model 1000.81 9 120.17 <0.0001 **
x1-NP 451.99 1 488.43 <0.0001 **
x2-AV 222.97 1 240.95 <0.0001 **
x3-CA 3.09 1 3.34 0.0975
x1x2 108.49 1 117.23 <0.0001 **
x1x3 0.34 1 0.37 0.5554
x2x3 0.35 1 0.38 0.5507
x1

2 108.72 1 117.49 <0.0001 **
x2

2 9.34 1 10.09 0.0099 **
x3

2 8.59 1 9.28 0.0123 *

Residual 9.25 10
Lack of Fit 7.61 5 4.65 0.0586
Pure Error 1.64 5
Cor Total 1010.07 19

Note: [a] EI = Evaluation Indicators; [b] SS = Sum of Squares; [c] DF = Degree of Freedom; [d] QO = Qualified index
of outer circle; [e] MO = Miss index of outer circle; [f] QI = Qualified index of inner circle; [g] MI = Miss index of
inner circle; * (0.01 < p < 0.05); ** (p < 0.01).

It can be seen from Equations (18)–(21) that the significant factors that affect the QI of
the inner and outer circles are NP (x1), AV (x2), the interaction term of NP and AV (x1x2),
and the quadratic term of NP (x1

2). The significant factors affecting the MI of the inner and
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outer circles are NP (x1), AV (x2), the interaction term of NP and AV (x1x2), the quadratic
term of NP (x1

2), and the quadratic term of AV (x2
2). In addition to the above, other factors

affecting the miss index of the inner circle (MI) include quadratic term of the CA (x3
2).

3.2.3. Effect of Interaction Factors on Seeding Performance

The descending dimension method was used to adjust the coding of any of the three
influencing factors of NP, AV, and CA to zero [21], and the response surface diagram of the
interaction of the other two influencing factors on the seeding performance of the inner
and outer circle was plotted, as shown in Figures 10 and 11.
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It can be seen from Figure 10a at 1.5 kPa negative pressure under similar CA, the
QO decreased with an increase in AV, but the trend for MO was the opposite. This can be
attributed to the shortening of the residence time of the metering plate in the seed-filling
zone with the increase in the AV of the metering plate, resulting in missed suctioning of
the suction hole. Under the condition of similar AV, the change in CA had no significant
effect on the QO and MO.

Figure 10b shows that when the AV of the metering plate was 2.5 rad/s, under the
condition of similar CA, the QO increased with the increase in NP, and then decreased,
while the MO was the opposite. At 0.5–1.8 kPa negative pressure, the suction force of
the holes for seeds gradually increased with the increase in NP, so that the QI increased
significantly and the MI decreased suddenly. When the NP was in the range of 1.8–2.5 kPa,
one suction hole adsorbed multiple seeds because of the excessive adsorption force, which
led to an increase in multiple index and decrease in QI. Under the condition of similar NP,
the change in CA had no significant effect on the QO and MO.

It can be seen from Figure 10c that when the CA was 60◦, under the condition of
similar AV, the QO first increased and then decreased with the increase in NP, while the
MO was completely opposite. Under the condition of similar NP, the QO first increased
and then decreased with the increase in AV. When the AV was in the range of 1.5–2.2 rad/s,
the residence time of the metering plate in the seed-filling zone was lengthy, and this was
beneficial to the suction hole for seed-filling, since it increased the QO. When the AV was
greater than 2.2 rad/s, the residence time of the metering plate in the seed-filling zone was
shortened, and the phenomenon of missed suctioning of the suction hole increased. As a
result, the MO increased rapidly.

Figure 11a shows that when the NP was 1.5 kPa, under the condition of similar AV,
the change in CA had no significant effect on the QI, while the MI first increased and then
decreased with the increase in CA. Under the condition of similar CA, QI decreased with
the increase in AV, but the trend for MI was the opposite. It can be seen from Figure 11b
that when the AV of the metering plate was 2.5 rad/s, under the condition of similar
NP, the change in CA had no significant effect on the QI and MI. Under the condition of
similar CA, when the NP was in the range of 0.5–1.7 kPa, QI increased with the increase
in NP, but the MI decreased sharply with the increase in NP. When NP was greater than
1.7 kPa, QI decreased with the increase in NP. From Figure 11c, it is evident that when
CA was 60◦, under the condition of similar AV, the QI first increased and then decreased
with the increase in NP, while the trend for MO was the opposite. When the NP was low
(NP ≤ 1.4 kPa), the effect of AV on the QI and MI was significant. QI decreased with the
increase in AV, while the trend for MI was the opposite. When NP was large (NP > 1.4 kPa),
the effect of AV on QI and MI was not significant. Overall, it was determined from the
figure that QI was high (QI > 92%) and MI was low (MI < 5.5%) when NP was in the range
of 1.2–1.6 kPa and AV was in the range of 1.65–2.35 rad/s.

3.2.4. Parameter Optimization

In order to explore the optimal parameter combination, the parameter optimization
design was carried out. According to the National Standard of P.R.C (GB/T 6973-2005
Testing Methods of Single Seed Drills (Precision Drills)) [20], under the premise of ensuring
a high QI and low MI of seeding, parameter optimization was carried out with the goal
that the QI of the inner and outer circle was greater than 94% and the MI was less than
2.5%. This is shown in Figure 12. According to the previous single factor experiment on
CA, when the other two factors were at zero level and CA was 60◦, the performance of
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seeding was better. There, CA was set at 60◦. The parameter optimization conditions are
as follows: 




94% ≤ (QO(x1, x2, x3), QI(x1, x2, x3)) ≤ 100%

0 ≤ (MO(x1, x2, x3), MI(x1, x2, x3)) ≤ 2.5%

s.t.





0.5 kPa ≤ x1 ≤ 2.5 kPa

1.5 rad/s ≤ x2 ≤ 3.5 rad/s

x3 = 60◦

(22)
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The graph intersection area is the parameter optimization area as described in Figure 12.
When NP was 1.55–1.72 kPa and AV was 1.1–1.9 rad/s, the seeding performance was excellent.

3.2.5. Bench Verification Experiment

A bench verification experiment was used to verify whether the expected seeding
performance [94% ≤ (QO, QI) ≤ 100%, 0 ≤ (MO, MI) ≤ 2.5%] and excellent CV of the seed
mass could be achieved under the condition of optimized parameters, and the experiment
was repeated three times and five times, respectively, under the median value of the range
of parameter optimization (NP = 1.63 kPa, AV = 1.5 rad/s, CA = 60◦). The results of the
bench verification experiments are shown in Tables 5 and 6. It was observed from the
experiment results that the seeding performance was excellent {(QO, QI) > 94%, (MO, MI)
< 2.5%} and CV was good (CV of the seed mass in the outer and inner circle: 5.15%; CV
of total seed mass: 8.60%) under the condition of optimized parameters. Therefore, the
parameter optimization results were accurate.

Table 5. The results of seeding performance.

Experiment Indices
Number of Experiments

Mean Standard
ErrorNO.1 NO.2 NO.3

QI, %
OC 94.58 94.17 95.42 94.72 0.52
IC 94.17 94.58 94.58 94.44 0.19

MI, %
OC 2.08 2.5 2.5 2.36 0.20
IC 2.08 1.25 1.67 1.67 0.34
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Table 6. The results of coefficient of variation of seed mass.

Experiment Indices
Number of Experiments

Mean TSM [a] RE [b], % CV [c], %
CV of Total

Seed Mass, %NO.1 NO.2 NO.3 NO.4 NO.5

Seed mass of outer
circle, g 1.838 1.808 1.769 1.824 1.816 1.811 2.068 12.43

5.15 8.60Seed mass of inner
circle, g 2.072 1.897 1.972 1.910 1.889 1.948 2.068 5.80

Total seed mass, g 3.910 3.705 3.741 3.734 3.705 3.759 4.136 9.12
[a] TSM = Theoretical seed mass; [b] RE = Relative error; [c] CV = Coefficient of variation.

4. Conclusions

1. Aiming at the characteristics of small size and high sphericity of BC seeds and meeting
the row spacing of seeding by agronomic requirements, a double-row pneumatic
metering device that can be used for high-speed and precise double-row seeding was
developed. The metering device can complete double-row seeding with a double-
row metering plate, and can meet different row spacing of seeding requirements by
replacing different diversion tubes. Furthermore, the structure and key dimensions
of the double-row metering plate were determined, the other key components of
metering device were designed, and the force analysis of the seed-filling process was
carried out.

2. The NP, the AV of the metering plate, and the CA of the suction hole were selected
as the main influencing factors of the experiment. A single factor experiment was
carried out to investigate the influence of each factor on the seeding performance of
the inner and outer circles.

3. For further exploring the relationship between the seeding performance and the
NP, AV, and CA, the CCD scheme was applied in the experiment. Moreover, the
experimental results were analyzed by ANOVA, and the regression equation between
the evaluation indicators and the influencing factors was established. It was found
from ANOVA that the NP, AV, the interaction term of NP and AV, the quadratic term
of NP, the quadratic term of AV, and the quadratic term of CA were significant factors
affecting the seeding performance of the inner and outer circles. Furthermore, the
effect of interaction factors on the seeding performance of the inner and outer circle
was also studied.

4. To explore the best combination of parameters, the parameters were optimized with
the goal that the QI of the inner and outer circle was greater than 94% and the MI was
less than 2.5%. After parameter optimization, it was found that when the NP was 1.55–
1.72 kPa, the AV was 1.1–1.9 rad/s, and the CA was 60◦, the seeding performance of
the metering device and the coefficient of variation (CV) of the seed mass were good.
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Abbreviations

NP Negative pressure (kPa)
AV Angular velocity (rad/s)
CA Cone angle (◦)
CCD Central composite design
ANOVA Analysis of variance
QI Qualified index (%)
MI Miss index (%)
CV Coefficient of variation (%)
BC Brassica chinensis
MTI Multiple index (%)
QO Qualified index of outer circle (%)
QI Qualified index of inner circle (%)
OC Outer circle
IC Inner circle
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Abstract: The grouser height and soil conditions have a considerable influence on the tractive
performance of single-track shoe. A soil bin-based research was conducted to assess the influence
of grouser height on the tractive performance of single-track shoe at different moisture contents of
clay loam soil. Eight moisture contents (7.5, 12, 16.7, 21.5, 26.2, 30.7, 35.8, and 38%) and three grouser
heights (45, 55, and 60 mm) were comprised during this study. The tractive performance parameters
of (thrust, running resistance, and traction) were determined by penetration test. A sensor-based soil
bin was designed for penetration tests, which was included penetration system (AC motor, loadcell,
and displacement sensor). The test results revealed that soil cohesion was decreased, and adhesion
was increased after 16.7% moisture content. Soil thrust at lateral sides and bottom of grouser were
increased before 16.7%, and then decreased for all the three heights but the major decrease was
observed at 45 mm height. The motion resistance was linearly decreased, the more reduction was
on 45 mm at 38% moisture content. The traction of the single-track shoe was decreased with a rise
in moisture content, the maximum decrease was on 45 mm grouser height at 38% moisture content.
It could be concluded that an off-road tracked vehicle (crawler combine harvester) with 45 mm
grouser height of single-track shoe could be operated towards a moderate moisture content range
(16.7–21.5%) under paddy soil for better traction.

Keywords: traction; soil; sinkage; single-track shoe; penetration; cohesion; adhesion

1. Introduction

Tracked vehicles have been popularized because of more contact area with the ground,
which leads to better float and traction than wheeled vehicles, making them suitable for
rough and relatively saturated terrain. Tracked vehicles are used in various fields, such as
mining, forestry, agriculture, planetary exploration, army, and construction [1]. Tractive
performance of tracked vehicles including propulsion and resistance is very important for
terrain trafficability and is influenced by vehicle and soil factors [2]. Grousers are devices
intended to increase the traction of the continuously tracked vehicle on soil or snow;
this is done by increasing contact with the ground with teeth equipped on crawler tracks,
similar to conventional tire treads; usually, grousers are made up of hardened forged steel.
The soil-track interaction tool includes two aspects: forces arising at the interface between
the soil and the tool, such as thrust, lateral force, and vertical force and displacement of soil
particles also known as soil disturbance [3,4]. The proper design and selection of soil-track
interaction tools depends largely on the mechanical behavior of the soils [5].
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Soil conditions greatly affect the traction performance of off-road or tracked/wheeled
vehicles. Soil properties are important to generate traction for the soil track system [2].
The key to off-road vehicle performance prediction lies in the proper evaluation of the
mechanical properties of the field [6]. Traction performance of the vehicle significantly
influenced by the mechanical properties of the soil and it has been reported that the
variation of soil water contents (MC) also affects the traction ability of a tracked vehicle [7,8].

The tractive performance of off-road vehicle prediction depends upon the appropriate
assessment of mechanical properties (soil cohesion, soil adhesion, and angle of internal and
external friction, etc.) of the soil. Mobility states a relationship between soil and the vehicle.
To assess the mobility and traction of vehicles, it is important to determine the mechanical
properties of soil, which are believed to be related to the mobility of vehicles. Terrain topol-
ogy and soil parameters also influence vehicle performance, besides to the intrinsic vehicle
characteristics. To correctly determine the mechanical properties in terms of mobility of
off-road vehicles, it is necessary to carry out measurements under load conditions similar to
those imposed by vehicles. The vertical load applied by the off-road vehicle to a soil causes
sinkage, while the horizontal load created by the track/wheels on the soil surface causes the
development of shear strength and the associated slip [2,9,10]. Determining the mobility
and traction of off-road vehicles requires a thorough understanding of soil mechanics since
it is necessary to use a track/wheel to determine power transfer between the vehicle and
the soil. Traction as a force derived from the interaction between track and soil. It could be
affected by two types of factors: soil conditions and shoe dimensions [11]. The effects of
the soil on tractive performance were obtained on soft conditions over 50% [12].

The methods developed for the study of the traction of a track–soil interaction is
empirical, semi-empirical, and computer methods [13]. The empirical model was originally
developed by the U.S. Army Waterway Experimental Station (WES) to meet military needs
in predicting the performance of land-based off-road vehicles, including concepts of “go/no
go”, mobility index, etc. Robert G applied a pilot model of traction performance for rubber
tracks on agricultural soils [14]. A semi-empirical approach named bevameter technique
for the prediction of traction of a tracked vehicle was developed by Bekker [2]. The tractive
performance of the single-track shoe (grouser) could be predicted by knowing the normal
stress distribution and shear at the front of the soil path and 3D geometry of the contact
surface. Hiroshi made a computer approach by using “The Discrete Element Method
(DEM)” for the specific ability to assess total traction potential based on interaction studies
of computing reactions and soil behaviors, regardless of the type of method chosen for
predicting traction, as soil parameters should be known at first [15].

The sinkage of soil occurs when a known load is applied on the surface of the soil,
the area under the load sinks in the soil at a certain depth until the resistance of the
soil is balanced with the applied force. Soil pressure resistance uses two parameters for
characterization: soil cohesion, internal friction angle [16]. In the past several decades,
a set of studies has been conducted to estimate traction performance for a variety of
tracked components [17–20] but still, the interaction study among grouse height, moisture
contents, and soil mechanical properties on the traction performance of the single-track
shoe is needed.

The present research was based on the semi-empirical method developed by Bekker
to assess the impacts of grouser height on the traction performance of a grouser of the
single-track shoe in certain soil conditions under sensor-based soil bin.

2. Materials and Methods
2.1. Expeerimental Setup

The experimental setup was consisted of penetration test and direct shear test (Figure 1).
The tractive performance parameters were determined by deriving the Equations (1)–(16),

the amounts of sinkage were less than the height of the grouser when the vertical load
on the single grouser shoe was applied, and the entire track shoe in the field had been
shown to have more sinkage. Between the grouse and the plate, the vertical load is shared.
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The proposed model and schematic depiction of forces acting on a single-track shoe are
shown in Figure 2.
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The vertical load was measured by the following Equation:

W = q1λLB + q2(1− λ)LB (1)
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where W is vertical load, L is track shoe pitch, B is the width of single track shoe, and λ
is the ratio of grouser plate thickness to the length of single track shoe. Whereas q1 is
the contact pressure of the top surface of the grouser and q2 is the pressure at the bottom
surface of single track shoe, was expressed as follows:

q1 = K(h + Z0)
n (2)

q2 = KZ0
n (3)

where K is the modulus of soil deformation, n is soil deformation index or sinkage exponent,
h is grouser height and Z is soil sinkage. Furthermore, K was determined by Equation (4) as:

K =
kc

B
+ k∅ (4)

where kc is soil cohesion within the deformation modulus, kφ friction modulus of soil,
and B is the width of the single-track shoe. So, the load Equation could make the follow-
ing relationship:

W =

(
kc

B
+ k∅

)
LB{(h + Z0)

nλ + Zn
0 (1− λ)} (5)

The pressure and soil sinkage were computed according to Bekker’s pressure-sinkage
relationship as:

p = (
kc

B
+ kθ)zn (6)

Soil sinkage is accountable for the increase in running resistance. The running resis-
tance of a single-track shoe was found by Equation (7):

R =
kc + Bk∅

n + 1
{(h + Z0)

(n+1)λ + Z(n+1)
0 (1− λ)} (7)

Soil thrust is the utmost vital parameter of traction of the single-track shoe. the thrust
is the resultant of the shearing force on the tip surface of grouser (F1), the shearing force of
the grouser shoe’s lateral sides (F2), and the shearing force on the bottom surface of soil
beneath the spacing surface (F3). The F1 was measured by Equation (8):

F1 = λLB(Ca + q1tanδ) (8)

where Ca is soil adhesion, δ is the external friction angle of the soil. Furthermore, the shear-
ing force of grouser’s lateral sides is divided into 3 parts as Fsg1, Fsg2, and Fss. Moreover,
they could be shown by the following relationships:

F2 = 2(Fsg1 + Fsg2 + Fss) (9)

Fsg1 = λhL[Ca + q1tanδtanϕ
(

45− ϕ

2

){γt(2Z0 + h)
2

tan
(

45− ϕ

2

)
− 2C

}
] (10)

where Fsg1 is the shearing force at grouser’s lateral side, ϕ is the internal friction angle of
soil, γt is the soil density and C is the soil cohesion. Whereas the shearing force of spacing’s
lateral side (Fsg2) was measured by Equation (11).

If Z < t then:

Fsg2 = Z0L[Ca + q1tanδtanϕ
(

45− ϕ

2

){γtZ0

2
tan

(
45− ϕ

2

)
− 2C

}
] (11)

If Z > t then:

Fsg2 = tL[Ca + q1tanδtanϕ
(

45− ϕ

2

){γt(2Z0 − t)
2

tan
(

45− ϕ

2

)
− 2C

}
] (12)
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where t is the thickness of shoe spacing. Finally, the shearing force of the lateral side of the
soil below the spacing surface (Fss) was measured by the following Equation (13):

Fss = (1− λ)hL[C + {q2 +
γt(h + 2Z0)

2
} tan2

(
45− ϕ

2

)
tanϕ− 2Ctan

(
45− ϕ

2

)
tanϕ] (13)

Furthermore, the shearing force on the bottom surface of soil beneath the spacing
surface (F3) was calculated as:

F3 = (1− λ)LB(C + q3tanϕ) (14)

The total soil thrust is the addition of all thrusts including F1, F2 and F3 as following:

F = F1 + F2 + F3 (15)

The subtraction of total soil thrust from running resistance is the traction (T), it can be
expressed as Equation (16):

T = F− R (16)

2.2. Experimental Work

The experiment was performed at the key laboratory of modern agricultural equip-
ment and technology, school of agricultural equipment engineering, Jiangsu University,
Zhenjiang, P.R China. A 500 mm wide, 1500 mm long, and 500 mm deep soil bin was
used for the mechanical properties of soil. A factorial design experiment was conducted
considering soil moisture content as first factor with eight number of levels (7.5, 12, 16.7,
21.5, 26.2, 30.7, 35.8, and 38%) and grouse height with three number of levels (60, 55,
45 mm). Figure 2 shown the flow diagram of the experimental work.

2.3. Dimensions of Single-Track Shoe

The details of the dimension of the single track-shoe model used for the research-based
study are shown in Table 1.

Table 1. Dimension details of single-track shoe model.

Parameters Dimensions (mm)

Length, L 100
Width, B 150

Height of grouser, h 60, 55, 45
Grouser thickness ratio, λL 6

The thickness of the shoe plate, t 40

2.4. Soil Preparation

The soil was taken from the experimental site of the school of agricultural equipment
engineering and sun-dried. The dried soil was crushed, and a sieve analysis test was
performed [1]. The soil was filled in the soil bin layer by layer, and at the 100 mm height,
a little wooden roller was utilized to move it to and fro twice. The way toward putting the
soil was rehashed until the elevation of the soil bin arrived at 400 mm. To get uniformity
and higher moisture content, the calculated amount of water was added, mixed thoroughly,
and left for 24 h [16]. To minimize moisture loss by evaporation, the soil bin was lined
with a plastic sheet (polyethylene). Soil samples have been taken from the soil bin at three
different random places. Averaging the moisture content of the three samples reported
for each test. Besides which, an oven-dried method was used to measure soil moisture
content [21]. The experimental work was divided into two parts, soil physical properties
(soil texture and dry bulk density), direct shear test, and penetration test.
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2.5. Direct Shear Test

The strength characteristics of soil were tested with a strain-controlled direct shear
test equipment (ZJ Nanjing Soil Instrument Factory Co., Ltd. Nanjing, China Figure 3).
The most important part of this device is the lower and upper blocks. The sample of soil is
always put into the upper box; the lower box includes a circular soil or steel plate to check
cohesion/adhesion and friction angle. A horizontal shear force is applied to the shear,
and the shear stress during the failure of the soil sample was obtained under pressure.
Furthermore, the shear strength (τ), internal friction angle (φ), and cohesion (C) of the soil
were determined by Coulomb’s law (Equation (17)).

τ = C + σtanφ (17)
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2.6. Penetration Test

The penetration test of soil was determined by the newly designed device
(Figures 4 and 5). The penetration test device consisted of a steel frame, wheels, soil bin
(500 × 500 × 1500 mm), and penetration system. An AC gear motor with spur rack and
speed control system (ASLONG-5F4, 120 W) was used to push the penetration plates into the
soil. Penetration plates used for the experiment were 10 × 30 × 40 and 10 × 25 × 40 mm.
The penetration test was repeated thrice for each moisture content. The design concept
was in line with Tiwari et al. [22] in which a testing facility was designed and developed to
determine the traction of the tire.

2.7. Data Acquisition and Analysis

The data acquisition system comprised the load cell (ATO-LCS-DYLY-106), linear
displacement transducer (ATO-LDSR, 400 mm), DAQ device (Ni-6009), and LabVIEW
software. The penetration force and sinkage were measured by a load cell and linear
displacement transducer, respectively. Data acquisition was made by the DAQ device with
help of LabVIEW. The Origin (version 2018) software was used for data analysis and the
gauss-newton method was used for non-linear curve fitting.
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3. Results and Discussion
3.1. Soil Reaction Force and Soil Sinkage

The assumption for the soil reaction force/pressure sinkage test was similar to tra-
ditional bevameter. The test results of soil reaction force and sinkage were obtained by
penetration test with two different sized plates for eight levels of moisture contents (7.5, 12,
16.7, 21.5, 26.2, 30.7, 35.8, and 38%, respectively) (Figures 6–9). Obtained results showed
the comparative trend over both penetration plates at all the moisture contents. The av-
erage maximum sinkage for plates 1 and 2 was 202.405 and 204.178 mm at 38% and the
minimum was 44.942 and 53.103 mm at 7.5% soil moisture content, respectively. Similarly,
the greater force soil reaction force was 195.126 and 195.465 N at 38% and smaller was
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128.7 and 117.782 N at 7.5% moisture content for plates 1 and 2, respectively. Consequently,
the soil sinkage increased with an increase in soil moisture content, the reason being that
the soil becomes softer with the addition of water, thus allowing the plate to penetrate more
quickly in soil and resulting more sinkage. The increase trend was observed over moisture
contents for both plates. The overall results of sinkage and soil reaction force/pressure
were found significant (p < 0.05). The main effect of soil sinkage on moisture content was
observed by 38%. The same findings have been recorded previously that plate sinkage
with high moisture content is increased [23]. At 35% moisture content the plate sinkage
was high [24]. The maximum sinkage varied linearly with the pressure applied in moist
soil [25]. When the soil reaction force increases the soil sinkage increases [6,26–30].
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Figure 9. Soil sinkage and reaction force for plates 1 and 2 at 35.8% (A) and 38% (B).

3.2. Soil Cohesion Modulus (Kc), Friction Modulus (Kφ), and Sinkage Exponent (n) at
Moisture Contents

The Bekker’s pressure sinkage model parameters, including soil cohesion modulus
(Kc), soil friction modulus (Kφ), and sinkage exponent (n) were derived after penetration
test for eight moisture content. The relationship between soil cohesion and friction modulus
is shown in Figure 10. The values of both parameters were initially increased with an
increase in moisture content to 30.7% and then began decreasing until the final moisture
content 38%. The findings of the tests suggest that the effect of the water content on the soil
cohesive modulus is not apparent. Forces between soil particles may influence the cohesive
properties of soil; furthermore, the interaction between soil moisture content and various
forces may differ. For the friction modulus of soil, initially, a rapid increase followed by a
gradual increase with the increase in moisture content was observed.

The maximum soil cohesion and friction modulus were 0.096 mN/mn+1 and 0.242 mN/mn+2

recorded at 30.7% soil moisture content. Similarly, the minimum Kc was 0.042 mN/mn+1

at 38% and Kφ were 0.110 mN/mn+2 observed at 7.5% moisture content. The sinkage
exponent (Figure 11) of soil was increased when the moisture content increased to 12%,
then gradually decreased with an increase in moisture content to 38%. The effect of
pore pressure build-up may be the internal cause of this phenomenon. The rise of the
sinkage exponent indicates the increase in sinkage of the vehicle under the same pressure.
The adjusted R square of sinkage exponent was 0.94309 found by non-linear curve fitting
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using the Gauss model. The present results are in close agreement with previously reported
that the soil cohesive and friction modulus increased with the increase in the moisture content
to a certain level, and after that, it decreased with the increase in the moisture [24,31–34].
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Figure 10. Soil cohesive (Kc) and friction modulus (Kφ) at moisture contents (7.5–38%).
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Figure 11. Soil sinkage exponent (n) at moisture contents (7.5–38%).

206



Sustainability 2021, 13, 1156

3.3. The Cohesion of Soil (C) at Different Moisture Contents

The experimental results of soil cohesion were obtained by direct shear test for eight
moisture contents (Figure 12). The plot showed the rapid rise in cohesion with moisture
content until 12%, then it was gradually dropped with further increase in soil moisture
content. The mean maximum cohesion was 0.84 kPa at 12% while a minimum 0.112 kPa
at 35.8% moisture content. The non-linear curve fitting was performed by Gauss model.
the adj. R-square of soil cohesion was 0.98504. The present results are in line with Jun
et.al, who found the increase in cohesion with moisture content until certain values then
begin decrease in cohesion [35–37]. Other studies reported the significant effect of soil
mechanical properties on moisture content [38,39].
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Figure 12. Soil cohesion at moisture contents (7.5–38%).

3.4. Soil Adhesion (Ca) at Different Moisture Contents

The relationship between soil adhesion and soil moisture content is shown in Figure
13. The plot discloses the parabolic curve of results. It has been found that soil adhesion
is higher when the soil is wet. Initially, adhesion increased with increasing moisture
content, it was higher at 26.2% moisture content, and as the moisture content further
increased, soil adhesion decreased. The average greater adhesion was 0.976 kPa at 26.2%,
similarly, the smaller was 0.108 kPa at 7.5% moisture content. Statistically, the results were
significant (p < 0.05). The Gauss model was used to fit the data and to get best fitting line,
the adjusted R2 value was 0.94648. The previous results reported that the soil moisture
content significantly affected soil cohesion and adhesion [7,37,40,41]. Present results are in
line with those reported results.

3.5. Internal and External Friction Angle

The experimental results of soil internal and external friction angles were obtained by
the direct shear test and shown in Figure 14. The comparative trend between both angles
was observed in results, initially, both angles slowly decreased with an increase in moisture
content to 21.5%, but when moisture content further increased the internal friction angle
initiated to increase and the external friction angle remains decreased. The maximum
internal and external friction was 25.07 and 20.82 observed at 26.2 and 30.7% moisture
content, respectively. Moreover, the minimum 21.02, and 19.43 were recorded at 16.7
and 38%. The gauss model was used to perform non-linear curve fitting. The adjusted
coefficient of determinations was 0.84497 and 0.8655 calculated for internal and external
friction angle, respectively. Previous research reported that a decrease in external friction
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angle was observed with increasing soil moisture content [42,43]. Additionally, another
previous report indicated that soil moisture increases with a decrease in the angle of internal
and external friction [44,45].
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Figure 13. Soil Adhesion at moisture contents (7.5–38%).
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Figure 14. Internal and external friction angle of soil at moisture contents (7.5–38%).

3.6. Soil Bulk Density

Bulk density offers the most basic details on the solid, water and air proportions and
seems to be important to any study. The results of soil bulk density at eight moisture
contents (7.2, 12, 16.7, 21.5, 26.2, 30.7, 35.8, and 38%) were shown in Figure 15. As one can
see from the figure that the soil bulk density linearly increased with an increase in soil
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moisture content. The major increase in soil bulk density was found at 38%, while the lower
was at 7.5% moisture content. The reason for the change in soil bulk density is when water
is applied to the soil to reach optimum moisture levels, the soil form varies from semisolid
to liquid because of capillary force. The influence of soil bulk density on moisture content
was significant (p < 0.05), the R2 was 0.9609 calculated by linear regression. The present
results are in line with the previously reported studies found the maximum change in soil
dry bulk density at 30% moisture content [37,46,47].
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Figure 15. Soil bulk density at moisture contents (7.5–38%).

3.7. Tractive Performance Parameters of Single-Track Shoe
3.7.1. The Thrust Generated at Lateral Sides and Bottom of the Grouser

The total soil thrust is the addition of thrust generated at the tip surface of grouser (F1),
lateral sides of grouser and spacing, the surface of spacing (F2), and the bottom surface of
grouser (F3). Figure 16 shows the results of thrust at the tip of grouser (FF1) with different
heights, results reveal that all grouser heights had the same trend over moisture content,
but the high value (2.732 KN) was recorded 21.5% with 45 mm grouser height and it was
steadily decreased with the rise in moisture content until the end of the experiment. F2
results were shown in Figure 17, the results indicated that the thrust was increased with a
rise in moisture content until 16.7%, and then slowly decreased with further increase in
moisture content, the maximum thrust of F2 was (8.867 KN) observed for 60 mm height at
16.7%. Similarly, the F3 has also the same pattern (Figure 18), the more value of thrust was
(6.821 KN) recorded with 45 mm height at 16.7% moisture content. The gauss model was
used for non-linear curve fitting to obtain best fit line and coefficient of determination.

The total thrust generated at the single-track shoe was presented in Figure 19, the thrust
with 45, 55, 60 mm height grew before 16.7% moisture content, while moisture content was
increased all results were decreased until the end of 38%. The maximum thrust 18.293 KN
was calculated as 45 mm grouser height at 16.7%, while a minimum 9.38 KN was observed
with 60 mm height at 16.5% moisture content. The coefficient of determination for total
thrust was 0.92673, 0.86866 and 0.79471 observed for 45, 55 and 60 mm grouser height,
respectively. The results evaluated that the major increase in thrust was observed for 45 mm
grouser height as compared to other heights; it was seen that grouser with small height
had the best performance. Ge et al. reported that soil thrust decreased with an increase
in moisture content [34]. Other studies reported that an increase in soil moisture content
causes a decrease in the peak values of the thrust [48,49].
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Figure 16. Soil thrust at grouser tip surface with three grouser heights at moisture contents (7.5–38%).

Sustainability 2021, 13, x FOR PEER REVIEW 15 of 20 
 

 
Figure 17. Soil thrust at grouser and spacing lateral sides and spacing surface with three grouser 
heights at moisture contents (7.5–38%). 

 
Figure 18. Soil thrust at the bottom surface of grouser with three grouser heights at moisture con-
tents (7.5–38%). 

5 10 15 20 25 30 35 40
2

3

4

5

6

7

8

9

10

11

12
 60 mm
 55 mm
 45 mm
 Gauss fit line
 Gauss fit line
 Gauss fit line

F2
 (K

N
)

Soil Moisture Content (%)

5 10 15 20 25 30 35 40
0

1

2

3

4

5

6

7

8

9

10
 60 mm
 55 mm
 45 mm
 Gauss fit line
 Gauss fit line
 Gauss fit line

F3
 (K

N
)

Soil Moisture Content (%)

Figure 17. Soil thrust at grouser and spacing lateral sides and spacing surface with three grouser
heights at moisture contents (7.5–38%).
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Figure 18. Soil thrust at the bottom surface of grouser with three grouser heights at moisture contents
(7.5–38%).
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Figure 19. Total soil thrust generated at single track shoe with three grouser heights at moisture
contents (7.5–38%).

3.7.2. Motion (Running) Resistance of the Single-Track Shoe

The Running resistance of single-track shoe with three grouser heights at eight mois-
ture contents is shown in Figure 20. The result running resistance showed the variation
from 1.07 to 4.03, 0.89 to 3.78, and 0.87 to 3.42 KN for 45, 55 and 60-mm grouser height,
respectively. The linear increasing trend was found in results because moisture content
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directly proportionated the running resistance. The major rise in running resistance was
recorded with 45 mm height at 38% moisture content as compared to 55 and 60 mm height.
It is clear from the results that, when the contact area was increased the running resistance
decreases because of less sinkage, it also leads to increased net traction. The linear fitting
was performed to get best fit, the coefficient of determination for running resistance was
0.99612, 0.98938 and 0.99232 calculated for 45, 55 and 60 mm grouser height, respectively
Present results are in agreement with the reported results that increase in running resistance
was determined with the increase in moisture content [37,50,51]. Another study reported
that the softer, wetter, and more slippery the soil, the smaller the traction and greater the
running resistance [52]. Actually, the dynamic transformation of the soil flow produced by
the grouser can be found, as the grouser height is adequately high [19].
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Figure 20. Grouser running resistance of single-track shoe with three grouser heights at moisture
contents (7.5–38%).

3.7.3. Tractive Effort (Traction) of Single-Track Shoe

Figure 21 shows the results of the tractive effort of a single-track shoe with three
grouser heights for eight moisture contents. The variation in the result was found for each
height at all moisture content, initially, the traction of single-track shoe increased with
an increased in moisture content until 16.7%, then it decreased steadily until the end of
the experiment 38%. The mean maximum traction 16.189, 15.452, and 14.66 KN, similarly
minimum was 7.78, 6.43, and 5.97 KN was determined for 45, 55 and 60 mm grouser height
at 16.7% and 38% moisture content, respectively. Results indicated the more traction with
smaller grouser height (45 mm) as compared to larger heights, and when soil is wetter the
tractive effort was less. The gauss model was used to perform non-linear curve fitting and
coefficient of determination, adjusted R square was 0.92468, 0.91853 and 0.97225 for 45,
55 and 60 mm height, respectively. Previous studies reported that soft soil can drastically
reduce the traction performance [53,54], traction efficiency of two-wheel agricultural tractor
reduced in soft soil [37,55], the moisture content between 15% and 20% is ideal for the net
traction, greater the moisture content lower the traction [56]. Presented results are in close
agreement with these results. Spacing between the grouse also influences on the sinkage,
and gross traction [20].
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Figure 21. Traction of the single-track shoe with three grouser heights at moisture contents (7.5–38%).

4. Conclusions

The effect of grouser height on the tractive performance of single grouser shoe at
eight moisture content was studied in this research. The semi-empirical method for trac-
tive performance of grouser was used, which is based on Bekker’s bevameter method.
Soil cohesive and friction modulus were increased with moisture content while the sinkage
exponent was decreased. Soil sinkage increased with an increase in moisture content,
soil cohesion decreased, and adhesion was initially increased to 21.5%, then decreased
until the end level 38%. Soil dry bulk density varied from 1394 to 2621 Kg/m3. Maximum
soil thrust was observed at 4.5 cm grouser height at 16.5% moisture content. The running
resistance was decreased with a rise in moisture content, the major decrease was in 4.5 cm
grouser height at 38% moisture content. Traction is the difference of soil thrust to running
resistance, the grouser height 4.5 cm height showed the best results, followed by 5.5 and 6
cm grouser height at moisture contents (7.5–38%). It could be concluded that an off-road
tracked vehicle (crawler combine harvester) with 4.5 cm grouser height of single-track shoe
could be operated towards moderate moisture content (16.7–21.5%) under paddy soil for
achieving better traction.
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29. Malý, V.; Kučera, M. Determination of mechanical properties of soil under laboratory conditions. Res. Agric. Eng. 2014, 60,

S66–S69. [CrossRef]
30. Baek, S.-H.; Shin, G.-B.; Lee, S.-H.; Yoo, M.; Chung, C.-K. Evaluation of the slip sinkage and its effect on the compaction resistance

of an off-road tracked vehicle. Appl. Sci. 2020, 10, 3175. [CrossRef]
31. Zhang, J.X.; Sang, Z.Z.; Gao, L.R. Adhesion and friction between soils and solids. Nung Yeh Chi Hsieh Hsueh Pao Trans. Chin. Soc.

Agric. Mach. 1986, 17, 32–40.
32. Zhao, J.; Wang, W.; Sun, Z.; Su, X. Improvement and verification of pressure-sinkage model in homogeneous soil. Trans. Chin. Soc.

Agric. Eng. 2016, 32, 60–66.
33. Yang, C.; Yang, G.; Liu, Z.; Chen, H.; Zhao, Y. A method for deducing pressure–sinkage of tracked vehicle in rough terrain

considering moisture and sinkage speed. J. Terramech. 2018, 79, 99–113. [CrossRef]

214



Sustainability 2021, 13, 1156

34. Ge, J.; Zhang, D.; Wang, X.; Cao, C.; Fang, L.; Duan, Y. Tractive performances of single grouser shoe affected by different soils
with varied moisture contents. Adv. Mech. Eng. 2019, 11. [CrossRef]

35. Huang, K.; Wan, J.W.; Chen, G.; Zeng, Y. Testing study of relationship between water content and shear strength of unsaturated
soils. Rock Soil Mech. 2012, 33, 2600–2604.
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Abstract: Potassium (K) and zinc (Zn) are mineral nutrients required for adequate plant growth,
enzyme activation, water retention and photosynthetic activities. However, Pakistani soils are
alkaline and have serious problems regarding Zn deficiency. The current study aims at finding
the nutrient–nutrient interaction of K and Zn to affect maize plants’ (i) physiological processes
and (ii) productivity. For this purpose, a pot experiment was conducted at the research area of the
Department of Soil Science, Faculty of Agricultural Science and Technology, Bahauddin Zakariya
University, Multan. Two maize genotypes, DK-6142 (hybrid) and Neelam (non-hybrid), were used
with three K fertilizer doses, i.e., 0, 60 and 100 kg ha−1 in all possible combinations with three
Zn fertilizer doses, i.e., 0, 16 and 24 kg ha−1. The treatments were replicated under a completely
randomized block design. The results elucidated that the combined application of K and Zn with
K60 + Zn16 treatment significantly increased agronomic, productive, and physiological attributes. It
has improved fresh biomass (89%), dry biomass (94%), membrane stability index (142%), relative
water content (200%) and chlorophyll contents (191%) as compared to the control. Moreover, the
mineral uptake of K and Zn was significantly improved with their maximum fertilization rate in
hybrid genotype compared to non-hybrid and CK.

Keywords: potassium; zinc; maize; physiological attributes

1. Introduction

Maize (Zea mays L.) is a C4 plant belonging to the family Poaceae. In Pakistan, it is
considered the third most important cereal crop, after wheat and rice. Moreover, various
human communities consume it as staple food and animal feed in different parts of the
world, including Africa, America and Asia [1,2]. It is also certified as a rich source of
protein content (up to 15%). In 2019–2020, the total maize cultivation area was 1404.2 thou-
sand hectares, while maize production was 7.88 million tonnes in Pakistan, contributing
about 0.6% in Gross Domestic Production (GDP) [3]. Because of its accumulative signifi-
cance, progress in the agronomic physiognomies of maize has received great reverence in
Pakistan [4].

Potassium (K) is one of the primary macronutrients required by plants to complete
their life span. Its fertilization stimulates root growth significantly, enhancing water uptake
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from soil to the plant body [5,6]. In the same way, it decreases the transpiration rate and
helps in water conservation during drought conditions [7]. In addition, it has a signifi-
cant contribution in activating many enzymes, maintains the turgor pressure, the electric
potential gradient and the balance between cations and anions [8,9]. According to [10],
K content present in plant tissues is capable of the appropriate functioning of numerous
processes directly involved in crop growth, development, and yield. Consequently, the
regular application of a balanced dose of K is necessary to maintain soil fertility, optimum
crop growth and yield for a longer run.

Zinc (Zn) plays a crucial role in the metabolic activities of major proteins among
plants and humans and is hence considered as an essential nutrient for all organisms [5,11].
According to [12], Zn is indirectly involved in carbohydrate metabolism, it is a structural
constituent of many enzymes involved in different processes such as photosynthesis, the
metabolism of different proteins, pollen germination and maintaining membrane integrity
also provide resistance against various pathogens. Pakistani soils have low organic matter
contents (0.4–0.7%) and are abundant in calcium carbonate (CaCO3), mainly maintaining
a high pH (7.5–8.4). Moreover, the cation exchange capacity (CEC) is formally controlled
by Calcium (Ca) and such factors are key reasons to limit the plant-available Zn and to
reduce the crop yield in absence of Zn fertilizer [5]. However, Zn application in these soils
helps to improve the nutritional status of crop and enhance grain production [13]. Maize
is a source of macro- and micronutrients in the human diet, which helps in a balanced
diet. The deficiency of Zn in maize could induce Zn deficiency in humans using maize as
staple food [14,15]. According to Krebs [16], the problems produced due to Zn deficiency
are very common in children. According to the previous studies, maize genotype plays
a vital role in grain Zn uptake [17–19]. The concentration of Zn present in maize grain is
about 20 mg kg−1 on an average basis [20,21], so its bioavailability in humans/animals
is insufficient.

Limited knowledge is available in the literature about the interaction of these two
mineral nutrients (K and Zn) and their effectiveness on maize growth and yield. So, it
is promising that the soil with a marginal deficiency of these nutrients have no capacity
to ensure optimum yield of maize without balanced fertilization of K and Zn. This gives
rise to the need for the current study to investigate the efficiency of different Zn and K
rates applied to maize genotypes (hybrid and non-hybrid) for efficient mineral uptake. The
major aims of current study were to (i) identify the nutrient–nutrient interaction between K
and Zn in the agroecosystem, (ii) elucidate the effectiveness of the combined application
of K and Zn on maize physiology and (iii) define the impacts of K and Zn fertilization on
yield in different genotypes.

2. Material and Methods
2.1. Site Description

To investigate the above-mentioned aims, a pot experiment was conducted at the
research area of the Department of Soil Science (30.258◦ N, 71.515◦ E), Faculty of Agricul-
tural Sciences and Technology, Bahauddin Zakariya University, Multan, Pakistan. Multan
city is located in the arid and subtropical region of Pakistan [22]. The maximum recorded
temperature is approximately 54 ◦C, and the lowest recorded temperature is approximately
4.5 ◦C. The average rainfall is roughly 186 mm. Dust storms are of frequent occurrence
within the city. The soil used in the experiment was alkaline calcareous and deficient in
plant-available Zn (0.54 mg kg−1) and K (75.0 mg kg−1). The physicochemical properties
of soil used for pot experiment are as given in Table 1.

2.2. Experiment Details

The study was conducted in a wire-house under ambient conditions. The moisture
contents were visually checked every day, and the pots were irrigated frequently (3–4 times
a week) to maintain the water contents at field capacity level. The soil used in the ex-
periment was sieved through 2 mm mesh. Soil samples were used to measure the soil

218



Sustainability 2021, 13, 13440

textural class [23,24], organic matter [25] and extractable K [26]. Electrical conductivity
(inoLab® Cond 7110, Xylem Analytics, Weilheim, Germany) and pH (METTLER TOLEDO,
Jenway, UK) of soil samples were measured through soil extract and saturated soil paste,
respectively. Soil sample was taken in a conical flask with AB-DTPA extraction solution
and shaken for 15 min at 180 cycles/minute, then filtrated. Atomic absorption spectropho-
tometry was used to determine the AB-DTPA extractable Zn in 1:2 soil solution (Thermo
Scientific 3000 Series, Waltham, MA, USA; [27,28]). A three-factorial, completely random-
ized design was followed where maize genotypes, i.e., hybrid Monsanto ‘DK-6142′ and
non-hybrid ‘Neelam’, were used in all possible combination with three levels of K (0, 60
and 100 kg ha−1) and three levels of Zn (0, 16 and 24 kg ha−1). Approximately, 20 kg
soil was added to each pot having 38 cm height, 27 cm diameter, 0.0572 m2 surface area
and 0.02175 m3 volume. The pots were maintained at an adequate distance from each
other, they were at (25 cm × 75 cm) row × plant distance to support easy movement
during cultivation of plants. The experiment was conducted for one growth season, and
the treatments were replicated three times.

Table 1. Physicochemical properties of soil used in the experiment.

Character Unit Value

Texture Loam
Sand % 47.6
Silt % 34.2

Clay % 18.2
PHs — 8.43
EC dS m−1 0.72

CaCO3 % 4.67
Bulk density Mg m−3 1.30

Organic matter % 0.57
AB-DTPA Extractable Zn mg kg−1 0.54

Extractable K mg kg−1 75.0

Five seeds of each genotype were sown in each pot. After one week of germination,
thinning was conducted up to three plants per pot. Recommended dose of N (1.3 g per pot)
and P2O5 fertilizer (1 g per pot) were used in the form of urea (contains 46% N; manufac-
tured by Fauji Fertilizer Company Limited (FFC), Rawalpind, Pakistan) and diammonium
phosphate (DAP contains 46% P, 18% N, manufactured by FFC, Pakistan), respectively.
Urea was applied in two equal splits (i.e., at the time of sowing and 25 days after germi-
nation), while full recommended dose of DAP was added just before sowing. Potassium
chloride (KCl) fertilizer also termed as Muriate of potash (MOP; 60% K2O; manufactured
by FFC, Pakistan) and zinc sulfate monohydrate (ZnSO4·H2O; 27% Zn; manufactured by
FFC, Pakistan) were used as sources of K and Zn, respectively. As per treatment plan, K-
and Zn-containing fertilizers were applied in soil as substrate just before sowing. All the
fertilizers were thoroughly mixed with 20 kg soil.

2.3. Plant Harvest

Shoots and cobs were harvested at crop maturity (120 days after germination). After
air-drying, each plant sample was placed in an oven at 65 ◦C for 48 h until constant
weight was achieved. After oven drying, samples were ground and digested using a diacid
mixture with HClO4:HNO3 in 1:2 ratio (72% and 69% pure) [29]. For digestion, ground
plant samples and HNO3 were added to the flasks and stood overnight. Afterward, heated
at 125◦ for 1 h using hot plate. Then, the samples were cooled down to avoid drying out,
and HClO4 was added until colorless solution was obtained. Digested plant samples were
used for further analysis. All the chemicals used in the experiment were bought from
Eastern Scientific Corporation Private limited and were of analytical grade manufactured
by Merck.
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2.4. Plant Analysis
2.4.1. Morphological and Yield Parameters

Morphological and yield parameters, including plant height (cm), fresh weight (g),
dry weight (g), cob length (cm) and 1000 grain weight (g) were measured after harvesting.

2.4.2. Physiological Parameters

The plant physiological parameters of all the treatments were recorded in the morning
(between 09:30 to 10:30 am). Fully expanded second leaf of each plant was selected for
the measurements of gaseous exchange parameters and chlorophyll content at principal
growth stage 5: Inflorescence emergence (BBCH-51). Gaseous exchange parameters such
as photosynthetic rate (A), transpiration rate (E), stomatal conductance (Gs) and internal
CO2 concentration (Ci) were recorded using infrared gas analyzer (IRGA: type 225 mk3;
Analytical Development Company, Hoddesdon, UK). Chlorophyll contents (SPAD value)
were measured using SPAD-meter (SPAD-502, Minolta, Osaka, Japan). Relative water
contents (RWC) were estimated using the following formula [5]:

RWC = (Fresh weight − Dry weight)/(Turgid weight − Dry weight) × 100

Membrane stability index (MSI) was calculated by the formula [30] as given below:

MSI = {I − (C1/C2)} × 100

2.4.3. Ionic Parameters

At maturity, the straw and cobs samples were collected, and oven dried until constant
weight was achieved. Afterward, the grains were removed and both straw and grain
samples were ground. Following wet digestion method, the straw and grain samples were
placed in diacid mixture (HNO3: HClO4, 2:1 ratio) separately in conical flasks overnight,
then digested separately on hot plate (at 150 ◦C for 1 h, afterward at 235 ◦C for 30 min).
The concentration of K was determined by flame photometer (FP 6410, Shanghal Jingke,
China) [23], and Zn was determined using atomic absorption spectrophotometer (Thermo
Scientific 3000 Series, Waltham, MA, USA).

2.5. Statistical Analysis

A completely randomized design (CRD) with three-factorial arrangement was ana-
lyzed. Statistix 9® (Analytical Software, Tallahassee, FL, USA) was used for analysis of
variance (ANOVA) and Microsoft Excel 2013® (Microsoft Corporation, Redmond, WA,
USA) were used for data computations. Least significant difference (LSD) test based on
Duncan multiple comparisons was used to identify the significant differences among the
treatment means [31]. The treatments were tested in three replicates and the data presented
with standard deviation in the graphs.

3. Results
3.1. Effect of K and Zn Fertilization on Plant Height

All the treatments showed a significant difference (p ≤ 0.05) in the plant heights of
both genotypes (hybrid and non-hybrid) with K and/or Zn application as compared to
the control (Figure 1). Plant height increased significantly in the hybrid cultivar (DK-6142)
with the application of K60, Zn16 (56.84%) followed by K100, Zn16 (53.42%) and K100,
Zn24 (50.71%) in comparison with CK (K0, Zn0).

3.2. Effect of Potassium and Zinc Application on Plant Fresh and Dry Biomass (g Pot−1)

Biomass production is considered as an important factor for fodder production for
maize. The application of mineral nutrients such as K and Zn increased biomass production.
A significant increase (p ≤ 0.05) was observed in the fresh and dry biomass of both maize
genotypes (hybrid and non-hybrid) through the combined application of Zn and K (ZnSO4
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+ MOP) in comparison with CK (Figure 2). Plant fresh biomass was significantly higher
in the hybrid cultivar with the application of K60, Zn16 (89.73%) followed by K100, Zn16
(81.46%) and the inbred cultivar with the application of K60, Zn16 (74.03%) as compared
to CK. Moreover, the plant dry biomass was increased with the application of K60, Zn16
(94.94%) followed by K100, Zn16 (85.08%) and K100, Zn24 (75.42%) in DK-6142 maize
hybrid with respect to CK.
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Figure 1. Effect of various levels of K and Zn on plant height of hybrid (G1) and non-hybrid (G2) genotypes of a maize
plant; K0, K60 and K100 represent 0, 60 and 100 kg K ha−1, respectively; Z0, Z16 and Z24 represent 0, 16 and 24 kg Zn ha−1,
respectively. The presented data are the means± SD (n = 3). The lowercase letters indicate statistically significant differences
according to the LSD test.

3.3. Effect of Potassium and Zinc on Membrane Stability Index (MSI) and Relative Water
Content (RWC)

The application of mineral nutrients such as K and Zn increased the physiological
parameters, i.e., the MSI and RWC, in the maize plants. A significant increase (p ≤ 0.05)
was observed in the MSI (%) and RWC (%) of both maize genotypes through the combined
application of Zn and K (ZnSO4 + MOP) compared to maize under control conditions
where no Zn and K was applied (Figure 3). The maximum MSI was observed in the hybrid
variety with the application of K60, Zn16 (2.42 fold) followed by K100, Zn16 (2.35 fold)
and K100, Zn24 (2.23 fold) as compared to CK. Meanwhile, the RWC was significantly
enhanced in the DK-6142 hybrid with the application of K60, Zn16 (3.0 fold) followed by
K100, Zn16 (2.73 fold) and the inbred ‘Neelam’ genotype with the application of K60, Zn16
(2.70 fold) as compared to CK.

3.4. Effect of Potassium and Zinc on Chlorophyll Contents (SPAD Value) and Cob Length (cm)

Comparatively, DK-6142 performed better than Neelam under various fertilization
treatments. The chlorophyll content (SPAD value) was significantly increased (p ≤ 0.05)
in the DK-6142 maize hybrid with the application of K60, Zn16 (2.91 fold) followed by
K100, Zn16 (2.67 fold) and the Neelam inbred genotype with the application of K60, Zn16
(2.65 fold) as compared to CK (Figure 4). Moreover, cob length was increased with the
application of K60, Zn16 in maize hybrid (68.47%) and inbred cultivar (60.71%) followed
by maize hybrid with the application of K100, Zn16 (60.16%).
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Figure 2. Effect of MOP and ZnSO4 on (A) fresh weight and (B) dry weight of hybrid (G1) and non-hybrid (G2) genotypes
of a maize plant; K0, K60 and K100 represent 0, 60 and 100 kg K ha−1, respectively; Z0, Z16 and Z24 represent 0, 16 and
24 kg Zn ha−1, respectively. The presented data are the means ± SD (n = 3). The lowercase letters indicate statistically
significant differences according to the LSD test.

3.5. Effect of Potassium and Zinc on Gas Exchange Parameters

Gas exchange parameters such as photosynthetic rate (A), transpiration rate (E),
stomatal conductance (Gs), and internal CO2 concentration (Ci) are important and the
main components of plant growth and development. A significant increase (p ≤ 0.05) was
observed in gas exchange parameters i.e., A and E (Figures 5 and 6). Photosynthetic rate
significantly improved with the application of K60, Zn16 in maize hybrid (3.54 fold) and
inbred genotype (3.15 fold) followed by hybrid DK-6142 with the application of K100, Zn16
(3.05 fold), respectively.
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Figure 3. Effect of MOP and ZnSO4 on (A) Membrane stability index and (B) Relative water content of hybrid (G1) and
non-hybrid (G2) genotypes of a maize plant; K0, K60 and K100 represent 0, 60 and 100 kg K ha−1, respectively; Z0, Z16 and
Z24 represent 0, 16 and 24 kg Zn ha−1, respectively. The presented data are the means ± SD (n = 3). The lowercase letters
indicate statistically significant differences according to the LSD test.

Transpiration rate also enhanced with the application of K60, Zn16 in DK-6142 maize
hybrid (4.38 fold) and Neelam genotype (4.08 fold) followed by DK-6142 hybrid with K100,
Zn16 (3.94 fold) in comparison with CK. Moreover, stomatal conductance increased in
DK-6142 with the application of K60, Zn16 and in Neelam with K60, Zn16 followed by
K100, Zn16 in hybrid cultivar showed similar results (3.58 fold) in relation to CK.

Internal CO2 concentration were also increased with the application of K60, Zn16 in
hybrid (2.20 fold) and inbred (2.05 fold) cultivars followed by DK-6142 with the application
of K100, Zn16 (103.01%) in comparison with CK.
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Figure 4. Effect of MOP and ZnSO4 on (A) chlorophyll contents and (B) cob length of hybrid (G1) and non-hybrid (G2)
genotypes of a maize plant; K0, K60 and K100 represent 0, 60 and 100 kg K ha−1, respectively; Z0, Z16 and Z24 represent 0,
16 and 24 kg Zn ha−1, respectively. The presented data are the means± SD (n = 3). The lowercase letters indicate statistically
significant differences according to the LSD test.

3.6. Effect of Potassium and Zinc on 1000 Grain Weight and Grain Yield of a Maize

A significant increase (p ≤ 0.05) was observed in the 1000 grain weight (g) and grain
yield (g pot−1) of maize in all treatments compared to the control (Figure 7). The results
showed that the 1000 grain weight was increased with the application of K60, Zn16 in the
DK-6142 maize hybrid (30.99%) and in the inbred Neelam (26.33%) genotypes, followed by
DK-6142 at K100, Zn16 (25.68%). So, it was clear from the data that the hybrid genotype
performed better than the non-hybrid genotype. Moreover, the grain yield was also
improved with the application of K60, Zn16 in the hybrid (39.74%) and inbred genotypes
(35.27%) followed by K100, Zn16 (32.70%) in hybrid cultivar as compared to CK.
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Figure 5. Effect of MOP and ZnSO4 on (A) photosynthetic rate and (B) transpiration rate of hybrid (G1) and non- hybrid
(G2) genotypes of a maize plant; K0, K60 and K100 represent 0, 60 and 100 kg K ha−1, respectively; Z0, Z16 and Z24
represent 0, 16 and 24 kg Zn ha−1, respectively. The presented data are the means ± SD (n = 3). The lower case letters
indicate statistically significant differences according to the LSD test.

3.7. Effect of Potassium and Zinc on K Concentration in Straw and Grain of a Maize

A significant increase (p ≤ 0.05) was observed in the K concentration in the straw
and grain of the maize through the combined application of K and Zn compared to under
control conditions (Figure 8). The straw K concentration improved in the hybrid cultivar
with the application of K100, Zn24 (94.06%), followed by K100, Zn0 (93.28%) and K100,
Zn16 (92.25%). It clarifies that the hybrid cultivar performed better than the inbred plants.
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Figure 6. Effect of MOP and ZnSO4 on (A) stomatal conductance and (B) internal CO2 concentration of hybrid (G1) and
non- hybrid (G2) genotypes of a maize plant; K0, K60 and K100 represent 0, 60 and 100 kg K ha−1, respectively; Z0, Z16 and
Z24 represent 0, 16 and 24 kg Zn ha−1, respectively. The presented data are the means ± SD (n = 3). The lower case letters
indicate statistically significant differences according to the LSD test.

On the other hand, a significant increase (p ≤ 0.05) was observed in the case of K
concentration in maize grain, through the various combined application of ZnSO4 and
MOP than the control (Figure 8). The grain K concentration increased in the hybrid variety
with the application of K100, Zn24 (43.48%), followed by K100, Zn16 (42.39%) and K100,
Zn0 (40.58%).
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Figure 7. Effect of MOP and ZnSO4 on (A) 1000 grain weight and (B) grain yield (g pot−1) of hybrid (G1) and non-hybrid
(G2) genotypes of a maize plant; K0, K60 and K100 represent 0, 60 and 100 kg K ha−1, respectively; Z0, Z16 and Z24
represent 0, 16 and 24 kg Zn ha−1, respectively. The presented data are the means ± SD (n = 3). The lowercase letters
indicate statistically significant differences according to the LSD test.

3.8. Effect of Potassium and Zinc on Zn Concentration in Straw and Grain of a Maize

Due to various combined applications of ZnSO4 + MOP, a significant increase (p ≤ 0.05)
was observed in the Zn concentration in the straw (mg kg−1) and grain (mg kg−1) of maize
compared to the control (Figure 9). The zinc concentration in straw improved in G1
significantly with the application of K0, Zn24 (3.40 fold), followed by K100, Zn24 (3.35 fold)
and K60, Zn24 (3.21 fold). In the case of the Zn concentration in grain (mg kg−1), G1 showed
better results with the application of K0, Zn24 (2.63 fold). followed by K100, Zn24 (2.58 fold)
and K60, Zn24 (2.46 fold) compared with CK.
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Figure 8. Effect of MOP and ZnSO4 on (A) straw K and (B) grain K of hybrid (G1) and non-hybrid (G2) genotypes of a
maize plant; K0, K60 and K100 represent 0, 60 and 100 kg K ha−1, respectively; Z0, Z16 and Z24 represent 0, 16 and 24 kg
Zn ha−1, respectively. The presented data are the means ± SD (n = 3). The lowercase letters indicate statistically significant
differences according to the LSD test.
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Figure 9. Effect of MOP and ZnSO4 on (A) straw Zn and (B) grain Zn of hybrid (G1) and non-hybrid (G2) genotypes of a
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4. Discussion
4.1. Effect of Potassium and Zinc Application on Growth Attributes of Maize Genotypes

Zinc deficiency is common in Pakistani soils, which are alkaline calcareous in natural
conditions. Other important reasons for the K and Zn deficiency is the frequent use of
tubewell water and less availability of canal water [32]. So, under such conditions, a com-
bined fertilization approach plays an important role in improving crop growth and yield.
In the present study, the combined application of MOP and ZnSO4 caused a significant
increase in the plant height along with the fresh and dry biomass of maize because the
combined application of K and Zn improves the root growth which helps in increasing
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the uptake of K and also increasing the crop growth by improving the photosynthetic
rate [33]. This increase is due to the involvement of Zn in many enzymatic reactions,
the synthesis of chlorophyll, stomatal regulation, protein synthesis and carbohydrates
transformation [5,34]. On the other hand, K also plays an important role in enhancing
crop growth [7,35,36]. Potassium is also involved in increasing plants’ dry biomass [6]
because it increases the photosynthetic activity, which results in increasing the number of
carbohydrates. According to Marschner [9], K increases the dry biomass of a plant under
stress condition by enhancing the carboxylation efficiency.

4.2. Effect of Potassium and Zinc Application on Gas Exchange Parameters of Maize Genotypes

The application of K and Zn improved the gas exchange parameters (A, E, Ci and
Gs) of both maize genotypes. Actually, both these nutrients have a key role in enzymatic
activities such as CO2 fixation. In the present study, the gas exchange parameters of maize
hybrid DK-6142 increased by K and Zn application. Similar findings were also observed
by [35,37], as they also reported the beneficial impact of K and Zn for the gas exchange
parameters. According to [38], the photosynthetic rate is controlled by the application
of K because it is directly involved in the opening and closing of stomata. Moreover,
Zn maintains the water contents at tissue level at high rates [9]. Both the stomatal and
non-stomatal factors are involved in controlling the direct relationship of photosynthesis
with the seed yield and dry matter production of crop plants [37].

4.3. Effect of Potassium and Zinc Application on Physiological Attributes of Maize Genotypes

The physiological attributes such as the membrane stability index, the relative water
content and the chlorophyll contents are the key factors for the estimation of plant growth
parameters. The application of K and Zn improved all the mentioned physiological
attributes of the maize genotypes. These results are also in agreement with findings of [39],
who reported that the RWC and the osmotic potential were significantly improved through
the application of Zn. These results can be related to the findings of some previous studies
in which it was concluded that increase in leaf Zn due to supplemental Zn increased the
leaf turgor and the RWC of soybean [40] and wheat [41].

The photosynthesis rate is limited in response to dehydration due to the closure of
the stomata and defects in metabolic processes, and the total amount of chlorophyll is
reduced [42]. Potassium and Zn application improve conditions to increase chlorophyll
concentration and photosynthesis. The chlorophyll content in living plants is one of the
important factors for preserving photosynthetic capacity [43]. The researchers concluded
that possibly the deficiency in micro-nutrients could prevent the activity of a number of
antioxidant enzymes, resulting in oxidative damage to chlorophyll [13,44]. Increasing the
chlorophyll content is attributed to increasing the nutrients availability, especially Zn and
K, and increasing the availability of other elements. Zinc application at different stages
of plant growth may result in less nutrients loss and consequently increases nutrients’
availability for the plants which in turn increase the chlorophyll content. Zinc application
does not directly affect the formation of chlorophyll, but it can affect the concentration
of elements that are part of the chlorophyll molecule, such as iron and magnesium [45].
Various studies have observed similar findings [5,46].

4.4. Effect of Potassium and Zinc Application on Yield Parameters of Maize Genotypes

The data clarified that the application of K and Zn significantly increased the cob
length, 1000 grain weight and grain yield of maize plants. Potassium plays a vital role in
crop growth and yield such as it is involved in water use efficiency (WUE), the division of
cells, stomatal regulation, protein synthesis as well as hydrocarbon formation and their
transfer towards cereal grains [9]. According to Broadley [11], various physiochemical
processes directly or indirectly depend on Zn fertilization, which play an important role in
enhancing dry matter production as well as the grain yield of cereals crops [35,47]. The
combined application of K and Zn has a positive impact on the 1000 grain weight of a
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maize plants because the enzymes involved in carbohydrate synthesis are Zn dependent,
and Zn plays a role in stomatal regulation and in the transformation of photosynthetase
from source to sink [9]. So, K improves the plant’s growth and yield due to significant
enhancements in yield attributes [48], and also from its different role in different plant
metabolic procedures [49].

4.5. Effect of Potassium and Zinc Application on Ionic Contents of Maize Genotypes

The results revealed that the combined application of K100, Zn24 significantly in-
creased straw K (94.06%) and grain K (43.48%), whereas K0, Zn24 increased Zn concentra-
tion in straw (240.58%) and grain (163.84%). There are different essential nutrients which
are present in soil with different concentrations. Some of these nutrients interact with
each other; these interactions may be antagonistic or synergistic in nature. According to
Maleki [50], the root surface is directly related to the absorption of nutrients, which is
due to the positive interaction of K and Zn that enhance the lateral as well as fibrous root
system of plant. This beneficial interaction also increases the concentration of N, P and K
in soil solution, which affects the root system that uptakes more nutrients and increases the
cop growth and development [33]. The concentration of K increases with the increase in
K application [5,6], which may be due to the increase in the concentration of K in the soil
solution as well as in the exchange site that is evident from the greater K concentration in
the crop plant [51].

According to Liu [5,52], the positive effect of Zn application on the K content and
its uptake by wheat and rice can be determined by the Zn-induced increase in the root
system, which is due to the formation and polar transportation of indole acetic acid (IAA)
that could affect more absorption of K. According to the work of Harris [2], two important
methods that could be used to increase the plant Zn concentration are seed priming as
well as soil zinc fertilization. Other important things for better Zn uptake are the soil
bioavailable Zn and the surface area of plant roots [47].

5. Conclusions

The current study revealed that a combined fertilization (Zn + K) approach signifi-
cantly enhanced the agronomic, physiological, growth and yield parameters of two maize
genotypes compared to those under control conditions. The combined fertilization of Zn +
K increases the K concentration in the grain and straw of maize, while the Zn concentration
increases in the grain and straw of maize genotypes under solely Zn application. It was also
concluded that the hybrid maize genotype (DK-1642) performed better than the non-hybrid
(Neelam) genotype.
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Abstract: Paddy rice is a staple food of three billion people in the world. Timely and accurate
estimation of the paddy rice planting area and paddy rice yield can provide valuable information
for the government, planners and decision makers to formulate policies. This article reviews the
existing paddy rice mapping methods presented in the literature since 2010, classifies these methods,
and analyzes and summarizes the basic principles, advantages and disadvantages of these methods.
According to the data sources used, the methods are divided into three categories: (I) Optical mapping
methods based on remote sensing; (II) Mapping methods based on microwave remote sensing; and
(III) Mapping methods based on the integration of optical and microwave remote sensing. We found
that the optical remote sensing data sources are mainly MODIS, Landsat, and Sentinel-2, and the
emergence of Sentinel-1 data has promoted research on radar mapping methods for paddy rice.
Multisource data integration further enhances the accuracy of paddy rice mapping. The best methods
are phenology algorithms, paddy rice mapping combined with machine learning, and multisource
data integration. Innovative methods include the time series similarity method, threshold method
combined with mathematical models, and object-oriented image classification. With the development
of computer technology and the establishment of cloud computing platforms, opportunities are
provided for obtaining large-scale high-resolution rice maps. Multisource data integration, paddy rice
mapping under different planting systems and the connection with global changes are the focus of
future development priorities.

Keywords: optical remote sensing; microwave remote sensing; phenology-based method

1. Introduction

Paddy rice, as a major staple food, feeds almost half the world’s population [1].
As the population grows, the demand for food grows. In terms of water use, about one-
quarter to one-third of the world’s freshwater resources are used for paddy rice irriga-
tion [2]. Paddy rice fields are a major source of methane (CH4) emissions [3]. Globally,
methane (CH4) emissions from paddy rice account for more than 10% of the total amount
of CH4 in the atmosphere [4]. Methane is the second most abundant greenhouse gas after
carbon dioxide [5]. Paddy rice fields serve as habitats for birds, ducks, and other species,
which are the origin of highly pathogenic avian influenza [6]. Therefore, the development
of paddy rice distribution maps is of great significance for understanding and assessing
the environmental conditions of food security, climate change, disease transmission and
water use at regional, national and global levels [7].

An in-depth understanding of paddy rice cultivation and physiology is the premise
of paddy rice mapping. The general physical characteristics of different crops are dif-
ferent, and the characteristics of paddy rice at different growth stages are also different.
The paddy rice growth period can be divided into four stages [7]: (1) from sowing to
transplanting in the nursery stage (~1 month), (2) from the transplanting to the heading
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stage (1.5 to 3 months), (3) from the heading to the reproductive stage with flowering
(~1 month, including start, heading and flowering, stem elongation and panicle develop-
ment), and (4) from flowering to mature stages at full maturity (~1 month, including milk
stage, dough, and ripe grains). The morphology of paddy rice at the main growth stages
is shown in Figure 1. Paddy rice is the only crop that needs extensive water during the
growing phase and is the only staple that needs transplanting. Therefore, paddy rice can
be identified by studying the sensitive spectral bands or indices during the period of water,
soil, and vegetation mixing. Temporal variation in water–soil–vegetation composition is a
key factor in paddy rice identification.
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to rice mapping. Dong et al. [7] discussed the evolution of rice mapping methods from
the 1980s to 2015 and summarized the methods used to characterize each stage and future
development trends. Claudia et al. [1] mainly discussed the basic work of rice mapping.
Based on a large number of studies, they summarized the characteristics of rice mapping
(such as sensors, vegetation index, biomass) and summarized the application fields of
different satellite sensors. Mostafa et al. [8] discussed the applicability of remote sensing
images to rice area mapping and yield prediction. Methods and limitations of mapping and
yield prediction using different remote sensing sensors are briefly described. Niel et al. [9]
mainly discussed the current status of the application of remote sensing technology in rice
planting areas in Australia, including crop identification, area measurement, and yield
prediction. The research of these scholars is of great significance to the understanding of rice
mapping methods. However, there are also some deficiencies: (I) The systematic induction
of rice mapping methods is not comprehensive enough. (II) Detailed introductions of the
method principles are limited. (III) There is a lack of comparison and evaluation of different
methods. Based on the above analysis, this paper conducts a systematic review of rice
mapping methods under recent remote sensing technology to correctly select rice mapping
methods suitable for specific research purposes.

Paddy rice mapping algorithms are diverse. These methods include supervised classifi-
cation and unsupervised classification methods, phenology algorithms, and object-oriented
image classification. Data sources include optical remote sensing and microwave remote
sensing. To facilitate the subsequent development of new methods, this study reviews
paddy rice mapping methods in the literature since 2010. The content mainly include
three aspects: (I) Methods based on optical remote sensing data and their advantages and
disadvantages; (II) Methods based on microwave remote sensing data and their advantages
and disadvantages; (III) Methods based on the integration of optical remote sensing data
and microwave remote sensing data and their advantages and disadvantages. Finally,
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we summarize the development trend of paddy rice mapping methods, as well as the
challenges and future direction of development.

2. Key Feature Statistics in Remote Sensing

We used Web of Science to collect rice-related papers published in major international
remote sensing journals and some agricultural journals between 2010 and 2020. The search
keywords were rice, remote sensing, and mapping. Afterwards, further screening was
carried out by reading the abstract, and highly relevant papers were selected for review
and analysis.

The main data sources are shown in Table 1. The most commonly used optical remote
sensing satellites are Landsat, MODIS and HJ-1A/B, with spatial resolutions of 30 m and
500 m, respectively. In recent research on radar data, Sentinel-1 data are often used, with a
spatial resolution of 10 m and temporal resolution less than 10 days. In addition, we made
statistics on the relevant characteristics of the data sources in the integration method. It is
worth mentioning that the integration method is mostly based on Landsat data set in
optical images, extracting all high-quality images in a period of time for research, and the
time resolution is 8 days~16 days (Table 2). These satellite sensors have the potential to
obtain multitemporal and multispectral reflectance data on farmland. These data can be
used to derive the time series of vegetation indices (VIs), which are calculated as a function
of the red, green, blue, and infrared spectral bands (see the major VIs in Table 3).

Table 1. Main satellite data sources used for paddy rice mapping.

Satellite Sensor Spatial
Resolution

Temporal
Resolution Free or Charge Literature

Number

Landsat

MSS+TM
(Landsat-5)

ETM+ (Landsat-7)
OLI (Landsat-8)

30 m 16 days Free 16

Terra/Aqua MODIS 250–1000 m 1–2 days Free 22

HJ-1A/B CCD1/2 30 m 2–4 days Free 3

SPOT

HRV (SPOT1~3)
VGT (SPOT-4)

HRG/HRS/VGT
(SPOT-5)

1 km 1 day Charge 2

Sentinel-2 MSI 10–20 m 5 day Free 7

Sentinel-1 SAR 5–40 m 12 days Free 14

COSMO-SkyMed SAR 3–15 m 16 days Charge 1

TerraSAR-X SAR 3–10 m 11 days Charge 1

ENVISAT ASAR 20–500 m 35 days Free 2

RADARSAT-1 SAR 10–100 m 24 days Charge 1

RADARSAT-2 SAR 3–100 m 24 days Charge 2

ALOS-2 PALSAR-2 25 m 14 days Charge 3

Note: MSS—Multispectral Scanner; TM—Thematic Mapper; ETM+—Enhanced Thematic Mapper Plus; OLI—Operational Land Imager;
CCD—Charge Coupled Device; HRV—High Resolution Visible; VGT—VEGETATION; HRG—High Resolution Geometric Imaging
Instrument; HRS—High Resolution Stereoscopic Imaging Instrument; MSI—Multi-Spectral Instrument; SAR—Synthetic Aperture Radar;
ASAR—Advanced Synthetic Aperture Radar; Literature Number—The number of literature using this data in the literatures included in
this study.
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Table 2. Introduction to Integration Method Data Sources.

Integrated Data Sources Integrated Spatial
Resolution

Integrated Time
Resolution Ref.

Landsat ETM+\OLI 30 m 8 days [10]
Landsat 8 OLI MODIS 30 m 16 days [11]

Landsat TM\ETM+\OLI 30 m <16 days [12]
Landsat TM\ETM+ 30 m ≤16 days [13,14]
Landsat ETM+\OLI 30 m 16 days [15]
Sentinel-2 MODIS 10 m 16 days [16]

Table 3. Indices used in paddy rice mapping methods.

Index Abbreviation Formula Literature Number

Normalized Difference Vegetation Index NDVI ρnir−ρred
ρnir+ρred

27

Enhanced Vegetation Index EVI 2.5× ρnir−ρred
ρnir+6×ρred−7.5×ρblue+1 14

Two-band Enhanced Vegetation Index EVI2 2.5× ρnir−ρred
ρnir+2.4×ρred+1 1

Land Surface Water Index LSWI ρnir−ρswir
ρnir+ρswir

16

Normalized Difference Snow Index NDSI ρgreen−ρswir
ρgreen+ρswir

3

Normalized Difference Water Index NDWI ρgreen−ρnir
ρgreen+ρnir

1

Normalized Difference Flood Index NDFI ρswir−ρred
ρswir+ρred

1

Note: Surface reflectance values from the blue (ρblue), green (ρgreen), red (ρred), Near Infrared (NIR) (ρnir) and Shortwave Infrared(SWIR)
(ρswir) bands.

3. Taxonomy

In the past 10 years, scholars have carried out many studies on the paddy rice mapping
method and further improved the method’s precision based on its predecessors. The meth-
ods can be divided into the following three categories, based on the difference in data
sources: optical remote sensing mapping method, microwave remote sensing mapping
method, and integrated method (Table 4). According to the method principle, the opti-
cal remote sensing mapping method is further divided into four categories. Generally,
the microwave remote sensing mapping method extracts the variation in the backscat-
tering coefficient of paddy rice during the growing period, which can be divided into
two categories according to the principle of the method. The methods of optical and
microwave integration are divided into two categories according to the principle of the
method: complementary method and comparative method. Among the above methods,
time series analysis methods such as phenology-based methods are relatively common,
and object-oriented, deep learning, and data integration methods have been relatively
innovative in the past 10 years.
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Table 4. Categories of existing paddy rice mapping methods.

Main Classification Specific Methods Refs.

Optical Remote
Sensing-Based Mapping Methods

Machine learning [13,17–23]
Time series similarity method [24,25]

Vegetation index feature-based method [10–12,14,26–41]
Object-based image analysis [42–44]

Microwave Remote Sensing-Based Mapping Methods Empirical model [45–48]
Machine learning [49–58]

Integration of Optical and
Microwave Remote Sensing-Based Mapping Methods

Complementary method [16,59–65]
Comparison class method [66–69]

4. Evolution of Paddy Rice Mapping Methods

Remote sensing platforms can repeatedly observe the Earth’s surface and collect a
variety of data, so several remotely based methods have been developed to map paddy rice
areas around the world. There are three types of methods based on different data sources.
These methods are described in the following sections.

4.1. Optical Remote Sensing-Based Mapping Methods

Optical remote sensing sensors have been used extensively for mapping paddy rice
areas around the world. The earliest method of paddy rice monitoring was to extract
paddy rice by using remote sensing images and classification methods. Later, with the
emergence of the vegetation index, phenological algorithm, cloud computing, and ma-
chine learning, the precision of paddy rice mapping based on optical remote sensing was
constantly improved.

4.1.1. Machine Learning

Machine learning methods are commonly used methods of rice mapping, includ-
ing traditional machine learning and deep learning. Traditional machine learning includes
supervised and unsupervised classification, such as ISODATA, decision tree (DT), ran-
dom forest (RF), support vector machine (SVM). The principle of this type of method is to
first collect images and sample training data and determine the decision rules to extract
rice based on characteristic parameters.

Supervised classification is based on the samples provided by the known training area
to obtain feature parameters to establish decision rules. Unsupervised classification ob-
tains feature parameters through computer agglomeration statistical analysis of images to
establish decision rules. The latter is an image classification method without a priori classi-
fication criteria. The input into the classifier is mainly preprocessed spectral images [13,21].
In recent years, normalized difference vegetation index (NDVI) temporal curves have also
been used as the characteristic parameter for classification [18]. Manjunath et al. [17] used
multitemporal SPOT VGT NDVI data for analysis. The ISODATA clustering method is used
to distinguish between paddy rice areas and non-paddy rice areas. Then, the auxiliary data
set is used to further subdivide the areas. Similarly, Okamoto et al. [13] used this method
to extract paddy rice fields in Heilongjiang. The difference is that this study used Landsat
TM/ETM+ as the data source. Gumma et al. used MODIS data products combined with
the k-means clustering algorithm to map the paddy rice area. In 2011 and 2015, they used
the same method to map paddy rice in different regions [18,19]. The results were relatively
good, with a correlation of more than 90% with local statistics. Paddy rice mapping is
also carried out using supervised classification methods, such as SVM [20] and RF [21].
The advantage of this method is its strong operability. The basic principles are easy to
understand. The difficulty of the supervised method may be the collection of training
samples. However, Google Earth’s high-resolution images and the global geo-referenced
field photo library (http://eomf.ou.edu/photos/) provide convenience. The disadvan-
tage of this method is that the validity of the image will affect the accuracy of the results.
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For example, cloudy and foggy areas, broken terrain areas, and mixed pixel problems
will affect the results. In addition, the threshold settings in supervised classification and
unsupervised classification methods will change according to the study area.

Deep learning performs well in image recognition and signal processing. In optical
remote sensing, the CNN method is mainly used. Convolutional neural network (CNN)
is well applied in the field of image analysis. In terms of scene classification, the CNN
algorithm has higher classification accuracy than traditional algorithms. CNN is com-
posed of several layers with different functions: input layer, convolution layer, pool layer,
fully connected layer and output layer. The input layer is used to import training data,
and the convolutional layer is used to extract features. The steps of applying this method
to rice mapping are as follows: (1) Use the University of California Merced land-use data
set, land-use/land-cover (LULC) Map, Google Earth high-resolution images, and field
survey data to pretrain the model. (2) Input the original image into the model and output
the result. In this step, in addition to the spectral data, NDVI, Land Surface Temperature
(LST), and related phenological information can also be imported into the model [22]. Com-
mon training outputs classification results. Zhao et al. [23] combined CNN classification
results with the results of NDVI under the DT to achieve further classification and output
the final classification results.

The accuracy of this method is generally high. The overall accuracy is greater than 93%.
The advantage is improved classification of complex surfaces and the broken landscapes.
The disadvantage is that complex models require a lot of data for training. If the tagged
data are not enough to support the entire training process, the deep learning model will
have poor results. Therefore, the correct amount of training data guarantees the reliability
and rationality of the training model.

4.1.2. Time Series Similarity Method

A new method that appeared in recent years is the time series similarity method of
dynamic time warping (DTW) distance [24,25]. Time series similarity measures are used to
describe the characteristics of data changes over time. DTW distance was initially applied to
text data matching, speech processing, and visual pattern recognition. The research shows
that algorithms based on the nonlinear bending technique can obtain high recognition and
matching accuracy. The steps in this method are as follows: first, establish the standard
NDVI sequence curve of the paddy rice growth cycle through field sample data, and then
determine the threshold based on the DTW distance between the NDVI time series of
standard paddy rice growth and the NDVI time series of the pixels to extract the paddy
rice field. The principle of the time sequence similarity method based on the DTW distance
is as follows:

Suppose two time series, i.e., S1(t) =
{

s1
1, s1

2, · · · , s1
m
}

, S2(t) =
{

s2
1, s2

2, · · · , s2
n
}

, with re-
spective lengths of m and n. Construct an m × n matrix Am×n and define the distance

between each element as aij = d
(

s1
i , s2

j

)
=

√(
s1

i , s2
j

)2
. In the matrix Am×n, a winding path

is set by a group of adjacent matrix elements, and notes for W = {w_1,w_2,· · · ,w_k} and the
kth element in W are defined as wk =

(
aij
)

k; this path meets the following conditions:
Monotonicity constraint: wk = aij, wk+1 = ai′ j′ , i′ ≥ i, j′ ≥ j,
Continuity constraint: wk = aij, wk+1 = ai′ j′ , i′ ≤ i + 1, j′ ≤ j + 1,,
Endpoint constraint: w1 = a11, wk = amn.
This element satisfies the condition 0 ≤ i − i′, 0 ≤ j − j′ ≤ 1, and thus,

DTW(S1, S2) = min 1
K ∑k

i=1 Wi. The DTW algorithm can be summarized by applying
ideal dynamic programming to find the best (i.e., least bending) cost path, as shown in
Formula (1):

{
D(1, 1) = a11

D(i, j) = aij + min{D(i− 1, j− 1), D(i, j− 1), D(i− 1, j)} (1)

where i = 2,3 . . . m, j =2,3 . . . n, D (m, n) is the minimum cumulative value of the winding paths.
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The DTW distance can reflect the similarity and difference between the standard
paddy rice growth NDVI time series and the NDVI time series of a pixel. In the DTW
algorithm, when the DTW distance is short, the curve of the NDVI time series shows high
similarity. We performed correlation analysis on the NDVI time series and ground truth
data to determine the DTW distance threshold for identifying single- and multi-cropping
paddy rice. Assuming that the DTW distance of the pixel is greater than the threshold
shown, the pixel is unlikely to be paddy rice.

In 2014, Guan et al. [24] extracted rice areas from Southeast Asia and initially explored
the applicability of this method in cloudy and rainy areas with good results. In 2018,
the same team used this method to extract rice areas in Vietnam, and the results correlated
well with statistical data (R2 = 0.809). This result showed once again the potential of this
method for rice mapping in monsoon regions and multiple cropping systems with diverse
cultivation processes [25].

The accuracy of this method is good, and the overall accuracy is 83%. The advantage
of this method is that it is suitable for cloudy and rainy areas, and the similarity analysis
based on DTW distance can solve the overall curve deviation caused by the flexibility of
paddy rice planting. This method has good application potential in different crops and
different cropping systems. The disadvantages are the determination of the empirical
model threshold and the determination of the NDVI standard curve. Affected by the
spatial resolution of satellite data, the accuracy of the national scale is high and that of the
provincial scale is low.

4.1.3. Vegetation Index Feature-Based Method

The third method is the vegetation index feature-based method. This method can
be divided into two categories. One is the features are obtained through mathematical
analysis. The threshold formula is established by mathematical analysis of the vegetation
index time series curve. The other is the phenology algorithm. The principle is to extract
paddy rice, which is grown on flooded soils, based on the unique physical characteristics.
NDVI < Land Surface Water Index (LSWI) or Enhanced Vegetation Index (EVI) < LSWI
during the flooding period of paddy rice, but the EVI value of other vegetation (non-
flooded) is usually greater than the LSWI value.

Mathematical methods include correlation analysis, analysis of variance, and normal
distribution. The principle of the correlation analysis method is to extract 100 sample pixels
to generate the NDVI time profile curve and calculate the average [26]. Then, the correlation
coefficient of 100 pixels is calculated to set the threshold for rice extraction. Then, the symbol
test method is used to evaluate the difference between each pair of data from two related
samples to compare the significance of the two samples. The variance analysis method
uses multitemporal image data to calculate the time series curves of the vegetation index
and calculate the standard deviation and variance of the vegetation index in each pixel,
and then determines the threshold range by Formula (2). If the pixel value falls within
the threshold range, it is determined as a paddy rice pixel [27]. The normal distribution
method has the following assumption: the probability distribution function (PDF) of the
land cover type follows a normal distribution [28]. We use the mean and standard deviation
of each land cover type to define its normal distribution function, and two parameters are
obtained from the training data set. The key to correctly distinguishing one specific land
cover type is to minimize the overlaps between the target and the neighboring ordinary
PDFs. For two land cover types L1 and L2, assuming L1~N(µ1, σ1

2) and L2~N(µ2, σ2
2),

then the intersection between L1 and L2 is calculated by Formula (3).

Vmean − (nS) < x1 < Vmean + (nS), (2)

x2 =
σ1µ2 + σ2µ1

σ1 + σ2
(3)

where Vmean, n, S, µ, σ, x1, and x2 are the average of the variance of the paddy rice field,
the maximum distance from the standard deviation, the standard deviation of the variance
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of the paddy rice field, and the average variance of the image to be classified, the mean
of each land cover type, the standard deviation of each land cover type, the intersection
between two land cover types. Generally, the two land cover types can be thought separable
if x2 is outside of [µ − σ, µ + σ].

Chen used statistical methods to classify double-cropping paddy rice in Taiwan [26].
In addition, this paper also compared the accuracy of different smoothing methods with
different NDVI time curves. Studies have shown that classification methods based on
empirical mode decomposition (EMD) filtered data produce better classification results
than wavelet transform. Nuarsa et al. [27] used the method of variance analysis and
MODIS images to extract paddy rice from Bali, Indonesia. The results were good, and the
kappa coefficient reached 0.8371. Wang et al. [28] used a normal distribution to process
the threshold value of the vegetation index curve for paddy rice extraction in the eastern
plains of China. This method was mainly applied to single-season rice. This method is
only applied to the key phenological phase images of paddy rice growth. In addition,
some studies have used the difference in NDVI during the critical phenology period to
define the threshold for paddy rice mapping [12]. Liu et al. [29] proposed a subpixel method
that used the relationship between the coefficient of variation (CV) of the LSWI and the
planting fraction to estimate the planting fraction of paddy rice. The new method calculated
the scale of paddy rice area based on the CV of the LSWI determined for pure water bodies
and upland pixels, which can be automatically obtained from the MCD12Q1 land cover
product. The overall accuracy was 88%.

The overall accuracy of this method is greater than 85%, and the kappa coefficient
is greater than 0.7. The method has the advantages of simple principles and easy opera-
tion. The disadvantage is that the applicability of cloudy areas needs to be investigated.
Mixed pixels and boundary effects will reduce the classification accuracy. Furthermore,
it remains to be studied whether the accuracy of the method will be improved under the
conditions of improved image spatial resolution, extended time series, and large-scale
research areas.

The use of the phenology algorithm began in approximately 2000. Xiao et al. discov-
ered the characteristics of the vegetation index and conducted paddy rice extraction studies
in large areas such as South Asia and central and southern regions [30,31]. The results were
good and showed the effectiveness of the phenology algorithm in paddy rice mapping.
The previous method has some drawbacks. For example, the critical time window for
paddy rice growth is obtained based on a large amount of agricultural phenology data.
Incomplete agricultural phenology data in some areas will hinder the implementation of
this method.

In recent years, paddy rice mapping methods have been continuously improved.
The improvement is reflected in the use of high-resolution data sources, the increase in the
complexity of the study area, the study of long-term sequences, and the increase in auxiliary
materials (phenology information, other land cover masks, etc.). First, we will discuss
high-resolution data sources. Previously, the MOD09A1 MODIS product was mostly
used, but it has a spatial resolution of 500 m. For precision agriculture, there will still be
mistakes. Subsequent studies used Landsat images and HJ-1A/B with a spatial resolution
of 30 m, and Sentinel-2 with a spatial resolution of 10 m [10,11,14,28,33,40]. The accuracy
has been further improved. Other studies have considered the issue of temporal resolution.
MODIS and Landsat data have been integrated, and these data were then combined with
a phenology algorithm for paddy rice mapping [10,32,41]. Second, the complexity of the
study area also has an impact. Early studies were mostly concentrated in South Asia
and other regions, and summer rainfall was mostly taken into consideration. With the
expansion of paddy rice in Northeast Asia, the research area moved northward [14,33,34].
Compared with South Asia, the impact of early spring snowmelt should be considered
due to the climate of the northeast region. Some scholars have studied the changes in
the area of paddy rice in high temperature disaster areas [35]. Initially, research focused
on paddy rice extraction in a specific area in a certain year to verify the accuracy of the
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algorithm. Subsequent related studies focused on long-term sequence studies to study
the expansion of paddy rice fields and changes in the planting area [14,33,36]. Finally,
the increase in auxiliary information should also be considered. Some recent studies have
attempted to use surface temperature or air temperature to define the time window that
defines the temperature that should be reached during the key growing period of paddy
rice, effectively excluding the effects of summer rainfall and early spring snow melt on
monitoring [10,11,14,33–38]. Other relevant mask data also include cloud cover, snow cover,
seasonal water cover, evergreen vegetation, and DEM. The algorithm flow chart is shown
in Figure 2. The statistical data brought by the state’s advocacy for refined agriculture have
greatly facilitated the extraction of paddy rice. In addition, some studies have used the
phenology algorithm to extract the spatial distribution of paddy rice with different planting
intensities, which showed the potential of the phenology algorithm in describing two- and
three-season paddy rice [39]. Some studies have added the results of field spectrometer
measurements on the basis of previous optical remote sensing data to verify the changes in
the rice vegetation index curve [32].
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Figure 2. The workflow for phenology and pixel-based paddy rice mapping, major modules include time window
determination of the rice transplanting phase (starting point: SOT, ending point: EOT), Landsat data preprocessing,
phenology- and pixel-based mapping for non-cropland masks and paddy rice flooding, validation based on the areas of
interest (AOIs) from very high-resolution (VHR) images and field photos [33].

The accuracy of rice mapping methods based on phenology is usually high, exceed-
ing 80%. The advantage of this method is that it is suitable for long-term sequence dynamic
analysis and large-scale observations. Based on phenological observations, the rice growth
period can be accurately identified, reducing the need for data processing work. The princi-
ple of the method is simple and operable. The disadvantages of this method include errors
in the cloud coverage area, mixed pixel problems, and limited observations over scattered
landscapes. The recognition accuracy of clouds is high, but the recognition accuracy of
cloud shadows is usually low. Because cloud shadow pixels usually meet the threshold of
LSWI–EVI > 0, they may affect paddy rice field mapping. In addition, the inundation of
the surface caused by extreme precipitation events can also affect paddy rice mapping [10].

4.1.4. Object-Based Image Analysis

There are three key steps of the object-based image analysis method: (1) segmentation
of generated image object; (2) determination of features based on feature extraction of
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objects; and (3) classification (multiple classification methods). Su [42] focused on us-
ing phenology to classify paddy rice under the object-based image analysis framework.
The main purpose of this framework is to study the applicability of phenology in the
localization of paddy rice based on object-based image analysis. The image segmentation
is performed using the multiresolution segmentation algorithm in eCognition software.
Then it is classified based on the neural network classification method. Singha et al. [43],
in order to improve the segmentation quality, improved the fusion criterion on the basis of
the commonly used fractal network evolution method, and a new segmentation algorithm
was proposed. An unsupervised scale selection method was proposed to determine the
optimal scale parameters for image segmentation, and to automate the process of deter-
mining scale parameters. After segmentation, geometric, spectral and texture features
were extracted and input into the subsequent classification process. Paddy fields and non-
paddy fields were classified by a random forest classifier. Zhang et al. [44] also performed
image segmentation by using the multiresolution segmentation algorithm in eCognition
9.0 software. The prototype objects were classified by using the random tree (RT) classifier.

The accuracy of this method is generally better than that of other methods. The over-
all accuracy is over 90%, and the kappa >0.82. The advantages of this method are that
geometric information, texture information and spectral information can be used simulta-
neously to improve the extraction accuracy, and the method analyzes objects by integrating
neighborhood information rather than pixels, which will reduce the “salt and pepper”
effect when rendering heterogeneous landscapes to classify paddy rice fields more accu-
rately. Object-based image analysis shows advantages in identifying broken paddy rice
fields. The disadvantage of this method is that the accuracy of the method is related to
the accuracy of data, cloud pollution, spatial resolution, and processing of mixed pixels.
In addition, image segmentation is still a challenging problem. Improving the quality of
image segmentation is a key factor.

4.2. Microwave Remote Sensing-Based Mapping Methods

The use of a microwave source is a second type of mapping method for paddy
rice. The first spaceborne synthetic aperture radar (SAR) sensor for paddy rice mapping
used data from the European Remote Sensing Satellite 1 (ERS-1), which showed good
results [45]. These groundbreaking studies were often limited to small-scale studies due
to a lack of high-quality ground truth images, single polarization, or large data volumes.
Subsequent research began to focus on using multiple SAR sensors to improve rice mapping
over large land areas, and ERS-1, ERS-2, and RADARSAT were used to test various
algorithms. Recent research included RADARSAT-2 data, combined optical and SAR data,
object-oriented crop mapping, and Sentinel-1 C-band SAR data. Sentinel-1 satellite data
can be obtained freely and openly all over the world, further promoting large-scale rice
monitoring operations using radar data.

The main advantage of microwave remote sensing is theoretically the ability to acquire
images under any weather conditions, such as cloud cover, rain, snow, and solar irradiance.
In most cases, paddy rice cultivation is carried out during the rainy season when overcast
and rainy weather prevails. Therefore, the radar image collected by the microwave sensor
is an excellent image source for mapping paddy rice areas. In the growth process of paddy
rice, the time series change in the radar backscatter coefficient is the key factor to distinguish
paddy rice areas. The characteristic of the backscattering coefficient in the growth stage
of paddy rice is that in the nutrition and reproduction stage, the backscattering increases
continuously until it reaches the maximum at the heading stage. With the development
of paddy rice phenology, stems elongate and leaf area, plant water and biomass increase.
These changes increase the area available for radar wave reflection, leading to an increase
in measured backscatter. After the heading stage, due to plant water, leaf area and biomass
begin to decrease, the aforementioned scattering effect is reduced, resulting in a decrease in
SAR backscatter. This time backscattering behavior is illustrated in Figure 3, which is based
on multiyear advanced synthetic aperture radar (ASAR) wide swath mode (WSM) time
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series data and shows the SAR backscattering behavior with triple-cropped rice growing
stages.
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4.2.1. Empirical Model

The earliest method of applying radar data to paddy rice mapping was to observe the
changes in the backscattering coefficient during the paddy rice growth cycle to establish
an empirical model. The principle of this method is to establish a mathematical formula
based on the change in the backscattering coefficient during the paddy rice growth cycle,
determine the threshold, coefficient and other parameters, and extract and map the paddy
rice according to the parameters. In 2001, Shao et al. [46] investigated the backscattering
behavior of paddy rice throughout the growth cycle, and paddy rice monitoring and
extraction were carried out according to its characteristics. An empirical model of the
paddy rice growth cycle and backscattering coefficient was established with an accuracy of
91%. However, the disadvantage of this method is that it has a single channel and a fixed
angle of incidence. It is difficult to estimate multiple parameters for a target, and the target
recognition ability needs to be strengthened.

In the past few years, with the advancement of algorithms and the diversity of
data, empirical models have also been developed. In 2011, Bouvet used multitrack wide-
swath data sets combined with former methods, using temporal backscatter changes as
a classification feature for mapping. Compared with the previously used single-track
narrow-swath data sets, this method can significantly increase the observation frequency
and the size of the mapping areas [47]. The disadvantage is that the establishment of the
empirical model must use the existing detailed land cover data to establish the equation
and determine the classification threshold. When no ground information is available,
the values in the previous literature are used, and there will be errors.

Radar data contain band information of different frequencies, and most previous
methods have used C-band information. In 2018, Hoa et al. [48] used COSMO-SkyMed
X-band SAR data to analyze the changes in the SAR intensity over time for short- and
long-period paddy rice varieties and field seeding periods in the Anjiang region of the
Mekong Delta. First, based on the survey data, a comprehensive analysis of the char-
acteristics and cultivation techniques of paddy rice crops in the region was carried out.
Then they analyzed the differences of backscattering intensity between paddy rice and
other land cover types in this area under vertical transmission/vertical receive (VV), hori-
zontal transmission/horizontal receive (HH) and HH/VV, and obtained indicators closely
related to paddy rice mapping. Paddy rice fields were distinguished from other LULCs,
and indicators derived from HH polarization could be used to map other LULCs (water,
forests, and built-up areas). These maps can be used as auxiliary data to improve the
accuracy of the results. The results showed that, due to the vertical structure of the paddy
rice plants, this ratio was a good indicator for paddy rice field mapping. Vertically po-
larized waves are more attenuated than horizontally polarized waves, so the ratio of the
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backscattered intensity of HH and VV is higher over paddy rice than most other land cover
types. The accuracy of the paddy rice planting area has been found to be as high as 92%.
However, for provincial and national surveying and mapping, the coverage of satellite
data sources is a limitation. In this case, this method is more suitable for large coverage
data with frequent repetition cycles.

The advantage of this method is that the idea is relatively simple, and the threshold
can be developed for analysis and extraction after determining the threshold according to
the data extraction features of the long-term sequence. The disadvantage is that this method
depends on long-term observation data and is limited by data availability. The temporal
resolution must meet the needs of the paddy rice growth cycle. On the other hand,
there must be accurate prior knowledge in the study area to facilitate the establishment
of equations and verification of results. The universality of the method is also limited.
The backscattering coefficients of paddy rice will show different characteristics in different
regions, and the parameters will change.

4.2.2. Machine Learning

In recent years, the machine learning method has mostly been used for paddy rice
mapping based on radar data, which extracts the eigenvalues of the backscatter coefficient
and inputs these values into the classifier for paddy rice mapping. Classification models
mainly include traditional machine learning models (DT, SVM, RF) and deep learning mod-
els such as CNN and recurrent neural network (RNN). There are similar methods based on
optical remote sensing data. The principles of these two methods are similar. The differ-
ence is the input of the training sample. The former method’s input data include optical
images and vegetation index curves. The latter inputs the backscatter coefficient value
extracted after radar image processing. Both methods will consider the input of phenology
information and texture feature information to improve the accuracy of the results.

In 2015, Nguyen et al. [49] normalized the data collected over many years and mul-
titrack SAR with a statistical method and then classified it through a knowledge-based
DT method. This study obtained an overall accuracy of 85.3%, kappa coefficient of 0.74.
He et al. [50] used the backscattering coefficient and its combination with phenologi-
cal information as inputs to the DT classifier for classification, and HH/VV, VV/VH,
and HH/VH ratios were found to have the greatest potential for phenology monitoring.
The overall accuracy level of 86.2% was obtained in this study. In March 2017, the Sentinel-
2 satellite was launched. The following radar data research mostly used Sentinel-2 data
as the data source. In 2019, the temporal behavior of the SAR backscattering coefficient
over 832 plots containing different crop types was analyzed. Using the derived metrics,
paddy rice plots were mapped through two different methods of DT and RF. The overall
accuracy is high; the former has an overall accuracy of 96.3%, and the latter is 96.6% [51].
In addition, researchers have done further research on the combination of SAR and deep
learning. Wang et al. [55] used crowdsourced data, Sentinel-2 and DigitalGlobe images,
and CNN to map crop types with an overall accuracy of 74%. Secondly, we consider
the RNN model. The commonly used method in the RNN model is the long short-term
memory (LSTM) model and its improvements, such as bidirectional LSTM (Bi-LSTM).
Researchers use the model and backscatter coefficient time series data to achieve a paddy
rice map. Compared with traditional machine learning models [56–58], the research results
show that the overall accuracy of RNN model results is 95%, and the accuracy of deep
learning models is better than traditional machine learning models. One point to mention
is that different radar polarization methods have different results. In 2016, Hoang and
others used SAR to map paddy rice crops in the Mekong Delta [52]. This study used two
methods of single polarization, dual polarization and full polarization to map paddy rice,
and the classification accuracy increased with the complexity of the polarization method.
In 2018, Lasko et al. used a random forest algorithm and Sentinel-1 radar time series
images to draw a double-season and single-season paddy rice map of Hanoi, Vietnam,
with resolutions of 10 and 20 m, respectively, using VV and VH polarization methods [53].

246



Sustainability 2021, 13, 503

The overall accuracy of the 10-meter VV and VH polarization was the highest (93.5%).
Subsequent research can focus on the comparison of multipolarized SAR data with different
frequencies (C, X, L) to obtain the optimal combination.

Moreover, in 2017, Clauss et al. [54] proposed a method of drawing paddy rice planted
area maps using Sentinel-1 time series using superpixel segmentation and phenology-based
DTs. Superpixel segmentation is the establishment of a spatially averaged backscattering
time series, which has the characteristics of robustness to speckles and reduces the amount
of data to be processed. However, the classifier depends on the phenology-based empirical
thresholds of the research site. If this method is applied to other regions, it is recommended
to adapt the threshold parameters.

The advantage of this method is that paddy rice mapping is carried out by means of
machine learning, feature extraction is performed using a large amount of data, and the
overall accuracy is improved. However, this method relies on the input of training data
to determine the parameters, and different regions will result in different parameters.
The completeness and diversity of the training data determine the accuracy of this method.

In general, the accuracy of extraction algorithms based on optical remote sensing
improves with the improvement of the method and the improvement of data quality.
Most of the time series studies focus on annual series changes. The study areas are
relatively large, covering the national scale, and these data generally have high spatial
resolution. From the original spatial resolution of 500 m to the current spatial resolution
of 30 m, it has been continuously improved, and the characteristics of the data are mainly
large-scale. The research mainly focuses on the dynamic changes in the paddy rice area and
the changes in the centroid of the paddy rice planting in the region. Extraction algorithms
based on microwave remote sensing and rice monitoring based on the backscattering
coefficient generally have high accuracy, approximately 90%, and the time series are mainly
concentrated on the monthly scale. The study area is mostly within the province and city,
with a resolution of 10 m, and its largest advantage is the tropics, where cloudy and rainy
conditions dominate.

4.3. Integration of Optical and Microwave Remote Sensing-Based Mapping Methods

Optical remote sensing images and microwave data have their respective advantages.
To improve the data accuracy, integrated analysis using both methods is essential. The inte-
gration methods are mainly the following, and the accuracy of the results is higher than
that of a single data source.

4.3.1. Complementary Method

The main principle of this method is to first obtain the rice extraction layer with optical
remote sensing or radar data and then supplement the layered data from another data
research institute or use these two data sources as the input layer for the classifier for a com-
prehensive analysis. This method mainly includes the following complementary methods:
(I) The phenological information is determined based on the optical data. Radar images
are collected based on phenological information for rice mapping. (II) The optical features
of rice and the radar features are input into the classifier together for rice mapping. (III)
The results are output separately based on the two data sources. The intersection of the
two results is treated as the final result.

Using the first type of method, Asilo et al. [59] extracted paddy rice planting informa-
tion based on MODIS and SAR images, and the results indicated that MODIS can be used
to guide SAR image acquisition and planning to a large extent. Torbick et al. [60] conducted
a large-scale paddy rice extraction experiment in Myanmar. In this study, Landsat 8 and
other data were used to generate a large-scale land cover map, and then the radar image
backscatter coefficient was used to create a detailed range of paddy rice masks. Using the
second type of method, Mansaray et al. [61] focused on rice extraction in Shanghai, China.
By combining the backscatter coefficient of the radar image with the vegetation index,
the decision-making classification method was used to extract rice. Tian et al. [62] used the
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characteristics of the backscattering coefficient and NDVI to enhance image information
and combined this information with k-means unsupervised classification to determine the
rice area of Poyang Lake in China. Fiorillo et al. [64] used Sentinel1 and Sentinel-2 data to
extract rice spectra and backscatter coefficient features in degraded areas, and input them
to the RF classifier together. The combination of Sentinel-1 and Sentinel-2 dense time series
provided reliable predictors for RF classification, and the results were good. The overall
accuracy is greater than 80%. Chen et al. [65] applied this method in a multi-cloud area
and used the Google Earth Engine (GEE) platform. Overall accuracy is 66%. In the third
type of method, Guo et al. [63] proposed an optical SAR collaborative paddy rice extraction
method. The characteristics of rice growth were collected and analyzed under optical
images and SAR for classification. Based on the rule that pixels with one of the classifi-
cation results as rice are classified as rice, a collaborative fusion method was developed.
In one area of Australia, the overall accuracy rate reached 94.7%. Ramadhani et al. [16] first
extracted rice using Sentinel-1 and -2 and MODIS data, respectively combined with the
SVM classification method, and then fused the two results to generate a multitemporal
rice map. The advantage of this method is that it combines the advantages of two data
sources. This method also effectively avoids the defects of a single data source. To a certain
extent, the accuracy of the results has been improved. However, shortcomings still exist.
For example, the spectral similarity of different crops is one shortcoming. Both data sources
suffer from this problem. Whether data fusion effectively avoids this problem remains to
be studied.

4.3.2. Comparison Class Method

The principle of this method is mainly based on different data combination methods,
different classification methods, and the results of different regions to obtain the optimal
combination of methods for paddy rice extraction. For example, the results of the same
data input to different classifiers can be compared, and the results of radar data in dif-
ferent polarization modes combined with the same optical index can also be compared.
Comparisons between pixel-based classification and area-based classification have also
been conducted.

Onojeghuo et al. [66] took the Sanjiang Plain in northeast China as the research area,
utilized NDVI images and dual-polarization (VH/VV) SAR as input data, and used RF and
SVM machine learning classification algorithms to perform paddy rice mapping. The re-
sults showed that the RF algorithm applied to multitemporal VH polarization and NDVI
data produced the highest classification accuracy (96.7%). Zhang et al. [67] first performed
image preprocessing on Google Earth Engine (GEE) and combined the pixel-based classi-
fication results with object-based segmentation results to output a paddy rice area map.
The combination of the two methods eliminated the noise that is common in medium-
and high-resolution pixel classification and brought the rice planting area closer to official
statistics. As a result, rice maps with a resolution of 10 m were established in Heilongjiang,
Hunan and Guangxi provinces of China, with a total accuracy of approximately 90%.
In the same year, Yang et al. [68] combined the characteristics of multiple watershed and
mountainous areas in Wuhua County, South China, and used region-based and pixel-based
methods to map the paddy rice planting area. The results showed that the accuracy of
the area-based method was 1.18% higher than that of the pixel-based method (91.38%).
The area-based method mainly eliminates the influence of speckle noise. Park et al. [69]
classified paddy rice based on different data input combinations (original image, vegeta-
tion index, backscatter coefficient) combined with RF and SVM. The results showed that
the fusion optics and SAR data had the highest accuracy. In this study, the Paddy Rice Map-
ping Index (PMI) was established based on the spectral and phenological characteristics of
paddy rice, which could be used to extract paddy rice over a large area.

In fact, this kind of method is complementary to the first method. Here, we focus
on the comparison between different methods. Researchers can choose the appropriate
method according to their own research needs. For the advantages and disadvantages,
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please refer to the advantages and disadvantages of the first method. There is limited
literature on data fusion, and such studies have only appeared in recent years. These studies
catered to the development trend of multisource data. Therefore, the problem of how to
achieve the best fusion effect will be a focus of future work.

5. Discussion
5.1. Method Evolution Trend

From 2010 to 2020, paddy rice mapping methods were continuously innovated, fol-
lowing the development of science and technology (Figure 4). Previously, paddy rice
mapping methods mainly consisted of images combined with simple classification meth-
ods, vegetation indices, etc. In 2010, the main method was still the phenology algorithm.
Studies performed algorithm verification with different data sources in different regions.
In 2011, radar data began to enter the field of paddy rice mapping. The emergence of radar
data brought opportunities for paddy rice mapping in cloudy and rainy areas. The further
development of the method improved the mapping accuracy of paddy rice by combining
the method with computer technology. These methods include object-oriented, cloud com-
puting, deep learning, and machine learning. GEE is a platform for online visualization
computing analysis and processing to use Google’s abundant computing resources for
large-scale geospatial data processing [15]. The collocation of remote sensing methods, data,
and processing infrastructure will help create high-resolution remote sensing products that
cover a large scale. With the continuous launch of satellites, the functionality of satellites
has been continuously enhanced, and the resolution of satellite data has also been continu-
ously improved. Researchers have begun to focus on multisource data fusion, large-scale
paddy rice extraction, and surface temperature data to improve phenology algorithms.
The future development direction is actually very clear. The first is the use of Cubsat,
GF series satellites, and satellite fusion data sets (harmonized Landsat and Sentinel-2(HLS)
data set [70]). High-resolution satellite data provide a reliable foundation for mapping
methods. The use of data sets can reduce the calculation procedures of researchers and
further promote the development of mapping methods. Secondly, the combination of
computer technology for image processing greatly improves the data processing efficiency
and accuracy to a certain extent. In addition, the development of the unmanned aerial
vehicle (UAV) has also provided a direction for paddy rice mapping and is suitable for the
development of fine agriculture.
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5.2. Research Challenges

Although the methods have been continuously improved in recent years and the
accuracy of paddy rice mapping has been continuously improved, challenges remain.
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The discussion of previous methods mentioned that cloud cover is a major problem in
paddy rice mapping. However, with the continuous improvement of methods and data
sources, the impact of cloud cover has been reduced. The fusion of multisource data,
which involves the combination of MODIS and Landsat data, has filled the gaps in the time
series of the area covered by clouds [10,32]. The emergence of free SAR data and its cloud-
penetrating characteristics also effectively solved the problem of cloud cover. Some studies
have established time series models to eliminate the effects of cloud cover [36].

The problem of data verification remains. As previously mentioned, the improvement
of statistical data in various regions and the emergence of high-resolution images have
improved the quality of data verification. However, verifying the data remains a challenge
because, based on artificial statistics, you cannot be sure of their accuracy. However, this chal-
lenge may gradually be overcome. With the continuous development of paddy rice mapping
methods, a large number of research results have emerged, and there are overlapping areas in
the study area; you can refer to the literature for data and method comparisons.

Therefore, the greatest problem is the versatility of the method. In different research
areas, the threshold settings used by the methods are different, and different research
areas may have different results; thus, a universal method is lacking. Most of the methods
mentioned in this paper rely on the vegetation index and the time-varying curve of the
backscattering coefficient for research. Machine learning and deep learning rely on training
samples to improve the classification accuracy. In different regions and under different
climatic conditions, the growth cycle of paddy rice will change, and the characteristic curve
will change, which will change the number of features. Training samples also need to
be re-extracted. There are also studies on using pixel segmentation algorithms based on
different regions to jointly take eigenvalues to verify the generalizability of the method.
However, the representative area in the study remains still to be studied [54].

6. Conclusions

Through a review and analysis of paddy rice remote sensing mapping methods ap-
plied over the past 10 years, the paddy rice mapping methods are divided into three
categories according to the data source and then subdivided according to the principle
of the method. Overall, there are many studies on paddy rice mapping using optical
images, with MODIS, Landsat, and Sentinel-2 as the main data sources. With the emer-
gence of Sentinel-1 data, research on the extraction of paddy rice based on radar data
has gradually increased, effectively eliminating the problem of clouds and fog in optical
images. The emergence of the concept of multisource data fusion has also brought good
news to rice mapping, greatly improving the accuracy of rice extraction. Among these
methods, there are classic methods and innovative methods. The best method in optical
remote sensing is paddy rice mapping based on paddy rice phenology. Many studies have
confirmed the applicability of this method in different regions, indicating the high overall
accuracy. Innovative methods include the spectral matching method and threshold method
using a combination of mathematical principles. Both of these methods rely on a time series
graph of the vegetation index. The effects in cloudy and foggy areas need to be considered,
and the effect may be improved by using a combination of the spatiotemporal data fusion
models. With the development of computer technology in recent years, object-oriented and
machine learning methods have emerged in the field of paddy rice mapping. In microwave
remote sensing, the method combined with machine learning has high overall accuracy.
When training the model, paddy rice phenology information and texture information can
also be combined to improve model accuracy. The combination of optical remote sensing
data and microwave data is a development direction for paddy rice extraction in the future.
The advantages of the two types of data complement each other. Optical images can
provide guidance for radar data, and radar data can provide assistance for optical data.

Combined with the above analysis, the following insight is obtained. One feature is
multisource data fusion, which realizes rice mapping from a system perspective. The de-
velopment of technology and the emergence of more accurate data sources with increased
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spatial and temporal resolution provide new opportunities for rice monitoring. With the
continuous innovation of algorithms and the continuous improvement of computing power,
methods such as cloud platforms, GEE, and machine learning have emerged. Radar remote
sensing images and optical remote sensing images can be effectively combined to better re-
alize rice identification and monitoring. Integrated systems are the focus of future research.
The second feature is the extraction of rice area under different planting systems. Most of
the previous research focused on the accuracy of the algorithm. Most previous studies
did not mention the rice area under different planting systems. Therefore, when paying
attention to the extraction of rice and non-rice regions, it is necessary to focus on the analy-
sis of the difference in yield caused by the difference in the paddy rice internal planting
system. These results can provide powerful help for global food security. The third feature
is to attach importance to issues such as global change and the ecological environment.
Globalization is currently a major trend. On the basis of accurate paddy rice mapping,
we must integrate global changes. Studies should pay attention to the environmental
problems caused by rice growth, which will provide a better understanding of the response
and adaptation of agricultural systems to global climate change.
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Abstract: Maize straw is a valuable renewable energy source. The rapid and accurate determination
of its yield and spatial distribution can promote improved utilization. At present, traditional straw
estimation methods primarily rely on statistical analysis that may be inaccurate. In this study, the
Gaofen 6 (GF-6) satellite, which combines high resolution and wide field of view (WFV) imaging
characteristics, was used as the information source, and the quantity of maize straw resources and
spatial distribution characteristics in Qihe County were analyzed. According to the phenological char-
acteristics of the study area, seven classification classes were determined, including maize, buildings,
woodlands, wastelands, water, roads, and other crops, to explore the influence of sample separation
and test the responsiveness to different land cover types with different waveband combinations.
Two supervised classification methods, support vector machine (SVM) and random forest (RF), were
used to classify the study area, and the influence of the newly added band of GF-6 WFV on the
classification accuracy of the study area was analyzed. Furthermore, combined with field surveys
and agricultural census data, a method for estimating the quantity of maize straw and analyzing
the spatial distribution based on a single-temporal remote sensing image and random forests was
proposed. Finally, the accuracy of the measurement results is evaluated at the county level. The
results showed that the RF model made better use of the newly added bands of GF-6 WFV and
improved the accuracy of classification, compared with the SVM model; the two red-edge bands
improved the accuracy of crop classification and recognition; the purple and yellow bands identified
non-vegetation more effectively than vegetation, thus minimizing the “salt-and-pepper noise” of
classification results. However, the changes to total classification accuracy were not obvious; the
theoretical quantity of maize straw in Qihe County in 2018 was 586.08 kt, which reflects an error
of only 2.42% compared to the statistical result. Hence, the RF model based on single-temporal
GF-6 WFV can effectively estimate regional maize straw yield and spatial distribution, which lays a
theoretical foundation for straw recycling.

Keywords: GF-6; maize; straw; support vector machine; random forest; red-edge wavelength
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1. Introduction

China is a large country known for its abundant agricultural resources, with agricul-
tural production comprising a significant proportion of its national economy [1]. Crop
straw, as a by-product of agricultural production [2], is an indispensable production mate-
rial in vast rural areas [3]. In recent years, as the rural energy structure has shifted, fewer
people have used straw as an energy resource for rural life because of its large volume
and scattered distribution, as well as the low degree of industrialization [4]. Furthermore,
owing to the regional, seasonal, and structural surplus of straw becoming increasingly
prominent, a large amount of straw is still not fully utilized, which severely restricts the
development of circular agriculture in China [5,6]. Although the government advocates for
the return of straw to the field [7], straw is often discarded or burned in large amounts to
allow for timely sowing at the start of the growing season, leading to the serious waste of
resources and environmental pollution [8]. Straw is beneficial if used, but it is harmful if
it is discarded [9]. With the development of renewable energy technology, biotechnology,
circular agriculture, and environmental science, the value of crop straw as a renewable
energy source has gradually been increasing and become widely accepted [10], which
can be used as bio-fertilizer, feed, raw materials, fuels, and base materials. Therefore,
studying the quantity and spatial distribution of straw resources in China and promoting
the comprehensive utilization of straw resources are necessary for promoting rural building
and sustainable agricultural development in China [11].

Although the current straw quantity was estimated in many studies, there are several
limitations to extant methods and findings [12]. Firstly, the low resolution of statistical data
is generally used for the analysis of straw at the county level or above, which limits the
value of the data for detailed spatial analyses [13]. Secondly, the quantity of straw resources
cannot be calculated in time, because the agricultural census can only be completed in
the next year at the earliest. Moreover, if we aim to realize the comprehensive utilization
of straw, we must not only estimate the straw yield but also fully consider the spatial
distribution of regional straw [14]. The effective recycling and utilization of crop straw
resources can be realized more efficiently by combining the relationship between the supply
and demand of regional straw resources and optimizing straw recycling and comprehensive
utilization [15].

With the in-depth application of remote sensing technology in crop area extraction,
growth monitoring [16], and yield estimation [17], the use of remote sensing technology
to analyze the yield and spatial distribution of straw has become a major development
direction for straw resource investigation [18]. The spatial characteristics of crop planting
in China exhibit complex structures and fragmentations. Therefore, in the estimation of
large-scale straw quantity, the data to be processed are very large when the high-resolution
remote sensing image is used, while the low-resolution remote sensing image will lead
to a rapid decline in the measurement accuracy [19]. Classification using single-temporal
remote sensing images of the “key phenological period” combined with multi-characteristic
parameters and sensitive bands has become an important method for current crop type
identification [20]. The response characteristics of different wavebands to different crops
can be used to optimize the combination of wavebands, so that the spectral difference and
Class Separability between different crop types are significantly improved, and finally, the
accurate investigation and analysis of different crop straw resources can be realized [21].

Maize, which accounts for approximately one-fifth of grain crops in China, is the
third-largest grain crop after rice and wheat [22]. Therefore, the quantity and spatial
distribution of maize straw in the region are of great significance to the collection, storage,
and transportation as well as comprehensive utilization of straw.

The Gaofen-6 (GF-6) satellite, planned in China’s high-resolution major special series
satellites, adds four bands with central wavelengths of 710 nm, 750 nm, 425 nm, and 610
nm, which can provide richer spectral information for agricultural research [23]. This tech-
nological advancement is important for improving the spectral information characteristics
of China’s medium and high-resolution satellites [24].
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In order to improve the comprehensive utilization and accelerate the development
of the scale, industrialization, and commercialization of straw, the quantity and spatial
distribution of straw need to be studied, to plan the recycling network and the site selection
of the utilization factory of straw. In this study, the effects of different wavebands on the
classification of different land cover types were analyzed based on GF-6 satellite imagery,
and the quantity and spatial distribution characteristics of maize straw in Qihe County
were estimated to provide data support for recycling and effective utilization of regional
straw. The research contents included: (1) exploring and analyzing the impact of different
band combinations on samples separability, (2) analyzing the classification accuracy of
the support vector machine (SVM) and random forest (RF) classification models under
different band combinations for different land cover types, and (3) proposing a method for
estimating the quantity and spatial distribution of maize straw based on planting area.

2. Materials and Methods
2.1. Research Area

The study area is located in Qihe County, which is in the southernmost part of
Dezhou City, Shandong Province, China, at latitude range 36◦24′37”–37◦1′44” N and
longitude range 116◦23′28”–116◦57′35” E (Figure 1). The annual average temperature is
15 ◦C throughout the year, which indicates a warm temperate and sub-humid monsoon
climate zone, with four distinct seasons and mild weather patterns. The land area of the
study area is approximately 1411 km2, of which arable land comprises 840 km2. It is flat,
with an average elevation of 26 m (mean sea level), and is an alluvial plain in the lower
reaches of the Yellow River. It is also an important food production area in Shandong
Province. The main food crops are winter wheat and maize; peanuts, soybeans, and cotton
are also planted.
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2.2. Data Source and Preprocessing

The GF-6 was successfully launched on 2 June 2018, and is mainly used in pre-
cision agriculture observation and forestry resource investigation. An 8-band comple-
mentary metal-oxide-semiconductor detector was employed in China, equipped with a
2 m panchromatic/8 m multi-spectral high-resolution camera and a 16 m multi-spectral
medium-resolution wide field of view (WFV) camera. The details of GF6-WFV are shown
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in Table 1. For the first time in China, the “red-edge” band, which can effectively reflect
the unique spectral characteristics of crops, was added, which has greatly improved the
monitoring of agriculture, forestry, grassland, and other resources.

Table 1. Parameters of Gaofen 6 (GF-6) wide field of view (WFV).

Parameters Spectral Range
(nm)

Spatial Resolution
(m)

Swath Width
(km)

WFV

B1 (Blue) 450–520

16 800

B2 (Green) 520–590
B3 (Red) 630–690

B4 (Near Infrared) 770–890
B5 (Red-edge 1) 690–730
B6 (Red-edge 2) 730–770

B7 (Purple) 400–450
B8 (Yellow) 590–630

The image of the research area taken on 9 September 2018, was selected for analysis,
as this date corresponds to the maize filling period. The 1A-level image downloaded
from the China Centre for Resources Satellite Data and Application (CCRSDA) (http:
//www.cresda.com/CN/index.shtml (accessed on 7 February 2020)) must be preprocessed
by radiometric calibration, atmospheric correction, and orthorectification [25], and all
preprocessing performed in ENVI (Version 5.3, Research System Inc., Boulder, CO, USA).
Atmospheric correction was performed using the fast line-of-sight atmospheric analysis
of the spectral hypercubes model [26], and the spectral response function was provided
by the CCRSDA. The rational polynomial coefficients model based on rational functions
was used to further orthorectify without control points. The 2019 agricultural census data
including planting area and yields of maize were obtained from the local government
website (http://dztj.dezhou.gov.cn/n3100530/n3100065/index.html (accessed on 27 April
2020)), and the administrative boundary vector data of the study area were downloaded
from Resource and Environmental Science and Data Center (http://www.resdc.cn/data.
aspx?DATAID=202 (accessed on 7 February 2020)). SuperMap (iDEesktop 8C, SuperMap
Software Co., Ltd., Beijing, China) was used to process these data and transform the
coordinate system. All spatial data were converted into the universal transverse Mercator
(WGS84 UTM 45N) projection.

Two types of samples were used in this study, namely training and verification
samples, most of which were obtained through ground surveys using OvitalMap (V8.7.1,
Beijing Ovital Software Co., Ltd., Beijing, China) in June 2018. In addition, with the support
of higher spatial resolution image data, historical data, and expert knowledge, we also
acquired a portion of training samples through manual visual interpretation. A total of 689
samples were acquired in this study, including maize, buildings, woodlands, wastelands,
water, roads, and other crops. According to the proportions of different land cover types,
250 samples were randomly selected as verification samples and the rest were used for
training samples. The training samples were used to classify land cover types in the research
area. The supervised classification method was used to obtain the planting area of maize,
from which the yield and distribution of maize straw were estimated. The verification
sample was used to evaluate the classification accuracy of different land cover types. All
samples were randomly collected to cover the entire study area as much as possible and
they were quadrats of single crops to better avoid noise and ensure classification accuracy.

When the maize was being harvested in October 2018, three quadrats of 5 m × 10 m
were selected in the southern, central, and northern regions of Qihe County, respectively,
to count the number of the maize planted and the weight of straw (15% moisture content).
These data will be used for the estimation of maize straw yield.
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2.3. Classification of Land Cover Types Using Different Bands Combinations

The maize in the research area of the acquired image was in the grain-filling stage, and
the main land cover types were determined by ground investigation as maize, buildings,
wasteland, water, woodland, roads, vegetables, cotton, and soybean. Soybean and cotton
were planted less than the other crops, and their spectral characteristics were similar to
those of vegetables. Hence, vegetables, cotton, soybeans, and a very small number of other
crops were classified as other crop types, and the identification and statistics of maize were
the focus of classification in this study. In summary, we divided the study area into seven
final land cover types, including maize, buildings, woodland, wasteland, water, roads, and
other crops. Firstly, layer stacking was performed on the preprocessed image, and five
schemes (Table 2) were designed for the newly added bands for experimentation. Second,
two types of machine learning—SVM [27] and RF [28]—were used to classify the research
area [29]. Finally, the classification results of the two classification methods were analyzed
on the influence of the red-edge, purple, and blue bands on the recognition of various land
cover types to verify the improvement of the classification accuracy of the newly added
band of GF-6 WFV compared to GF1/WFV.

Table 2. Classification schemes with different band combinations.

Schemes Operating Bands

S1 B1, B2, B3, B4
S2 B1, B2, B3, B4, B5
S3 B1, B2, B3, B4, B6
S4 B1, B2, B3, B4, B5, B6
S5 B1, B2, B3, B4, B5, B6, B7, B8

SVM is based on a statistical learning theory, trying to find an optimal hyperplane as
a decision function in high-dimensional space. The number of free parameters used in the
SVM does not depend on the number of input features, and the reduction in the number
of features is not required to avoid overfitting. SVM provides a generic mechanism to fit
the surface of the hyperplane to the data through the use of a kernel function, such as
linear, polynomial, or sigmoid curve. RF is a combination of tree predictors which exhibits
superior performance in cases with noise and weak discrimination data and is insensitive
to the initialization of parameters [30]. Compared to SVM, the number of user-defined
parameters in RF is less than the number required for SVMs and easier to define. In this
paper, the training of SVM with a linear kernel was performed. ENMAP-BOX [31] was
used for RF classification.

2.4. Classes Separability Assessment

Class separability, which is a measure of similarity between classes, can be determined
from these values. There are four widely used quantitative measures for class separability:
divergence, transformed divergence (TD), Bhattacharyya distance, and Jeffries–Matusita
distance (JM) [32]. Divergence is one of the most popular separability measures used in
remote sensing, which can be calculated by the mean and variance-covariance matrices
of the data representing feature classes. The TD is the standardized form of divergence,
which can minimize the effect of several well-separated classes that may increase the
average divergence value and make the divergence measure misleading. The Bhattacharyya
distance and the JM can be used to estimating the probability of correct classification, and
the JM can suppress high separability values by transforming the Bhattacharyya distance
values to a specific range.

2.5. Maize Straw Estimation

The goal of county-level straw estimation was to determine the type and quantity
of straw resources. The total theoretical quantity of straw was considered the maximum
quantity that can be produced in a certain area each year [33]. This value was estimated
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by taking the crop planting area and straw resource density, and the equation used is
as follows:

PT =
n

∑
i=1

Di · Ai (1)

where: PT is the theoretical total quantity of straw (t); i is the number of different crop
straws, and the maize straw was counted in this study, thus, i = 1; Di indicates the straw
resource density of the ith crop (t/km2), and Ai is the plantation area of the ith crop (km2).

Di = 1000× (
n

∑
j=1

Ci j

Si j
)/j (2)

where: j is a different sampling region; Ci j is the theoretical total quantity of straw resources
of the ith crop in area j (kg); Si j is the plantation area of ith crop in area j (m2).

2.6. Accuracy Verification

A confusion matrix [34] was used to evaluate the accuracy of the classification re-
sults based on the verification samples of the ground survey. The evaluation indicators
include overall accuracy (OA), user accuracy (UA), production accuracy (PA), and kappa
coefficient (KC). The OA and KC reflect the overall classification effect, while the PA and
UA represent omission and misclassification errors, respectively. Since accuracy is not
necessarily normally distributed, the non-parametric Wilcoxon test for paired samples was
conducted to evaluate the changes in OA and PA of each land cover type between different
bands combination. Besides, the planting area of maize can also be verified by statistical
census data.

According to the yield of maize and the straw-grain ratio, the straw yield of maize
could be calculated; that is, the theoretical total quantity of maize straw used as validation
data was the product of maize yield and straw-grain ratio, and the maize yield was obtained
using annual census data [35].

3. Results and Discussion
3.1. Band Reflectivity Analysis

All training samples (179, 68, 50, 19, 28, 49, and 46 samples of maize, buildings, wood-
lands, wastelands, water, roads, and other crops) were used to perform pixel information
statistics for different feature types, and reflectivity curves of different land cover types
were drawn, as shown in Figure 2. Vegetation and non-vegetation have significant differ-
ences in spectral characteristics. We found that buildings, roads, and wasteland exhibit
higher reflectivity in visible wavelengths (B1–B3 and B7–B8), and buildings and other land
cover types were strongly separated. Roads and wasteland were significantly different
in B4–B6, which can be easily distinguished. Water exhibits strong NIR waves absorp-
tion, so the reflectance of water in B4 is lower than that of all other land cover types [36].
Maize, woodland, and other plants exhibit low reflectivity of visible wavelengths due to
the absorption of chlorophyll, and their spectral characteristics are similar [37]. Thus, it
is difficult to distinguish each plan type, although the reflectivity is higher in B4 (NIR)
and B6 (Red-edge 2). In B4, the reflectivity of different land cover types was as follows:
other plants > maize > wasteland > woodland > roads > building > water. The reflectivity
of wasteland and woodland were similar, and the difference between roads and build-
ings was also small, but both were easily distinguished in B1–B3 and B5, as they have
good separation.
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3.2. Class Separability

In this study, JM and TD were used to measure the separability between maize and
other land cover types in the research area. The range of JM and TD are within [0, 2]. As a
general rule, values in the range of [0.0, 1.0) indicate a very poor class separability; values
in the range of [1.0, 1.9) indicate a poor separability; and values in the range of [1.9, 2.0]
indicate a relatively good separability.

The class separability of the samples in Table 3 was analyzed, and we found that
the separability of different land cover types was significantly different, in whether there
was the participation of the new band of GF-6 satellite. Compared with S1, the JM and
TD between maize and other plants in S2 increased from 1.32 and 1.43 to 1.80 and 1.97,
respectively, and the values between maize and woodland also increased from 1.43 and
1.81 to 1.67 and 1.95, which indicated that B5 can significantly enhance the separability of
maize from other plants and wood-lands, but the spectra between them still exhibit a large
overlap. By comparing the JM between maize and other land cover types in S1 and S2, we
found that B5 also contributes partly to the separability of maize from wasteland and roads.
The JM between maize and all land cover types in S3 was unchanged or decreased than
that in S2, except between maize and woodland, which indicated that the contribution of
B6 to the separability between maize and other land cover types was less than that of B5,
but the contribution to the separability between maize and woodland was greater than
that of B5. To sum up, the superposition of B5 and B6 can further increase the separability
of maize and other land cover types, specifically for the distinction between maize and
woodland. In S2, the JM between maize and all other land cover types was greater than 1.8,
and the TD was more than 1.9, indicating that when the red-edge wavelength was involved
in the calculation, the separability of maize and other land cover types was very high. The
purple and yellow bands added in S4 and S5, respectively, can increase the separability of
maize and other land cover types in a certain range because they still slightly increase JD,
but their effect on improving TD was not obvious.
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Table 3. Separability between maize and other land cover types under different schemes (S1–S5).

S1 S2 S3 S4 S5
JM TD JM TD JM TD JM TD JM TD

Building 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
Woodland 1.43 1.81 1.67 1.95 1.77 1.95 1.83 1.98 1.86 1.99

Other plants 1.32 1.43 1.80 1.97 1.71 1.97 1.87 1.99 1.89 2.00
Water 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00

Wasteland 1.87 2.00 1.99 2.00 1.97 2.00 1.99 2.00 2.00 2.00
Road 1.85 2.00 1.91 2.00 1.88 2.00 1.92 2.00 1.95 2.00

3.3. Maize Identification and Classification Results

Using the same training samples, SVM and RF classification models were used to
classify the remote sensing image under the S1–S5 schemes. The classification results are
shown in Table 4.

Table 4. Classification results based on support vector machine (SVM) and random forest (RF) models
in Qihe County.

S1 S2 S3 S4 S5

SVM
OA 84.05% 90.02% 89.80% 91.10% 91.53%
KC 0.80 0.87 0.87 0.88 0.89

RF
OA 85.57% 93.24% 87.38% 93.15% 94.18%
KC 0.82 0.91 0.84 0.91 0.92

The OA of the SVM and RF models under the S1 scheme was quite low at 84.05% and
85.57%, respectively, and the KC was 0.80 and 0.82, respectively. Under the S2 scheme,
the classification accuracy of the two classification methods was significantly improved,
reaching more than 90%; specifically, the OA of the RF model was 93.24%, and the KC was
0.91. This indicates that Red-edge 1 can effectively improve the classification accuracy of
SVM and RF models in the research area. The OA of SVM in the S3 scheme was lower
than that in the S2 scheme but remained 5.75% higher than that in the S1 scheme. The total
accuracy of RF in the S3 scheme exhibited a significant decline and was far lower than that
of the SVM model, but it remained 1.81% higher than that of the S1 scheme. These results
indicate that Red-edge 2 can effectively improve the recognition ability of the SVM model
on land cover types, but the improvement is lower than that of Red-edge 1. This may be
because Red-edge 2 is significantly correlated with NIR (B4; R2 = 0.991; Figure 3a), resulting
in feature redundancy. The classification accuracy of the SVM model did not change
significantly in the S4 and S5 schemes, and the OA was maintained at approximately 91%,
with a KC of 0.89. The OA of the RF model in the S4 scheme increased rapidly compared
with the S3 scheme and exceeded the classification result accuracy of the SVM model. The
OA was 93.15%, and the KC was 0.91, which was almost the same as the result of the S2
scheme. The OA of the RF model in the S5 scheme was the highest, but it did not change
significantly compared with the S4 scheme. The results showed that purple and yellow
bands had a limited influence on the classification results. We speculate that one of the
reasons may be that B7 was significantly correlated with B1 (R2 = 0.986; Figure 3b), and B8
was significantly correlated with B2 and B3 (R2 = 0.982 and R2 = 0.981; Figure 3c,d).
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Figure 3. Correlation analysis between various bands: (a) B4 and B6; (b) B1 and B7; (c) B2 and B8;
(d) B3 and B8.

The impact of the newly added bands on the classification results of various land
cover types was specifically analyzed, and a confusion matrix was established for the RF
model results under the S1–S5 scheme through verification samples (Table 5). Difference
analysis results for each land cover type between different band combinations are shown
in Table 6.

The generated confusion matrix indicates that the PA of buildings and water under
the S1 scheme was higher, reaching 97.50% and 97.49%, respectively. However, a misclas-
sification between other crops and maize was observed, and the PA of maize is 82.36%.
Furthermore, many wastelands and roads were mistakenly divided into buildings. From
Figure 4b,h, we intuitively found that there were a large number of road and woodland
spots in the RF classification results, as well as a large number of misclassified wastelands.

Under the S2 scheme, with the addition of Red-edge 1, the classification results were
significantly improved, especially for woodlands and other plants, and the PA increased
from 84.45% and 59.31% to 90.29% and 72.07%, respectively. In particular, the smoothness
of the classification results of woodland on both sides of the road was improved (Figure 4c).
The classification accuracy of maize reached 97.57%, which was an increase of 15.21%
compared to the S1 scheme. However, the classification effect of roads was not significantly
improved, and a large number of misclassified discontinuous roads were mixed in the
maize fields. It showed that the Red-edge 1 band significantly contributed to vegetation
classification, but its role in the recognition of non-vegetation land cover types was limited.

The classification results of S3 with the addition of Red-edge 2 were similar to those of
S1 without a significant difference. Although the PA of maize, woodland, and other crops
was improved, the PA of water bodies and roads decreased. These results indicated that
Red-edge 2 had no obvious effect on improving the classification of land cover types in the
research area, particularly for non-vegetation. We intuitively determined that the addition
of Red-edge 2 significantly improved the recognition of continuous roads (Figure 4d) and
the removal of wasteland patches (Figure 4f). However, the fragmentation of the roads in
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the field was not reduced. This may be because the resolution of the remote sensing image
used was too low to identify a narrow road in the field.

The classification results of the S4 scheme with two red-edge bands were similar to
those of the S2 scheme, but the misclassification and omission of almost all vegetation were
significantly reduced—specifically, the ability to distinguish maize from other plants was
very strong. The classification results exhibited better completeness, and the continuity
and smoothness of the boundary of the spots were also improved (Figure 4e). However,
Figure 4k shows that discontinuous road spots remained in the classification results. This
indicates that when two red-edge bands exist simultaneously, Red-edge 1 plays a major
role in classifying land cover types, and Red-edge 2 can be superimposed to improve the
classification accuracy of buildings and wasteland.

Table 5. Confusion matrix for verifying classification accuracy of RF model (unit: %).

Building Woodland Other
Plants Water Wasteland Road Maize

S1

Building 97.50 0 0 0.95 16.91 12.17 0
Woodland 0.16 84.45 0.31 0.08 3.76 0.58 3.91

Other plants 0 0 59.31 0.01 0 0 12.27
Water 0 7.88 0.09 97.49 1.36 0 0

Wasteland 1.61 1.17 21.58 0.08 64.65 2.63 0.17
Road 0.73 4.46 0.09 1.20 11.78 83.78 1.29
Maize 0 2.04 18.62 0.18 1.53 0.85 82.36

S2

Building 97.69 0 0 0.83 15.28 12.48 0
Woodland 0.18 90.29 1.50 0.07 3.22 0 1.47

Other plants 0 0 72.07 0.01 0 0 0.08
Water 0 0.73 0 97.46 1.53 0 0

Wasteland 1.55 1.27 18.18 0.07 71.63 2.05 0.01
Road 0.58 6.17 1.77 1.37 6.11 84.09 0.86
Maize 0 1.53 6.49 0.18 2.24 1.38 97.57

S3

Building 97.81 0 0 1.05 20.73 12.48 0
Woodland 0.05 84.59 0.44 0.13 2.62 0 2.02

Other plants 0 0.05 59.8 0 0 0 9.8
Water 0 8.14 0 97.44 0.93 0 0

Wasteland 1.55 1.06 21.76 0.07 65.19 2.63 0.12
Road 0.6 4.74 0.31 1.14 9.00 83.42 1.17
Maize 0 1.41 17.7 0.17 1.53 1.47 86.89

S4

Building 97.97 0 0 1.03 20.68 12.39 0
Woodland 0.05 88.41 0.71 0.07 2.89 0.04 1.33

Other plants 0 0.02 77.14 0.01 0 0 0.29
Water 0 2.86 0.04 97.46 1.96 0 0

Wasteland 1.55 1.31 18.09 0.07 68.63 2.32 0.02
Road 0.42 5.94 0.44 1.17 3.76 83.91 0.81
Maize 0.02 1.46 3.57 0.18 2.07 1.34 97.55

S5

Building 97.42 0 0 0 14.72 2.81 0
Woodland 0.07 87.00 0.18 0 2.08 0 1.00

Other plants 0 0.02 70.93 0 0 0 0.20
Water 0 10.34 0.18 100 3.12 0 0

Wasteland 1.47 1.17 19.35 0 75.97 2.08 0
Road 1.04 0.67 0.57 0 1.59 94.89 0.52
Maize 0 0.81 8.80 0 2.52 0.23 98.28
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Table 6. Difference analysis results for each land cover type between different band combinations.

No. Contrast of Bands Different
Combination p-Value

1 S2 to S1 0.0156
2 S3 to S1 0.0781
3 S4 to S1 0.0156
4 S5 to S1 0.0156
5 S3 to S2 0.0234
6 S4 to S2 0.6875
7 S5 to S2 0.3828
8 S4 to S3 0.0078
9 S5 to S3 0.0156
10 S5 to S4 0.3828

Significance levels: 0.05.
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Figure 4. Classification results of RF models under different band combination schemes: (a) Original
image of area A; (b–f) Classification results of S1–S5 in area A; (g) Original image of area B;
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The S5 scheme with the purple and yellow bands added to the S4 scheme is a remote
sensing image that includes all bands of GF-6 WFV and the classification results were not
significantly improved. But compared with S4, the PA of roads, wastelands, and water
was significantly improved from 83.91%, 68.63%, and 97.46% to 94.89%, 75.97%, and 100%,
respectively, indicating that the purple and yellow bands were more likely to respond to
non-vegetation and increase their classification accuracy, but the PA of woodland and other
vegetation decreased. From the perspective of the entire research area, the purple and
yellow bands effectively reduced the “salt-and-pepper phenomenon” in the classification
results (Figure 4f,l), thereby improving the accuracy of maize producers to 98.28%.

To sum up, we found that the overall classification accuracy was the best when the
RF model was used in the S5 scheme, and the land cover types of Qihe County were
extracted as shown in Figure 5. The planting area of maize was estimated with the class
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statistical tool in ENVI, which was 774.18 km2. According to agricultural statistics, the
maize planting area in Qihe County in 2018 was 757.73 km2, which falls within a 2.17%
error from our calculated value. As shown in Figure 6, the maize plantation area was the
largest, accounting for 54.87% in Qihe County in 2018. These results indicate that maize is
a primary food crop in Qihe County; this facilitates a notably high quantity of maize straw
being produced in the region, which exhibits great potential for recycling and utilization.
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3.4. Spatial Distribution of Maize Straw

Averaging the field survey data in Table 7, the density of maize straw was calculated.
According to Equation (1), the spatial distribution of maize straw in 2018 (Figure 7) was
obtained by multiplying the planting area (each pixel is 16 m × 16 m) with the density
of straw. The distribution of maize straw was the widest in southern and northeastern
Qihe County, and the average distribution density in the northernmost and southernmost
regions was slightly lower. The central and northern areas exhibit the lowest quantities
and average densities because these areas are characterized by numerous towns.
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Table 7. The density of maize straw in the sampling area.

No. Area (m ×m) No. of Plants Weight of Straw (kg) Density of Straw (t/km2)

1 10 × 5 336 40.24 804.8
2 10 × 5 308 35.63 712.6
3 10 × 5 322 37.46 749.2

Average 755.53
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The total quantity and average density of maize straw in each township were further
evaluated, as shown in Figure 8. Although the straw quantities of Liuqiao and An’tou
were 47.12 kt and 39.07 kt, respectively, because of the small area of cultivated land, the
average maize straw density was 543.46 t/km2 and 525.58 t/km2, respectively, so these
two towns were very suitable for maize straw recycling and utilization. Larger townships
in the central and southern regions, including Pandian, Renliji, Jiaomiao, and Huguantun,
had relatively large maize straw yields and relatively high average density, so the potential
for the utilization of maize straw resources was also notable. In northern towns such as
Dahuang, Yizhangtun, Biaobaisi, and Huadian and the southern towns such as Zhaoguan
and Maji, the total theoretical maize straw quantity was 25–32 kt, with the average density
of straw being 380–470 t/km2, which indicates that these towns were also suitable for
maize straw recycling and utilization. Yancheng had a small proportion of cultivated land
and the lowest average density and yield of maize straw. Due to the development of towns
and secondary industries, the average density of maize straw in Zhu’A and Yanbei was
also low, indicating that the utilization potential of straw resources is relatively lesser.

267



Sustainability 2021, 13, 4603Sustainability 2021, 13, x FOR PEER REVIEW 14 of 16 
 

 
Figure 8. Statistics of maize straw in each township of Qihe County in 2018. 

4. Conclusions 
The results of this study show that it is feasible to use SVM and RF models to estimate 

the yield and spatial distribution of maize straw by combining GF6/WFV, field survey 
data, and agricultural census. The land cover types in Qihe County were more accurately 
identified by the RF model, which consequently improved the estimation accuracy of the 
yield and spatial distribution of the maize straw. The main conclusions are as follows: 
1. Both SVM and RF models can effectively identify and aid in the classification of land 

cover types in the research area. The RF model exhibits improved classification accu-
racy compared to that of SVM when the newly added band of GF-6 WFV was used; 

2. The addition of two red-edge bands increased the separability of land cover types 
with large differences in red-side spectral characteristics and generally significantly 
improved the overall classification accuracy and reduced the misclassification and 
omission of crops. Red-edge 1 can improve the recognition accuracy of land cover 
types more than Red-edge 2 in Qihe County. In this study, the classification accuracy 
and KC of the RF model increased from 85.57% and 0.82 to 93.15% and 0.91, respec-
tively, after adding two red-edge bands; 

3. The response of purple and yellow bands to non-vegetation was more obvious than 
that to vegetation, which increased the classification accuracy of non-vegetation and 
slightly reduced the “salt-and-pepper noise” in the classification results. However, 
the effects of the two bands on the classification accuracy of vegetation and the total 
classification accuracy were not obvious; 

4. The theoretical total quantity of maize straw in Qihe County was 586.08 kt in 2018, 
which reflected only a 2.42% error from the statistical result. Maize straw in Qihe 
County was planted, excluding in central and northern urban areas. Among them, 
the southern and northeastern regions exhibited the widest distribution areas and 
highest average densities, followed by the northernmost and southernmost regions. 
The central and northern urban areas exhibited the lowest average distribution den-
sities. 

5. Future Work 
The research method of this study still exhibits some limitations that should be ad-

dressed. After inspection, it was found that the misjudged pixels were primarily those 
located at the junctions of various land cover types. Many mixed pixels that were difficult 

Figure 8. Statistics of maize straw in each township of Qihe County in 2018.

4. Conclusions

The results of this study show that it is feasible to use SVM and RF models to estimate
the yield and spatial distribution of maize straw by combining GF6/WFV, field survey
data, and agricultural census. The land cover types in Qihe County were more accurately
identified by the RF model, which consequently improved the estimation accuracy of the
yield and spatial distribution of the maize straw. The main conclusions are as follows:

1. Both SVM and RF models can effectively identify and aid in the classification of
land cover types in the research area. The RF model exhibits improved classification
accuracy compared to that of SVM when the newly added band of GF-6 WFV was
used;

2. The addition of two red-edge bands increased the separability of land cover types
with large differences in red-side spectral characteristics and generally significantly
improved the overall classification accuracy and reduced the misclassification and
omission of crops. Red-edge 1 can improve the recognition accuracy of land cover
types more than Red-edge 2 in Qihe County. In this study, the classification accu-
racy and KC of the RF model increased from 85.57% and 0.82 to 93.15% and 0.91,
respectively, after adding two red-edge bands;

3. The response of purple and yellow bands to non-vegetation was more obvious than
that to vegetation, which increased the classification accuracy of non-vegetation and
slightly reduced the “salt-and-pepper noise” in the classification results. However,
the effects of the two bands on the classification accuracy of vegetation and the total
classification accuracy were not obvious;

4. The theoretical total quantity of maize straw in Qihe County was 586.08 kt in 2018,
which reflected only a 2.42% error from the statistical result. Maize straw in Qihe
County was planted, excluding in central and northern urban areas. Among them, the
southern and northeastern regions exhibited the widest distribution areas and highest
average densities, followed by the northernmost and southernmost regions. The
central and northern urban areas exhibited the lowest average distribution densities.

5. Future Work

The research method of this study still exhibits some limitations that should be ad-
dressed. After inspection, it was found that the misjudged pixels were primarily those
located at the junctions of various land cover types. Many mixed pixels that were difficult
to distinguish, even by visual interpretation, were formed in the image because of the
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superimposed spectral characteristics of different land cover types at the junctions [38].
Concurrently, the spatial resolution of the remote sensing image also limited the accu-
racy of extraction to a large extent [39]. Therefore, the focus of further research is to fuse
higher resolution spatial information, and a discriminant model based on spatial rela-
tionship knowledge and mixed pixel decomposition will also be considered to improve
extraction accuracy.
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Abstract: As the world human population and industrialization keep growing, the water availability
issue has forced scientists, engineers, and legislators of water supply industries to better manage
water resources. Pollutant removals from wastewaters are crucial to ensure qualities of available
water resources (including natural water bodies or reclaimed waters). Diverse techniques have been
developed to deal with water quality concerns. Carbon based nanomaterials, especially carbon
nanotubes (CNTs) with their high specific surface area and associated adsorption sites, have drawn
a special focus in environmental applications, especially water and wastewater treatment. This
critical review summarizes recent developments and adsorption behaviors of CNTs used to remove
organics or heavy metal ions from contaminated waters via adsorption and inactivation of biological
species associated with CNTs. Foci include CNTs synthesis, purification, and surface modifications
or functionalization, followed by their characterization methods and the effect of water chemistry
on adsorption capacities and removal mechanisms. Functionalized CNTs have been proven to be
promising nanomaterials for the decontamination of waters due to their high adsorption capacity.
However, most of the functional CNT applications are limited to lab-scale experiments only. Feasibil-
ity of their large-scale/industrial applications with cost-effective ways of synthesis and assessments
of their toxicity with better simulating adsorption mechanisms still need to be studied.

Keywords: carbon nanotubes; surface modification; heavy metals; adsorption; water and wastewa-
ter treatment

1. Introduction

Rapid urbanization and industrialization has significantly increased the clean water
demands in the domestic, industrial, and agricultural sectors [1–3]. Meanwhile, large
quantities of pollutants including organic, inorganic, and biological contaminants are
being released into the water bodies from these sectors [4–6]. Eccentric waters such
as brackish, storm, and wastewater are being used depending upon the purposes [7,8].
Increasingly, use of these waters has also increased the urgent concern about the burden
of negative impacts on the surrounding environment; one of the tremendous challenges
confronting mankind is the exploration of green and sustainable methods to overcome
these shortcomings [9–13]. Keeping in mind the current situation of water and wastewater
treatment status, the technologies are not sustainable to meet healthy requirements for
surrounding environment and community health [14,15].
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Historically, numerous techniques and methods have been investigated for advanced
treatment of water and wastewater [16]. The most common, adsorption, was proven
to be the improved technique to remove a variety of pollutants including organic and
inorganic contaminants present in water and wastewater [17,18]. Limited treatment effi-
ciency was reported by using conventional adsorbents due their small surface area, limited
number of active sites, deficiency in selectivity, and low adsorption kinetics [19]. These
shortcomings of conventional adsorbents have been addressed in recent advancements of
nano-adsorbents owing to their high surface area coupled with a higher number of active
sites, tunable pore size, fast kinetics, and improved surface chemistry [10,20–24].

The nanomaterials can be used for treatment of water and desalination as well and
also reveal properties including electron affinity, mechanical strength, and flexibility during
functionalization [25–27]. Carbon nanomaterials (CNs) such as carbon nanotubes (CNTs)
are supposed to be a promising material to break down the tradeoff concerning selectivity
and adsorption, resulting in an increase of the economics of adsorption technology [25]. As
a result, CNTs, as an adsorbent for treatment of water, have attained the focus of countless
scholars over the previous few decades who are projected to carry on the exploration and
developments in the field of CNs [28].

Numerous significant articles have been published on nanomaterials applied for
the treatment of water and wastewater in previous few years [29–37]. Despite rapid
developments, innovations, and applications of CNT-based nanomaterials, there is an
increasing need for an across-the-board review of the synthesis of CNTs, functionalization
of surface modifications, and finally their application to remove aqueous contaminants and
to identify potential directions. This is the main motivation of the current review article.

This review attempts to address a brief history of CNTs, synthesis, purification, and
functionalization, followed by the application of these nanomaterials for eliminating or-
ganics, inorganics, and microorganisms present in water and wastewater samples.

1.1. Historical Background

The discovery of CNTs was reviewed in 2006 by Monthioux and Kuznetsov, showing
that the science has seemed to remain controversial [38]. Most literature mentions that nan-
otubes were discovered by Sumio Iijima [38]. However, Radushkevich and Lukyanovich
explained the synthesis process of CNTs with 50 nm diameter [39]. Oberlin et al. explained
the vapor phase growth technique for the synthesis of carbon fibers; the synthesized tubes
consisted of turbostratic stacks of carbon layers (i.e., describing a crystal structure in which
basal planes have slipped out of alignment) [40]. In addition, Abrahamson et al. [41]
described the arc discharge method for carbon fiber synthesis using carbon anodes. Later
on, scientists described the thermal catalytic disproportionation of CO for the synthesis of
CNs. Transmission electron microscopy (TEM) and X-ray diffraction pattern (XRD) were
used to characterize the synthesized CNs, and as a result they believed that CNTs can be
formed by a graphene layer turning into a tubular shape. They also concluded that two
types of promising arrangements, such as a helix-shaped spiral and circular arrangements
in the form of a graphene hexagonal network, can result by turning the graphene layer
into a tabular shape [42]. Later, a US patent was issued in 1987 on carbon nanofibers
synthesis, the diameter ranging from 3.5 to 70 nm and five times greater in length than the
diameter [43].

Back to the dates in 1950s, after the disclosure of CNTs by Iijima, projection of sur-
prising properties of single-walled carbon nanotubes (SWCNTs) made by Dunlap and
colleagues also attracted the attention of researchers around the world. At this time, after
the discoveries and exploration of SWCNTs by Bethune and Iijima independently at IBM
(Shiba, Minato) and Nippon Electric Co., Ltd. (Tokyo, Japan), respectively, the research on
CNs and their specific methods of production was extended [44,45].

The above findings seem to be the extension of Fullerence’s discovery. Arc discharge
technology had previously been applied for the production of laboratory-scale Buckminster
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fullerenes [46,47]. CNTs are being studied after the report published in 1991 by Iijima [45]
was fundamental, because it put CNTs in the limelight [38].

1.2. Types of CNTs and Structure

CNTs are composed of carbon atoms organized in a progression of fused benzene
rings, which are pleated into a cylindrical shape. This new sort of man-made nano-material
has a place with fullerene family and is treated as carbon’s third allotrope as well as sp2

and sp3 forms of graphite and diamond, respectively [42,48,49].
Generally, there are two types of CNTs [50] on the bases of number of layers shown in

Figure 1:

1. Single-walled carbon nanotubes (SWCNTs)
2. Multi-walled carbon nanotubes (MWCNTs).

Figure 1. Types of typical dimensions of CNTs, SWCNTs (left) and MWCNTs (right).

CNTs are made by a sheet of graphene when rolled into a cylindrical shape, which
may have a capped or open end, usually in a hexagonal form close packed with a diameter
at a small scale of 1 nm, and a few microns long. SWCNTs (Figure 1) with a diameter as
small as 0.4 to 2 nm are made by the single sheet of graphene rolled into a cylindrical shape,
while MWCNTs (Figure 1) with an outer and inner diameter ranging from 2–100 nm and
1–3 nm, respectively, and a several microns in length are made up of two or more sheets of
graphene incasing a hollow core in the same way as in SWCNTs [49,51,52].

Based on the chemistry, there are two zones of CNTs: the sidewall and tip. A significant
aspect in controlling these distinctive properties emanates after the change in the tube-
like structure due to entrapment of graphene layers into a cylindrical shape. Figure 2
shows different structures of rolled SWCNTs based on graphene sheets. Depending on
alignment of the cylinder axis relative to the hexagonal matrix, the CNTs structure can
be stipulated by chiral carrier in three ways, armchair, chiral, and zigzag, illustrated by
their chirality index (n,m). Geometric arrangement of carbon atoms present at the layer of
nanotubes is responsible for the foundation of zigzag (m = 0) and armchair (n = m) CNTs,
whereas the structure of the nanotube with the two enantiomorphs on the right side is
chiral (n 6= m) [53,54].
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Figure 2. Roll-up of graphene sheet into different types of CNTs [54,55].

Recent reviews are good to find detailed elucidations of the structure of CNTs [48,49,56–61].
Here, Table 1 summarizes a comparison of the properties of SWCNTs and MWCNTs.

Table 1. Comparison between properties of SWCNTs and MWCNTs [49,62,63].

Properties SWNTs MWCNTs

Layer type Single graphene layer Multiple graphene layer
Catalyst requirement Essential during synthesis No need during synthesis

Bulk or massive production Difficult Easy
Purity level Low Large

Defect’s level High Low
Characterization Easy Difficult

Manage Easily twisted Cannot be twisted easily
Specific gravity About 0.8 g/cm3 Less than 1.8 g/cm3

Elastic modulus About 1.4 TPa Ranging from 0.3 to 1 TPa
Strength Ranging from 50 to 500 GPa Ranging from 10 to 60 GPa

Electrical conductivity Ranging from 102 to 106 S/cm Ranging from 103 to 105 S/cm
Electron mobility About 105 cm2/(V s) Ranging from 104 to 105 cm2/(V s)

Thermal conductivity About 6000 W/(m K) About 2000 W/(m K)
Coefficient of thermal expansion Greater than 1.1 × 10−3 K−1 About −1.37 × 10−3 K−1

Thermal stability in air Ranging from 600 to 800 ◦C Ranging from 600 to 800 ◦C
Resistivity Ranging from 50 to 500 µΩ cm Ranging from 50 to 500 µΩ cm

Specific Surface Area Ranging from 400 to 900 m2/g Ranging from 200 to 400 m2/g

2. Synthesis of CNTs

Typically, there are three extensive methods for the synthesis of CNTs as given bellow:

(a) Arc discharge
(b) Laser ablation
(c) Chemical vapor deposition (CVD).

CNTs are produced by using energy and carbon sources in all the synthesis methods.
A carbon electrode or a gas and an electric current or heat is used as a carbon and energy
source, while using arc discharge or CVD methods, respectively, for the synthesis of CNTs,
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whereas a laser beam is used as an energy source during the laser ablation method. Table 2
presents a detailed summary of the efficiencies of the CNT synthesis methods. These
methods are based on the formation of a single or a consortium of carbon atoms that sack
to recombine into CNTs.

CNT synthesis mechanisms have been debated in detail by Cassell et al. [64] and
Sinnott et al. [65]. It is believed that by using the metallic catalyst in the CVD method
for CNT synthesis, the cylindrical shaped graphene tube is formed by initial deposition
of carbon atoms on the used catalyst surface [66]. It was also concluded that the size of
particles of the used catalyst also play an important role in the CNTs diameter, as the
catalyst particles in a smaller size produce SWCNTs with a diameter of a few nanometers,
while the larger particles tend to produce MWCNTs [67].

The arc discharge method between graphite electrodes is the first method of producing
CNTs [68]. Briefly, in this method, direct current of 50 to 100 A and about 20 volts of
potential difference is established between a graphite electrode pair in the presence of
one of the inert gases containing helium or argon with a pressure of 500 Torr [69,70].
The carbon electrode surface evaporates and forms a cylindrical-shaped tube structure
because of the high temperature generated due to the discharge of electric current in
low pressure, inert gas, and catalyst [44,70,71]. MWCNTs can be synthesized via an arc
discharge method without a metallic catalyst; on the other hand, mixed-metal catalysts,
for example iron, cobalt, and nickel, are necessary for SWCNTs fabrication [72]. In general,
higher levels of structural precision are noted in CNTs produced via the arc discharge
method [73]; however, different variables such as chamber temperature, concentration and
type of catalyst, hydrogen presence, etc., may affect the structure and size of synthesized
CNTs [74]. Recently, nickel-filled CNTs were synthesized via a local arc discharge method
in liquid ethanol [75], nitrogen-doped CNTs via vaporization of boron nitride [76], low-cost
SWCNTs via an arc discharge method in open air [77], and SWCNTs and MWCNTs via a
hot plasma arc discharge method [78].

The use of laser ablation to synthesize CNTs was first reported by Guo and colleagues
in 1995 [79,80]. Briefly, a graphite object is targeted by a laser beam with high energy in the
presence of argon at 800–1200 ◦C temperature and 500 Torr pressure [69,70,81,82]. In this
method, a laser pulse provides an energy source, and a graphite object serves as a source
of carbon. Soot deposition of carbon can be avoided by uniform evaporation of the target
resulting because of continuous applications of laser pulses. The larger size particles after
the first laser beam are broken down into smaller ones by the successive beams. Later, the
smaller size particles are produced into the CNT structure. Commonly, transition metals
are used as catalysts in this method. Rope-shaped CNTs can be found by using a laser
ablation method with the diameter ranging from 10 to 20 nm and about 100 mm long [83].

CVD is a well-liked method for bulk fabrication of CNTs around the globe. Typically,
in this method, carbon monoxide or hydrocarbons gases are used as a source of carbon,
while 500 to 1100 ◦C of temperature is used as the source of energy. The carbon atoms are
deposited by the decomposition of the used carbon source and shaped into CNTs [84,85].
Briefly, the decomposition of gas (carbon source) occurs because of high temperature when
transferred into reaction chamber together with the carrier gas and generates a substrate
of carbon atoms on the surface of catalyst to form CNTs [86]. When compared to other
methods of synthesis of CNTs, the CVD is the most common route for relatively large-scale
production of CNTs as it is simple in operation, higher in yield, and economic and has a
high rate of deposition and good control over the morphology of tubes during the synthesis
process [87–89] Cassell et al. [64] studied that CNTs in bulk can be produced, especially
SWCNTs via the CVD method, by using acetylene as a source of carbon deposition in the
presence of iron and cobalt and zeolite or silica as a carrier support material. They also
concluded that SWCNTs can be produced on a largescale when a mixture of H2 and CH4 is
deposited on the catalyst (Co or Ni), and MgO as carrier support material is used.
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3. CNT Purifications

Some of the impurities include an amorphous phase of carbon, particles of partic-
ular metals, or any other carrier material associated with CNTs that will have an effect
on their execution performance [115]. Some typical purification technologies and their
characteristics are discussed in Table 3. On average, the CNTs synthesized via the CVD
method showed a purity level ranging from 5% to 10% [116]. Therefore, a broad purifi-
cation of CNTs is necessary before being used for different applications. The detection
and identification of different impurities associated with CNTs using different techniques
have been discussed in Table 4. It is believed that the CNT structure may be affected to
some extent when removing impurities, so there is always need for a compromise with the
final structure after purification process [116]. The common CNTs purification methods are
discussed below:

1. Oxidation
2. Acid treatment
3. Surfactant based sonication.

Oxidation is a decent manner to remove carbon [117–122] and metal [117,121,123–126]
impurities associated with CNTs. One of the main shortcomings that occur using this
process of purification is the oxidation of CNTs themselves along with the impurities, but
fortunately, the loss of CNTs is smaller than the impurities [114]. The reason to oxidize these
impurities is more defects or open structures associated with them. This is another reason
that the attachment of these impurities is often observed with a used metallic catalyst,
and this metal catalyst may also play a role in oxidation [117,118,123,124,127]. There are
some factors, such as type of oxidant, time of oxidation, temperature, metal contents, and
environment, which can affect the oxidation efficiency and final yield.

Typically, the method of acid treatment is used to eliminate the metallic impurities
associated with CNTs. First of all, by oxidizing or sonication of the CNTs, the surface of
associated impurities (metals) is made apparent to acid until the solvation and finally CNTs
collect in suspension. It has been observed in a number of studies that by using HNO3 for
the purpose of acid treatment, it only affects the metallic impurities rather than the CNTs
or other carbon containing impurities [117,118,122,125]. By using HCl for this purpose, the
impacts on CNTs and carbon impurities are also observed to a small extent [117,123,126].
Acid treatment for purification of CNTs in diluted form (4M HCl) can show same results
as by the HNO3, but the metal surface must be apparent to the applied acid to make the
solvation [128].

Although purified CNTs are produced relatively by acid reflux, the nanotubes amal-
gamate, and the impurities that they capture are very hard or sometime impossible to
remove by filtration [129]. Therefore, a surfactant-based sonication process is implemented
generally by dissolving sodium dodecyl benzene sulfate (SDBS) in ethyl or methyl alcohol
solution for this purpose. Since after sonication CNTs took longer to settle down, ultrafiltra-
tion is required and then annealed at a high temperature (about 1000 ◦C) in the presence of
N2 for 4 h. Annealing of CNTs is performed to optimize their structure. Surfactant-based
sonication has been presented to be an effective method for removing tangled impurities
associated with amalgamated CNTs [116].
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4. Functionalization of CNTs

The non-polar nature of graphene layers makes the CNTs naturally hydrophobic.
The hydrophobic property of CNTs is indispensable for the adsorption of aromatic con-
taminants like benzene and anthracene. A very strong complexion is formed due to π

electrons present on the graphene layer making CNTs, between aromatic contaminants
and the tube surface [132]. The surface affinity of CNTs can be modulated to a variety of
contaminants in water and wastewater after the purification and surface functionalization.
Higher adsorption of benzene was obtained by using CNTs as compared to activated
carbon (AC) because of strong interaction between benzene rings and the surface of CNTs
due its hydrophobicity [133]. Figure 3 shows the different routes and schemes of CNT
functionalization to increase their affinity for water and wastewater contaminates, which
can be subsequently captured on the surface of CNTs used. Moreover, the functionalization
of CNTs can be divided into three categories, shown in Figure 4 [134]:

1. With π conjugated network of CNTs through covalent bonds;
2. Attachment of different chemical groups via non-covalent bonds by using hydropho-

bicity of CNTs such as hydrogen bonds, π–π interactions, or ionic bonds;
3. Inline filling (endohedral) of hollow tubes of CNTs. The two methods are more

common for CNTs functionalization and variously used by the researchers.

Figure 3. Functionalization routes of CNTs and associated functional groups [132].
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Figure 4. Methods of functionalization of carbon nanotubes.

CNTs are unique because of their distinctive properties such as adsorption capability,
permeability, morphology, and physicochemical properties. There are several disadvan-
tages that are also associated with raw CNTs, such as their low dispersion in solutions and
low adsorption capacity for bulk fabrication of CNTs with organic and inorganic compos-
ites. In fact, aggregation is the main problem for low contaminant adsorption efficiencies
by the original CNT samples [33,53,135–137] and also obscures the process of membrane
preparation [138]. The π–π interactions and van der Waals force between CNTs are respon-
sible for the less dispersion, which results in tight fit bundles and aggregation of CNTs [139].
As the number of graphite layers of CNTs decreases from MWCNTs to SWCNTs, the ten-
dency to bunch increases [140]. Therefore, to overcome these drawbacks, the chemical
reactivity and contaminant adsorption capacity of CNTs must be improved by increasing
their dispersion rate, and this is done by functionalizing the nanotube [53,135–137,139,141].
Furthermore, solubility of CNTs can be increased by their functionalization, which causes
them to repel each other [50]. Table 5 provides a compression between adoption capacities
and the corresponding surface area of pristine and oxidized CNTs treated with different
acids [142].

Table 5. Adsorption capacity of CNTs and corresponding surface area [142].

CNTs Adsorption Capacity (mg/g) Surface Area (m2/g)

Pristine 1.1 82.2

H2O2 oxidized 2.6 130.0

HNO3 oxidized 5.1 84.3

KMnO4 oxidized 11.0 128.

NaOCl oxidized 47.4 94.9

Different physical or chemical processes like oxidation, impregnation, or grafting
(Figure 3) are used for the functionalization of CNTs [143,144]. During the process of func-
tionalization, the covalent or non-covalent bonds of particular functional groups result on
the end or sidewall of CNTs. Functionalization is preferred over covalent bonding, because
non-covalent bonding does not influence the structure and surface area of CNTs [135].
Advantages and the limitation of covalent and non-covalent functionalization of CNTs are
discussed in Table 6. Functionalization is generally done to increase the dispersibility as
well as contaminant removal efficiency of CNTs, thereby improving the water or wastewa-
ter treatment application capability of the CNTs or promoting membrane fabrication [145].
Higher dispersibility in polar solvent (water) was found by covalent functionalization of
CNTs with the phenolic group by 1,3 dypolar cyclo addition; covalent functionalization
of CNTs with phenol groups by 1, 3-dipolar cyclo-addition was found, which facilitated
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CNTs’ amalgamation into the polymer matrix [139]. Oyetade et al. [141] found that MWC-
NTs efficiently absorbed Pb2+ and Zn2+ from aqueous samples after functionalizing with
nitrogen. The increase in adsorption was due to higher surface area and more adsorption
sites linked to CNTs.

Table 6. Benefits and limitations of covalent and non-covalent functionalization [134].

Methods Benefit(s) Limitation(s)

Covalent
functionalization Highly stable bonds are formed

Intrinsic characteristics are damaged
Structural defects CNTs

Aggregation of CNTs

Non-covalent
functionalization

Simple and easy procedure
CNTs structure is maintained with minimum defects

Electronic characteristics of CNTs are not affected
Stability of bonds is weak

Oxidation of raw CNTs with HNO3, H2SO4, HCl, H2O2, KMnO4, and NaOCl, or
sometimes a combination of some of these (Figure 5), has often been exercised to introduce
oxidized functional groups [146,147]. Generally, oxidation improves the dispersibility and
enhances the ability to adsorb certain harmful contaminants in water and wastewater at
the expense of fractional damage to the surface of CNTs, as described earlier. Furthermore,
the surface of CNTs can also be modified with the addition of oxygen containing functional
groups by performing oxygen–plasma action. In addition to oxidation and plasma action
for surface modification, the CNTs can also be successfully modified with the addition of
metal oxides like Al2O3 [148], MnO2 [149], and Fe3O4 [150], which deliver another way
to coat the surface of CNTs, thereby increasing the contaminant removal efficiencies of
CNTs [53,135–137]. The potential surface modification schemes of CNTs used for targeted
contaminants are shown in Figure 5.

Figure 5. Schematic representation of surface modification schemes of CNTs used for targeted contaminants (green arrows
refer to decrease in final effluent concentration).

5. Characterization of CNTs

Intrinsic properties of CNTs make them fascinating and desirable candidates for di-
verse remediation. Characterization of CNTs plays an important role due to their distinctive
properties. Numerous comments and debates have been published in past decades on
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different techniques and strategies used to evaluate CNTs [151–154]. Techniques used for
the characterization of CNTs are divided into four groups: microscopy and diffraction,
thermal, spectroscopic, and separation techniques [155]. Sometimes research includes one
more group, the magnetic measurement technique. Table 7 shows different characterization
techniques used for the evaluation of CNTs. It must be noted more than one technique
is prominent for the characterization of CNTs; techniques employed alone are not fully
characterized, nor they are absolutely quantitative. Even though qualitative analysis of
CNTs can be done by electron microscopy, scanning electron microscopy (SEM) evaluates
the nanostructure of the tubes, and transmission electron microscopy (TEM) is used for
further precise inspection, generally detecting the defects in CNTs [129,156].

Table 7. Different analytical techniques used for the characterization of carbon nanotubes [155].

Characterization Techniques Used for Studying

Microscopy and diffraction techniques [157–159]

SEM Morphological analysis (diameter and length), aggregation state

TEM/HR-TEM Morphological analysis of internal structure (diameter, number of layers
and distance between them)

AFM Morphological analysis of internal structure (diameter, number of layers
and distance between them)

Scanning tunneling microscopy Morphological analysis of internal structure (diameter, number of layers
and distance between them)

Neutron diffraction Morphological analysis of bulk samples

XRD Morphological analysis of bulk samples

Spectroscopic techniques [139,160,161]

Raman spectroscopy Purity and presence of by-products, diameter distribution, (n, m) chirality

IR and FT-IR Purity, functionalization by attaching functional groups to the sidewall

UV–vis and NIR Dispersion efficiency, diameter and length distribution, purity

Fluorescence spectroscopy Size, dispersion efficiency, (n, m) chirality

XPS and EDS Elemental composition, functionalization (covalent and non-covalent)

Thermal techniques [162]

TGA Purity and presence of by-products, quality control of synthesis and
manufacture processes

Separation techniques

Size exclusion chromatography Purification, separation by size (length)

Capillary electrophoresis Purification, separation by size (length, diameter, and cross-section)

Field flow fractionation Fractionation by size (length)

Ultracentrifugation Separation by chirality, electronic type, length, and enantiomeric identity

Magnetic techniques [158,163,164]

Vibrating sample magnetometry Magnetic properties

Alternating gradient magnetometry Magnetic properties

Superconducting quantum interference device Magnetic properties

The ultrastructure of different types of species including organic, inorganic, and
biological species can be evaluated by using very popular techniques known as SEM and
TEM. The scanning of the sample in SEM generates an image when the targeted electron ray
interacts with sample of CNTs. Generally, the technique is used to analysis the morphology
(length and diameter) of nanomaterials [123,155,165] to assess the quality of prepared CNTs.
For example, Figure 6a shows a SEM image of the as-prepared CNTs [148], and Figure 6b
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shows alignment of CNTs synthesized by using a horizontal quartz tube housed in muffle
furnace. Average length of the tubes was 70 µm measured by using SEM [166]. Sometimes,
it is also used to validate the surface modifications in terms of functional reactions that
occur on the surface of CNTs [167]. In the case where the required measurement exceeds
1 to 20 nm resolution while using SEM, then TEM is used [156,167]. Small dimensions in
CNTs such as interlayer distance, diameter, and number of graphene sheets can be easily
examined (Figure 6c,d) by targeting the sample with a high energy electron beam of up to
300 keV [168,169]. It should be noted that the functional groups (organic and inorganic) that
modify the surface of CNTs can also be evaluated by using TEM [161,170,171]. Moreover,
structural integrity, surface functionalization, and defect son the surface of CNTs caused
by the oxidation (acidic or basic) to introduce oxygen containing functional groups like
hydroxyl, carbonyl, and carboxylic acid groups have also been studied by using both SEM
and TEM techniques [155,172].

The image of the atomic structure and crystal structure information can be obtained
by using high resolution transmission electron microscopy (HR-TEM) [173]. A high phase
contrast image as small as the crystal unit can be obtained. This technology is widely used
for advanced characterization of materials, allowing access to information on just-in-time
defects, stacking faults, deposits, and grain boundaries. In addition to the morphology of
the MWCNTs in the HR-TEM image, the direct measurements can be made on the MWCNT
walls. For example, the number of walls constituting the nanotubes can be directly counted
and recorded as control parameters in subsequent experiments in case the number of such
walls needs to be changed. In addition, the interplanar distance between the walls can
be accurately measured and compared with the crystal structure data table of the carbon
structure and its respective diffraction pattern.

Figure 6. (a) SEM image of a bulk sample of multi-walled carbon nanotubes [155], (b) SEM image showing vertical aligned
CNTs [174], (c) high-magnified TEM images of CNTs grown on unreduced catalyst [168] and, (d) TEM image of a bulk
sample of multi-walled carbon nanotubes [155].
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The chemical state and structure of CNTs can be obtained by using an X-ray photoelec-
tron spectroscopy (XPS) technique [114]. However, the data obtained from this technique
are used to examine the structural modification of CNTs before and after the chemical
interactions with organics, inorganics, or gaseous adsorption. The investigation of CNTs
by using XPS is done after the incorporation of nitrogen into the nanotube [175]. Due to the
polar nature of the carbon–nitrogen bond, the peak shift before and after the modification
is evidence of nitrogen incorporation [176,177]. Furthermore, the technology demonstrates
that carbon nanofibers are more similar to carbon oxides than various graphites [178]. Fluo-
rinated functionalization of SWCNTs was also studied by using XPS; the results concluded
that three peaks of sp2, sp3, and carboxyl groups (284.3, 285, and 288.5 eV, respectively)
were associated with C1s of un-doped nanotubes [114]. The observed carboxyl group (288.5
eV) was similar to in nanofibers [179].

Crystallinity of CNTs can be obtained by using an X-ray diffraction (XRD) tech-
nique [90,176]. X-ray diffraction patterns of graphite and CNTs are very close to each other
because of their inherent properties. The XRD pattern of CVD-synthesized MWCNTs is
shown in Figure 7, illustrating a peak similar to graphite (002), and the measured layer spac-
ing can be obtained from Bragg’s law, while the other peaks (family of (hk 0) peaks)) can be
obtained because the mono-graphene layer makes the honeycomb matrix [114]. Therefore,
the curve obtained by XRD does not distinguish between the microstructure information
of CNTs and graphite; nevertheless, it is helpful for purity analysis of the sample [102,103].
The XRD pattern revealed that straight CNTs with a good alignment on the surface of
the substrate did not show the peak, i.e., 022 [114]. For CNTs aligned vertically to their
substrate surface, the XRD pattern is not collected because of the scattering of the beams
inside the sample. Therefore, the 002 peak is always lowered for better-aligned CNTs [180].
In addition, several other types of parameters such as bundle size, mean diameter, and
diameter dispersion can also be studied by using the XRD technique. The peak 10 is greatly
influenced by these parameters in terms of its location and thickness [181,182].

Figure 7. XRD pattern of MWCNTs synthesized by CVD [114].

Qualitative evaluation for nanotubes’ surface can be done by using Fourier transform
infrared spectroscopy (FT-IR) [183]. The sample is characterized by passing the infrared
radiations through it, and the part of radiations absorbed by the sample at specific energy
is determined. Each functional group is identified by a particular range of frequency with
associated absorption peaks. The infrared spectrum of the original CNTs (Figure 8) shows
a characteristic band of about 1600 cm−1 associated with aromatic rings (C=C bond) of
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rolled graphene layers. Sometimes, the peaks of 3800 to 3200 cm−1 (O-H stretch) and
1700 particles that absorb moisture into the atmosphere or due to certain purification
processes [184]. In addition, a band of 2910 to 2940 cm−1 was also detected for CNTs,
which is related to the vibration of C-H stretching methylene (CH2) [185]. The FTIR spectra
can also suggest surface modification of CNTs. For example, in Figure 8b, a new peak near
1450 cm−1 appeared that was assigned to asymmetric CH2 bending. This peak is typically
interpreted as evidence of defects in the structure of CNTs. In Figure 8c, a new peak near
1735 cm−1 suggested a carbonyl stretch of the carboxylic acid group. In addition, a double
peak at approximately 2900 cm−1 was attributed to the loss of aromaticity due to the oxygen
functional groups.The thermal stability and proportion of volatile compounds of nanotubes
can be analyzed by an analytical technique called thermogravimetric analysis (TGA). The
analysis is made by heating the sample directly in the air or inert gases (He/Ar) while
recording the change in its weight with respect to elevated temperature [176,186,187]. In
some cases, the analysis is made in the presence of N2 or He with poor oxygen atmosphere
(1% to 5% O2) to slow oxidation [188]. During the TGA analysis of the CNT sample in the
air atmosphere, the weight loss of the sample (Figure 9) is usually due to carbon oxidation
to CO2, while the solid oxides after the oxidation of metallic catalyst are responsible for the
superposition of the sample [165,189,190]. Generally, the percent yields of carbon deposits
are determined by using TGA. Usually, during the oxidation of the sample the weight
occurs in the temperatures ranging from 200 to 680 ◦C [190]. The contents of carbon can be
calculated by obtaining the percentage of (m1 − m2)/m1, where m1 is the weight of the
sample before oxidation and m2 is the weight of the sample after the oxidation [11].

Figure 8. FT-IR spectra of CNTs: (a) pristine CNTs (CNTs-WT), (b) CNTs treated with HCl (CNT-H),
and (c) CNTs treated with mixture of H3SO4 and HNO3 (CNTs-AC) [191].
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Figure 9. TGA analysis of the CNT sample [190].

The structural features of CNTs can be defined by their crystalline structure, chiral
carrier, and single- or multi-walled features [192]. Crystalline arrangement of nanotubes
can be characterized by the ID/IG ratio determined from the RAMAN spectroscopy. ID/IG
indicates the ratio between the organized and unstructured carbon in the CNTs and uses
the intensity of defective and graphitic carbon (D and G bands) at the high wavenumbers
in the RAMAN absorption spectrum (Figure 10) [193]. ID/IG is a good quality indicator
for CNTs, and the low ID/IG ratio is characteristic of highly graphitized structures; the
laboratory reported mass of MWCNT is 0.65, and industrial grade MWCNT is 2.04 [90,194].

Figure 10. Raman spectra of pristine (MWCNTs) and graphitized MWCNTs (g-MWCNTs) [193].

6. Applications of CNTs
6.1. Removal of Heavy Metals

Removal of heavy metals from water and wastewater by using surface modified CNTs
has been studied extensively [143,195–197]. Contaminant adsorption mainly occurs at
four possible types of sites that are available on the CNTs such as outer and inner grooves
and interstitial channels mas shown in Figure 11, but the inner region of the nanotubes is
less adsorbed [53,135–137,198]. Bahgat et al. [143] used functionalized MWCNTs for the
adsorption of heavy metals and concluded that adsorption of the metals occurs because
of a number of adsorption spots available on the tubes’ surfaces. In another study, higher
adsorption of Zn2+ ions was observed by the plasma-treated CNTs due to the availability
of more oxygen-containing functional groups. The mechanism of surface complexation
was responsible for the adsorption of cationic ions, as the adsorption sites increased due to
deprotonating functional groups [197].
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Figure 11. Different adsorption sites on CNTs [198].

Surface modification of CNTs improved their affinity for heavy metal ions and metal-
loid adsorption [199,200] by incorporating iron oxide and oxidation [16,201–203], coating
with oxides of nonmagnetic metals [204], introducing a thiol functional group [82], and
functionalizing with sulfur [205]. According to Addo Ntim and Mitra [203], the different
oxides of iron such as magnetite (Fe3O4), maghemite (γ-Fe2O3), hematite (α-Fe2O3), and
goethite (α-FeO) are very useful for the removal of trace heavy metals present in water and
wastewater [170].

Generally, the process of surface modification of functionalization of CNTs is re-
sponsible for the adsorption mechanisms of heavy metals [53,191,206]. Table 8 shows an
explanation of previously used functionalized CNTs and their adsorption capacities and
removal mechanisms. Surface area, porous structure, functional groups, and interaction
mechanisms between the absorbate and absorbents are the main attributes of CNTs for their
heavy metal adsorption capability [53,136,137,143]. In addition, these properties enhance
the heavy metal removal efficiencies onto the polymer film incorporated by functional
CNTs [135].

Physical and chemisorption mechanisms of adsorption have been observed between
the CNTs modified with metal oxides and heavy metal ions [203]. In addition, the contami-
nant with particular hydration energy, ionic radius, and potential of hydrolysis also affects
the adsorption capacities of CNTs. A study conducted by Hu et al. [207] confirms the above
statement, when higher removal of Pb+2 was observed than Cu+2 by using MWCNTs modi-
fied with iron oxide under the same experimental conditions. The adsorption performance
of CNTs for heavy metals is also affected by the presence of other organics. For example,
enhanced removal of Cd+2 ion was observed by using oxidized MWCNTs in the presence
of 1–naphthol, while there was no effect recorded during the presence of Cd+2 ion on the
removal of 1–naphthol in similar conditions [208]. These types of results mainly occur
because of the distinct interaction mechanisms that are responsible for the adsorption of
different types of pollutants [170].

Solution pH also plays an important role in the adsorption capacity and mechanisms
of CNTs. For example, higher pH is favorable for endospheric interactions, while the
lower pH facilitates extracellular interaction and/or ion exchange of targeted metal ions
and surface functional groups of CNTs [208]. Moreover, as the pH increases (alkaline
conditions), the charge density of functionalized CNTs moves towards more negativity,
which is efficient for the adsorption of cationics, while, at lower pH (acidic conditions),
because of protonating functional groups, the positive charge density increases, which
repels the cationic metals, resulting in the lower efficiency of CNTs [53,136,137]. In a
study, oxidized and ethylenediamine-doped MWCNTs were used for the adsorption of
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Cd+2 ions from aqueous samples. The results concluded that both types of absorbents
removed Cd+2 ions strongly depending on pH ranging from 8 to 9 [209]. According to
Rao and coworkers [146], the best adsorption capacity of nanotubes was observed in the
pH ranging from 7 to 10. In addition to this particular range of pH, the ionization and
competition between different species may also happen [210–213]. For example, an effective
adsorption of Pb+2 ions on functionalized CNTs was reported during the co-existence of
sodium dodecylbenzenesulfonate (DBS), while the adsorption of lead was significantly
reduced in the presence of benzalkonium chloride [214]. The higher adsorption of lead
ions might be due to anionic surfactant formation between Pb+2 and DBS, which are
very complex compounds. In addition, the charge density (negative or positive) on the
surface of CNTs makes the different interaction mechanisms of metal ions. For example,
chemical interaction occurred between the N-dopped magnetic CNTs and Cr(III), while an
electrostatic interaction was observed between the acid oxidized CNTs and Cr(III) [215].

Regardless of the costs, the CNTs are more efficient in terms of their adsorption and
desorption phases than the AC, as reported in many studies [146,216]. Lu and cowork-
ers [216] reported a slight decrease in adsorption and desorption of Ni+2 while using CNTs,
and on the other hand, a sharp decrease was observed in the case of AC [216].

The adsorption of heavy metals by the functional CNTs depends on the interactions
between available functional groups on the surface of CNTs and particular contaminants
rather than the size of nanotubes. For example, higher adsorption of As(III) and As(V)
was reported by Addo Ntim and Mitra [203] by using zirconia-modified CNTs of the
same diameter (20 to 40 nm) than by using the CNTs coated with iron oxide. These results
demonstrate higher arsenic adsorption by zirconia nanocomposites than the CNTs modified
with iron oxide with similar range of diameters. Therefore, based on these results, further
investigations on the adsorption capacities of functionalized CNTs are needed in terms of
their surface area rather than the size CNTs.
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6.2. Removal of Organics

Organics due to human actions [259], animals, or plant deterioration [260] are present
in water and wastewater, usually in the form of dissolved and/or suspended particulate
matters [135]. Zare et al. [261] reported that the adsorption efficiencies of CNTs for or-
ganic dyes can be enhanced after the functionalization. Methylene blue and orange were
effectively removed from the water matrix by using oxidized MWCNTs [262,263] as com-
pared to other types of modified adsorbents. Duman et al. [264] successfully used a novel
nanocomposite, MWCNTs/carrageenan/Fe3O4, for effective removal of crystal violet. New
nanocomposites can also be used for CNT modification to increase the adsorption capacity
of cationic dyes. Sadegh and coworkers [265] reported that the adsorption of amide black
can be significantly enhanced by using MWCNT-COOH-cysteamine. The results showed
a maximum adsorption capacity of 131 mg g−1 for MWCNT-COOH-cysteamine, while it
was 90 mg g−1 for MWCNT-COOH [265].

The adsorption capacities of CNT composites can be reduced effectively because
of competition that occurred between several types of organic contaminants present in
water and wastewater at the same time [266], similarly to as described for heavy metal
adsorption. However, as reported by Ali et al. [135], the initial concentration did not
have any significant effect on the removal capacities of CNTs for the removal of inorganic
contaminants. As a result, customization and modifications of the surface of CNTs make
them significant for selective adsorption of organic contaminants. Moreover, Wang et al.
showed about 95% efficiency of the CNT composite for pharmaceutical and personal
care product (PPCP) removal by increasing the specific surface area and aromatic ring of
CNTs [267,268]. Jahangiri-Rad et al. [269] showed an adsorption capacity of 496 mg g−1 by
using oxidized SWCNTs with large specific surface for the removal of blue 29 dye.

Adsorption capacities and mechanisms responsible for the interaction between or-
ganic contaminants and functionalized CNTs at different experimental conditions are
described in Table 9. The increase in oxygen-containing functional groups on the surface
of nanotubes results in a decrease in natural organic maters (NOM), because the π–π
interaction decreases due to more electrostatic repulsion [270]. The same type of results
were shown in the case of higher pH [270]. Therefore, π–π interactions are responsible
between the large specific surface area of functionalized CNTs and NOM for the adsorption
area of CNT [271,272]. Yang et al. [208] also reported similar results, as organics may be
absorbed by π–π interactions occurring between the surface of CNTs and aromatic rings of
1–naphthol.

CNTs have also been effectively used for the removal of pesticides [170]. Oxidized and
as prepared MWCNTs showed excellent removal efficiency for diuron at pH ≥ 7.0 [273].
Oxidation of CNTs leads to the increase of their surface area, and pore size results in the
higher adsorption of diuron [170]. Hamdi et al. [274] reported a reduction in uptake of
chlordane and p,p′-dichlorodiphenyldichloroethylene from 78% to 23% in the roots of a
lettuce crop by the addition of CNTs functionalized with amino group. The pesticides (1-
pyrenebutyric, 2,4-dichlorophenoxyacetic, and diquat dibromide) were absorbed more (up
to 70.6%) on semiconductor CNTs than metallic CNTs [275]. The lower density of electrons
on the surface of semiconductor CNTs were found to facilitate higher adsorption [275]. On
the other hand, during the batch modes, the pesticide removal was found to be limited [276].
SWCNTs and MWCNTs were used for the removal of diquat dibromide in the fixed bed
system. The results were not higher than those of the batch system, but the pesticide
absorbed completely in the fixed bed system by increasing the time [276].

The CNTs are also being used for nano-filtration of contaminants from aqueous so-
lutions [162,277,278]. For adsorbents, the selectivity of nano-filters can be controlled by
attaching different functional groups to the surface of CNTs [279]. Beside the hydrophobic-
ity of CNTs, molecular dynamics simulations showed a weak interaction between water
and nanotubes [280]. Hummer [281] explained that friction-free water flow was caused by
the nano-scale pore size, which makes interaction energy smaller and finally lowers the
interactions with water [281].
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6.3. Removal of Microorganisms

Bacteriological contaminants, deteriorating the assimilative capacity of water bodies
leading to diverse impacts on surrounding environment, are a major challenge [297].
Bacteriological contaminants are often found in surface waters, wastewaters, and respective
treatment plants [145,298]. CNTs, with their diverse range of surface and functional
characteristics, have a high-affinity interaction with biological contaminants. CNTs have
been proven for their higher adsorption capacities, inactivation efficiencies of viral or
bacterial spores, and greater antimicrobial potential than conventional sorbents because of
their greater surface area [170,299,300].

Previous studies that have reported that CNTs can inactivate or remove a variety of
microorganisms, including bacteria, are shown in Table 10. The inactivation of E. coli was
observed by using SWCNTs because of its penetration into the bacterial cell wall [301]. In
addition, surface-modified CNTs with different chemical groups destroy the cell wall of
microorganisms more strongly than the raw and polymer-grafting CNT membranes [135].
Furthermore, the straight interaction of microbes (i.e., E. coli) and functionalized CNTs can
cause adverse effects on the metabolisms and morphological structure of the cell wall of
bacteria [135]. The penetration of CNTs into the cell wall of microorganisms is the main
reason for their higher inactivation affinity [301].

CNTs functionalized with silver nanoparticles showed excellent ability to inactivate
microorganisms. For example, Ihsanullah and his coworkers [302] synthesized and suc-
cessfully used silver-doped CNTs for the inactivation of E. coli bacteria. The results proved
that 100% of the bacteria were killed due to toxicity of synthesized silver doped nanomate-
rial [302]. In addition, many researchers reported that the diameter of nanotubes can be an
important factor of concern for inactivation pathogenic microorganisms (Table 10) in water
and wastewater.

The single kinetics of CNTs also reveal the CNTs’ ability to eliminate pathogens in
water and wastewater treatment, and microbes remain on the CNT surface based on
deep filtration mechanisms [303,304]. Brady and coworkers [299] used a poly vinylidene
fluoride-based SWCNT filter for excellent removal of E. coli bacteria at low pressure. The
results show that the cells were completely captured by the filter [299]. In addition to
filtrations, an excellent removal efficiency of MS2 virus was observed by filtering the
sample through a controlled nano porous CNT based filter at a pressure of about 8 to 11
bar [304]. Beside the filtrations, CNTs are widely used in water and wastewater treatment
as an antimicrobial agent, as described earlier. This behavior makes them a replacement
for chemical disinfectants as a new method for controlling pathogens [301,305–308]. The
applications of CNTs for disinfection treatment in water and wastewater avoid the material-
ization of unsafe disinfectant by-products like trihalomethanes, aldehydes, and haloacetic
acids due to their low oxidation state and solubility in water. Therefore, it is necessary to
promote the dispersibility of these compounds; a surfactant or a polymer such as sodium
dodecylbenzenesulfonate, polyvinylpyrrolidone is used [309]. Due to the excellent me-
chanical properties on CNTs, they act as scaffolds for antimicrobial agents, such as silver
nanoparticles [310,311] and antibacterial lysozyme [307,309].
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7. Conclusions

Purifying water from assorted contaminants is challenging, and carbon nanotube-based
nanocomposites can provide simple as well as effective water decontamination/disinfection.
This review shows that functionalized CNTs are a new generation of pollution management
materials. These materials have excellent adsorption capacities and work effectively in remov-
ing organics, inorganics, and biological species. Various sorption mechanisms include physical
adsorption, electrostatic interaction, surface complexation, and chemical interactions between
surface functional groups and metal ions. The effects of pH, CNT dosage, time, ionic strength,
temperature, and surface charge on the adsorption of heavy metal ions on carbon nanotube
surface were also discussed. Even functionalized CNTs also has antibacterial efficacy against
Gram-positive and Gram-negative bacteria.

Almost all the studies show effective removal of contaminants and have been per-
formed using deionized water, but the potential of functionalized CNT nanomaterials needs
to be verified under real water conditions. In wastewater, carbonates, phosphates, and
silicates can successfully compete with target metals/organics for adsorption sites in nanos-
tructures. Other important components of source water and wastewater are natural organic
materials, such as fulvic acid and humic acid, which will occupy the surface of CNTs and
thus affect the adsorption of contaminants on the nanostructures. The effectiveness of
CNT-based nanotechnology should be evaluated under real water conditions.

Many researchers have also focused on evaluating the adsorption–desorption capacity
to make it a cost-effective adsorbent for use in wastewater treatment. However, more
studies are encouraged to check the feasibility of reuse.
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from aqueous solutions by oxidized and ethylenediamine-functionalized multi-walled carbon nanotubes. Chem. Eng. J. 2010, 157,
238–248. [CrossRef]

210. Stafiej, A.; Pyrzynska, K. Solid phase extraction of metal ions using carbon nanotubes. Microchem. J. 2008, 89, 29–33. [CrossRef]
211. Lu, C.; Chiu, H. Adsorption of zinc(II) from water with purified carbon nanotubes. Chem. Eng. Sci. 2006, 61, 1138–1145. [CrossRef]
212. Weng, C.-H.; Huang, C.P. Adsorption characteristics of Zn(II) from dilute aqueous solution by fly ash. Colloids Surf. A Physicochem.

Eng. Asp. 2004, 247, 137–143. [CrossRef]
213. Boehm, H. Surface oxides on carbon and their analysis: A critical assessment. Carbon N. Y. 2002, 40, 145–149. [CrossRef]
214. Li, J.; Chen, S.; Sheng, G.; Hu, J.; Tan, X.; Wang, X. Effect of surfactants on Pb(II) adsorption from aqueous solutions using oxidized

multiwall carbon nanotubes. Chem. Eng. J. 2011, 166, 551–558. [CrossRef]
215. Atieh, M.A.; Bakather, O.Y.; Tawabini, B.S.; Bukhari, A.A.; Khaled, M.; Alharthi, M.; Fettouhi, M.; Abuilaiwi, F.A. Removal of

Chromium (III) from Water by Using Modified and Nonmodified Carbon Nanotubes. J. Nanomater. 2010, 2010, 1–9. [CrossRef]
216. Lu, C.; Liu, C.; Rao, G.P. Comparisons of sorbent cost for the removal of Ni2+ from aqueous solution by carbon nanotubes and

granular activated carbon. J. Hazard. Mater. 2008, 151, 239–246. [CrossRef]
217. Ali, I. Microwave assisted economic synthesis of multi walled carbon nanotubes for arsenic species removal in water: Batch and

column operations. J. Mol. Liq. 2018, 271, 677–685. [CrossRef]
218. Alijani, H.; Shariatinia, Z. Effective aqueous arsenic removal using zero valent iron doped MWCNT synthesized by in situ CVD

method using natural α-Fe2O3 as a precursor. Chemosphere 2017, 171, 502–511. [CrossRef]
219. Sankararamakrishnan, N.; Chauhan, D.; Dwivedi, J. Synthesis of functionalized carbon nanotubes by floating catalytic chemical

vapor deposition method and their sorption behavior toward arsenic. Chem. Eng. J. 2016, 284, 599–608. [CrossRef]
220. Ma, M.-D.; Wu, H.; Deng, Z.-Y.; Zhao, X. Arsenic removal from water by nanometer iron oxide coated single-wall carbon

nanotubes. J. Mol. Liq. 2018, 259, 369–375. [CrossRef]
221. Peng, H.; Zhang, N.; He, M.; Chen, B.; Hu, B. Simultaneous speciation analysis of inorganic arsenic, chromium and selenium

in environmental waters by 3-(2-aminoethylamino) propyltrimethoxysilane modified multi-wall carbon nanotubes packed
microcolumn solid phase extraction and ICP-MS. Talanta 2015, 131, 266–272. [CrossRef]
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Abstract: Municipal organic wastes could be exploited as fertilizers, having been given the ability
to suppress plant diseases by the inoculation of the waste with certain fungi in the composting
process. Our aim was to develop a novel fertilizer using composting in combination with fungi
associated with mangrove forests. Nine fungal species were isolated from a mangrove forest habitat
and screened for their activity against five phytopathogenic fungi, their plant-growth promotion
ability, and their phosphate solubilization ability. Two fungal isolates, Penicillium vinaceum and
Eupenicillium hirayama, were inoculated into organic waste before the composting experiment. After
90 days, the physico-chemical properties of the compost (color, moisture, pH, C:N ratio and cation
exchange capacity (CEC)) indicated the maturity of the compost. The C:N ratio decreased and the
CEC value increased most in the compost with the inoculum of both mangrove fungi. The vegetable
plants grown in the mangrove fungi-inoculated composts had a higher vigor index than those grown
in the control compost. The seeds collected from the plants grown in the fungi-inoculated composts
had higher disease defense ability than the seeds collected from the control compost. The results
indicated that the properties of the fungi shown in vitro (antagonistic and plant-growth promotion)
remained in the mature compost. The seeds of the plants acquired disease defense ability, which is a
remarkable observation that is useful in sustainable agriculture.

Keywords: municipal waste; biological fertilizer; phytopathogens; sustainable agriculture; organic
waste treatment

1. Introduction

Organic wastes from communities are still largely dumped or burned worldwide.
In landfills, organic waste is degraded to methane and carbon dioxide, two of the many
gases that are responsible for climate change. Burning instead produces harmful gaseous
emissions, and the nutrients the waste contains are lost. In order to be able to return the
valuable nutrients to agricultural soils, novel practices without huge investments in waste
management are needed. When organic wastes are sorted, treated, and used in agriculture
locally, many benefits are reached, especially in the areas of rapid population growth. One
area where almost all municipal solid wastes are dumped in landfills is Saudi Arabia [1].
About 40% of the waste dumped is organic, and composting as a waste management
practice is limited to small experiments [2].

The composting of organic wastes diminishes the environmental problems of waste
disposal, and it has several other benefits. The addition of compost to farmland improves
the fertility of the soil by increasing the amount of nutrients available to plants and organic
matter. Organic matter, in turn, improves the water-holding capacity of soil. Farming in
sandy desert areas, such as in Saudi Arabia, is totally based on irrigation [3] and, therefore,
the development of organic waste recycling in these farmlands is of crucial importance.

The plant-growth promotion after the addition of compost is well known in agri-
cultural fields [3–5]. Furthermore, the disease suppression ability of compost has been
recognized recently [6,7]. Microbes not only transform the waste into fertile compost but
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also, when certain microbes are used in the composting, the microbes themselves might
provide benefits. This has been observed previously. Certain microbial inoculums have
been observed to enhance the microbial activity and speed the composting process, as well
as being observed to enhance the soil suppressiveness against pathogens [8–11]. However,
more information about potential beneficial microbes is needed. One habitat where such
useful active microbes might be common is mangrove forests. Mangrove fungi, such as
Trichoderma viride and Steptomyces sp., have been shown to promote plants’ growth [12,13].
Moreover, the inhibition of phytopathogens has been observed for mangrove-associated
fungi [14]. Phytopathogens such as Pythium aphanidermatum, Fusarium solani and Rhizocto-
nia solani were inhibited by fungi isolated from a mangrove habitat [14–16]. Therefore, we
chose the mangrove forest habitat to search for beneficial fungi in composting.

Compost must be mature in order to be non-toxic to plants [17]. This can be assessed by
its color, and by measuring its pH, C:N ratio, and cation exchange capacity [18]. In searching
for beneficial fungi in composting, the enzyme activities, activities against phytopathogens,
and plant-growth promotion abilities are useful to screen. The measurement of the activity
against phytopathogens can be carried out with a traditional dual culture method. The
biological disease control potential can be assessed as hydrogen cyanide production [19].
The plant growth promotion can be assessed as the production of plant hormones, such
as indole acetic acid and gibberellic acid [20,21]. Phosphate solubilization ability of the
microbes is useful to assess because it would be beneficial in sustainable agriculture [22].

Our aim was to develop a fertilizer that promotes vegetable plant growth and sup-
presses plant diseases by modifying the composting process. We inoculated waste with
mangrove-associated fungi and assessed the final product for its ability to improve plant
(pepper, aubergine and tomato) growth and suppress phytopathogens. Moreover, we took
a novel approach in which we assessed the ability of the plants grown in the compost to
produce seeds that defend themselves against phytopathogens.

2. Materials and Methods
2.1. Preliminary Screening for Mangrove-Associated Fungi

We isolated fungi from a mangrove habitat and screened their enzyme activities,
activity against phytopathogens, and plant-growth promotion ability. Floating debris and
sediment were separately collected 40 km south of Jeddah and 45 km south of Jazan on the
Saudi Red Sea coast (Figure 1) in May 2018. The dominant mangrove species was Avicennia
marina [23]. The samples were collected in sterile bottles and transported in an icebox to
the laboratory.

The homogenized fresh sediment (1 g) was mixed with 1 mL of distilled water and
100 µL Tween-20, and inoculated in a serial dilution on MF1 medium [10] with dextrose
(20 g L−1) as a carbon source and streptomycin (500 mg L−1) to avoid bacterial growth.

The plant material of the debris samples was first surface-sterilized with 2.5% hypochlo-
rite for 2 min. After washing with sterile distilled water, small pieces of debris were placed
on MF1 medium. All of the plates were incubated at 30 ± 2 ◦C for 5–7 days and the pure
cultures were collected for further studies. All of the chemicals and reagents used in the
present study were of analytical grade, and were procured from Sigma Aldrich (St. Louis,
MO, USA).
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2.1.1. Activity against Phytopathogens

The ability of mangrove fungi to inhibit phytopathogens was measured using the
dual-culture technique. The plant pathogens Fusarium oxysporum, F. solani, Aspergillus flavus,
A. niger, and Bipolaris oryzae—stored King Saud University, Department of Botany and
Microbiology (Saudi Arabia)—and nine mangrove fungal isolates (Aspergillus nomius;
A. terreus; Alternaria alternata; Cladosporium sphaerospermum; E. hirayamae; Geosmithia pallida;
P. vinaceum; Paecilomyces variotii and Phialophora alba) were inoculated on potato dextrose
agar (PDA). All of the combinations of five pathogens and nine mangrove fungi were
prepared by placing mycelia plugs (5 mm) on petri dishes (90 mm) with 6 cm distance from
each other. After a five days of incubation, the plates on which the phytopathogens did not
grow or grew slowly were chosen for further study.

2.1.2. Plant-Growth Promotion

The indole acetic acid (IAA) production method was adopted from Khan et al. [24].
The indole acetic acid (IAA) production was confirmed with High Performance Liquid
Chromatography (HPLC). The agar plugs of mangrove fungi were transferred aseptically
to an Erlenmeyer flask (1 L) containing 500 mL PD broth containing 0.2% tryptophan, and
were incubated at room temperature with shaking at 110× g for 10 days. The culture broth
was centrifuged at 10,000× g for 10 min and the supernatant was collected. The culture
filtrate was extracted twice with an equal volume of ethyl acetate, and the organic phase
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was concentrated by the use of a rotary evaporator below 40 ◦C in order to obtain the
crude extract powder [25]. The resultant crude extract was collected and re-suspended in
methanol. The HPLC (Merck KGaA, Darmstadt, Germany) analysis was performed using
a mixture of methanol and water containing 0.5% acetic acid in the ratio of 60:40 with a
flow rate of 1 mL/min at 280 nm. For the gibberellic acid confirmation, the fungi were
incubated in Czapek dox broth, as above. The HPLC analysis of the extract prepared as
above was performed using acetonitrile and 0.01% H3PO4 in water (60:40) with a flow rate
of 0.6 mL/min at 206 nm [26].

The hydrogen cyanide production was measured by inoculating the fungal cultures
onto PDA containing 4.4 g/L glycine [27]. A Whatman filter paper no.1 soaked in 0.5%
picric acid in 2% Na2CO3 was placed on the plate. The plates were sealed and incubated at
30 ◦C for 4 days. The color change of the filter paper from yellow to red was considered to
be a positive result. Un-inoculated growth medium was used as negative control.

The 1 aminocyclopropane-1-carboxylic acid (ACC) deaminase production of the iso-
lates was screened using Dworkin-Foster’s (DF) salt minimal medium (4 g L−1 KH2PO4,
6 g L−1 Na2HPO4, 0.2 g L−1 MgSO4·7H2O, 1 mg L−1 FeSO4·H2O, 10 µg L−1 H3BO3,
10 µg L−1 MnSO4, 70 µg L−1 ZnSO4, 50 µgL−1 CuSO4, 10 µg L−1 MoO3, 2 g L−1 glu-
cose, 2 g L−1 gluconic acid, 2 g L−1 citric acid, 12 g L−1 agar) amended with 0.2% (w/v)
(NH4)2SO4 [28]. The growth of this medium after 4 days of incubation was considered to
be a positive result.

The phosphate solubilization was analyzed using Pikovskaya medium (HiMedia
Laboratories, Bengaluru, India) containing 2.4 mg/mL bromophenol blue [29]. The media
inoculated with the isolates were incubated for 48 h and observed for the formation of the
yellow zone around the colony indicating phosphate solubilization.

2.1.3. Extracellular Enzyme Activity

The extracellular enzyme (cellulase, laccase, lipase, protease, amylase and chitinase)
activities of the isolates were screened using the methods based on culturing the microbes
on different media, as described by Maria et al. [30].

2.1.4. Molecular Identification of Fungi

The isolates were incubated in 50 mL potato dextrose broth (PDB) at room temperature
for 5 days in an orbital shaker. The fungal mycelia (500 mg) were weighed for the total
genomic DNA analysis, as described by White et al. [31]. ITS1 (5′-TCC gTA ggT gAA
CCT gCg g-3′) and ITS4 (5′-TCC TCC gCT TAT TgA TAT gC-3′) primers were used. PCR
was performed with an initial denaturation at 95 ◦C for 5 min, followed by 35 cycles of
denaturation at 94 ◦C for 1 min, annealing at 55.5 ◦C for 2 min, extension at 72 ◦C for
2 min, and a final extension at 72 ◦C for 10 min. The amplified product was checked in
1.2% (w/v) agarose gel, purified using a cleanup kit (Mo-Bio Ultra Clean) and used for the
DNA sequencing (Genetic analyzer 3130-Applied Bio-systems). The sequence data were
analyzed with BLAST software.

2.2. Composting Experiment

We chose two isolates of mangrove fungi and carried out an experiment in order to
produce compost. We assessed the ability of the compost to improve the soil fertility and
suppress phytopathogens, as well as the ability of the plants grown in the compost to
produce seeds that defend themselves against phytopathogens.

Raw materials and organic wastes—namely hay, leaves, fruit wastes, newspaper,
vegetable wastes, rice husks and wheat straw—were collected and stored in the laboratory.
The wastes (400 g each) were sterilized in a conical flask (1000 mL−1). Three replicates
of the treatments with two mangrove fungal isolates (P. vinaceum and E. hirayamae), their
combination, and a control (Sterilized compost) were prepared. In addition, an unsterilized
control treatment was prepared. The wastes were inoculated with the spore suspensions of
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the mangrove fungi, at 5% v/v for the single fungi treatments and 2.5% v/v each for the
combined treatment. All of the flasks were incubated at 30 ± 2 ◦C for three months.

2.2.1. Physio-Chemical Properties

The color of the compost was assessed visually. The dry weight of the compost was
determined at 105 ◦C for 4 h, and the loss on ignition was determined at 800 ◦C overnight.
The pH was measured in distilled water (1:10; sample: water v/v). The carbon and nitrogen
percentage was measured according to Iqbal et al. [32] using the digestive mixture of
Na2SO4 and CuSO4·5H2O (10:1).

The cation exchange capacity was measured using the method described by [18].
Compost (2 g) and 0.1 M HCL (100 mL−1) were shaken for 2 h and precipitated with 1%
silver nitrate. The solution was mixed in a flask with 0.25 M barium acetate, shaken and
titrated with 0.1 M NaOH. The alkaline cations were calculated from the amount of sodium
hydroxide solution used.

2.2.2. Plant-Growth Promoting Activity

The seeds of Capsicum annuum (pepper), Solanum melongena (aubergine) and S. ly-
copersicum (tomato) were first surface-sterilized in 2% NaOCl (bleach) for 1 min, washed
several times with sterile distilled water, immersed in 70% ethanol, and finally rinsed three
times with sterile distilled water in order to remove epiphytes. The efficiency of the surface
sterilization was confirmed by spreading 100 µL of the last rinse water onto PDA, which
was then incubated for 14 days. The surface-sterilized seeds were placed on sterile filter
paper to dry for 20 min.

The seeds were placed on tissue paper on petri dishes and saturated with sterile
distilled water for germination. After 5 days, the germinated seeds were transferred into
plastic black pots (10 replicates) with compost. At the ripening stage after 60 days, the root
length and shoot length were measured manually, and the leaf number, number of fruits,
and number of seeds were counted. The dry mass and wet mass were monitored. For the
vigor index, the mean root length and the mean shoot length were summed and multiplied
by the percentage of the seeds germinated.

2.2.3. Disease Defense Ability of Seeds

The seeds from the fruits of the plants grown (as explained above) in the mature
composts were collected. In total, 10 seeds of S. lycopersicum, 20 seeds of S. melongena and
50 seeds of C. annuum were placed as three replicates on petri dishes and exposed to the
spore suspensions of (5% v/v) of four plant pathogens F. solani, F. oxysporum, A. flavus, and
B. oryzae, separately. The germinated seeds were calculated after 48 h, which indicated the
disease defense ability of the seeds.

2.3. Statistical Analysis

A two-way analysis of variance (ANOVA) (P. vinaceum and E. hirayamae and their
interaction) was carried out in order to find out the effect of the mangrove fungi on the
quality of the compost. In addition, a t-test was carried out in order to compare the
sterilized control and the unsterilized control. p < 0.05 was considered to be a significant
effect. RStudio Version (3.5.1) was used [33]. The data were log transformed when needed
(tested using Shapiro–Wilk test) in order to fulfil the assumptions.

3. Results
3.1. Preliminary Screening of the Fungal Isolates

Two isolates, P. vinaceum (Accession No. KP033201) and E. hirayamae (Accession No.
KM979606), showed the highest antifungal, enzymatic and plant-growth promotion activi-
ties in vitro. Penicillium vinaceum had relatively high antifungal activity against the plant
pathogens F. oxysporum, A. flavus, B. oryzae, and F. solani (Table 1). Eupenicillium hirayamae
showed activity against A. niger.
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Table 1. In vitro activity of nine fungi isolated from a mangrove habitat against five fungal phytopathogens, measured as the zone of
inhibition (mm). - indicates no inhibition.

Mangrove Fungi Fusarium oxysporum Aspergillus niger Aspergillus flavus Bipolaris oryzae Fusarium solani

Positive control 12 ± 0.18 13 ± 0.11 10 ± 0.14 11 ± 0.13 14 ± 0.19
E. hirayamae 16 ± 0.10 18 ± 0.18 18.5 ± 0.10 14.2 ± 0.12 17 ± 0.11

C. sphaerospermum - - - - 10 ± 0.21
A. terreus 8 ± 0.23 4 ± 0.21 - - -

P. vinaceum 17 ± 0.12 14 ± 0.13 19 ± 0.21 15 ± 0.12 19 ± 0.13
P. alba - - 6 ± 0.23 - 8 ± 0.21

G. pallida 1.5 ± 0.24 - - - 4 ± 0.25
A. nomius 5 ± 0.14 - - 3 ± 0.15 -

A. alternata - 3 ± 0.18 - - -
P. variotii 2.5 ± 0.13 - - 7.5 ± 0.17 -

Penicillium vinaceum and E. hirayamae showed strong enzyme activities, including:
amylase, protease, chitinase, cellulose, and laccase (P. vinaceum only) (Table 2). Medium
activity was detected for lipase (P. vinaceum and E. hirayamae) and laccase (E. hirayamae
only). All of the other isolates had weak enzyme activities.

Table 2. Enzyme activities of nine fungi isolated from a mangrove habitat. +++ indicates strong
activity, ++ indicates medium activity, and + indicates weak activity.

Mangrove Fungi Amylase Protease Chitinase Cellulase Laccase Lipase

E. hirayamae +++ +++ +++ +++ ++ ++
C. sphaerospermum + +

A. terreus + ++ +
P. vinaceum +++ +++ +++ +++ +++ ++

P. alba +
G. pallida + + + +
A. nomius +

A. alternata +
P. variotii +

Penicillium vinaceum and E. hirayamae showed potential plant-growth promotion abili-
ties. The IAA and gibberellic acid production of both P. vinaceum and E. hirayamae were
observed (Table 3) and confirmed by HPLC analysis. Moreover, these isolates also showed
phosphate solubilization activity and hydrogen cyanide production.

Table 3. Variables indicating the plant-growth promotion activity of fungi isolated from a mangrove habitat. +++ indicates
strong activity, ++ indicates medium activity, + indicates weak activity, and - indicates no activity.

Mangrove Fungi Acc Deaminase IAA Production Phosphate Solubilization HCN Production

E. hirayamae +++ +++ +++ +++
C. sphaerospermum + + - -

A. terreus + - - -
P. vinaceum +++ +++ +++ ++

P. alba - + - -
G. pallida + - - -
A. nomius + + - -

A. alternata - + - -
P. variotii - + - -

3.2. Composting Experiment

After 12 days of incubation, the volume of the compost decreased and decoloration
appeared. After 90 days of incubation, the color of the compost was changed to a blackish-
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brown in the fungal treatments; in the sterilized control, the color was a light brown; and in
the unsterilized control, it was brown. For each physico-chemical variable (Table 4), the two-
way ANOVA indicated that both of the fungal treatments (P. vinaceum and E. hirayamae) had
significant effects. The interaction term was not significant, indicating that the combination
treatment with the two fungi was not more effective than the single-fungus treatments. The
moisture percentage of the mangrove fungi-treated samples was 20% higher than that of
sterilized control (Table 4). The pH of the fungi-treated samples was 7.4–7.5, and whereas
in the sterilized control it was 7. The total N2% was more than doubled in fungal treatments
(5.0–5.4%) compared to the sterilized control (2.4%), and conversely, the C:N ratio was
more than doubled in sterilized control (17.9). The cation exchange capacity value was
almost doubled in the fungal treatments (65 cmolc kg−1) compared to the sterilized control
(34 cmolc kg−1). The results of the unsterilized control were set between the sterilized
control and the fungal treatments. The t-test showed significant differences for moisture,
N, C:N ratio and CEC results, which were all, however, nearer to the sterilized control than
the fungal treatments.

Table 4. Physico-chemical properties of the composts produced by inoculating two individual mangrove fungi (E. hirayamae
and P. vinaceum) and their combination in comparison to a sterilized waste control. The unsterilized control refers to the
treatment of raw waste. * indicates a significant effect (p < 0.05) of the fungal species, or a significant interaction (combined
effect) in a two-way ANOVA. An ‘a’ indicates a significant difference between the two control treatments (t-test).

Treatment E. hirayamae P. vinaceum E. hirayamae
P. vinaceum Sterilized Control Unsterilized Control

Compost property
Color Blackish brown Blackish brown Blackish brown Light brown Brown

Moisture (%) 38 * 40 * 40 12 20 a
pH 7.5 * 7.4 * 7.4 7.0 7.2

OM (%) 33 * 36 * 34 43 40
N (%) 5.1 * 5.0 * 5.4 2.4 3.0 a

C:N ratio 6.4 * 7.2 * 6.2 17.9 13.3 a
CEC (cmol(+) kg−1) 64 * 65 * 64 34 39 a

All of the plant-growth promotion measures were higher in the fungal treatments than
in the sterilized control, as seen from the values relative to the sterilized control (Figure 2).
Most values were also higher in unsterilized than unsterilized control. For the vigor index,
the two-way ANOVA showed the significant effects of P. vinaceum and E. hirayamae, as
well as their significant interaction for the three plant species (Figure 3). The highest vigor
index was observed for S. melongena (5200) in the combined treatment of the two fungal
species. The single fungal treatments gave about 25% lower indices. For comparison, in
the sterilized control, the vigor index was less than half that of the combined treatment
(2000). The t-test showed no difference in the vigor index between the sterilized control
and the unsterilized control.

The disease incidence of the plants grown in the composts was 60–70% in the unster-
ilized control and 50–70% in the sterilized control (Table 5). For each plant species, the
difference was significant (t-test). However, the difference was not consistent within the
plant species. For S. melongena, the disease incidence was higher, whereas for the other
two plant species it was lower in the sterilized control than in the unsterilized control. The
two-way ANOVA indicated significant effects for both P. vinaceum and E. hirayamae, as well
as a significant interaction. In the combined treatment, the disease incidence was 0% for
each plant species. For other fungi and plant species, the disease incidence varied between
10% and 20%.
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Figure 3. Vigor index of three plants (S. lycopersicum, C. annuum, S. melongena) grown in the composts inoculated with two
mangrove fungi (P. vinaceum and E. hirayamae) and their combination compared to sterilized waste control. Unsterilized
control refers to the treatment of raw waste. * indicates a significant effect (p < 0.05) of the fungal species or a significant
interaction (combined effect) in two-way ANOVA (no significant effects was observed). a indicates a significant difference
between the sterilized and unsterilized control treatments (t-test, p < 0.05).

The disease defense ability of the seeds produced by the plants grown in the composts
was assessed with a seed germination test after exposure to plant pathogens. The germination
test gave similar results for each plant species and all of the pathogens (Figure 4). The
germination was, in general, clearly higher in the fungal treatments than in the control
treatments, with the combined fungal treatment being the highest. The only non-significant
effects of P. vinaceum and E. hirayamae were for the combination of the plant S. lycopersicum and
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the pathogen F. oxysporum. The interaction term was significant except for the combination of
the plant S. melongena and the pathogen F. oxysporum. Only in three cases did the unsterilized
control and the sterilized control differ significantly in the t-test, with the unsterilized control
showing a higher germination percentage. The germination varied between 87% and 90% for
the combined fungal treatment, and 17% and 40% in the control treatments for the plant S.
lycopersicum. The respective values for the second plant C. annuum were 93–96% and 6–15%,
and for the third plant S. melongena, they were 87–93% and 13–25%.
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Figure 4. Germination of the seeds of three plants (S. lycopersicum, C. annuum, S. melongena) after
exposure to four plant pathogens (F. solani, F. oxysporum, A. flavus, B. oryzae) and grown in the
composts inoculated with two mangrove fungi (P. vinaceum and E. hirayamae) and their combination
compared to sterilized waste control. Unsterilized control refers to the treatment of raw waste. *
indicates a significant effect (p < 0.05) of the fungal species or a significant interaction (combined
effect) in two-way ANOVA. a indicates a significant difference between the sterilized and unsterilized
control treatments (t-test, p < 0.05).
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Table 5. Disease incidence of the three plant species grown in the composts inoculated with two mangrove fungi (E. hirayamae and
P. vinaceum) and their combination, compared to a sterilized waste control. The unsterilized control refers to the treatment of raw
waste. * indicates a significant effect (p < 0.05) of the fungal species and a significant interaction (combined effect) in the two-way
ANOVA. An ‘a’ indicates a significant difference between the control treatments (t-test, p < 0.05).

Treatment Sterilized Control E. hirayamae P. vinaceum E. hirayamae P. vinaceum Unsterilized Control

Plant species
S. lycopersicum 50 ± 5 20 ± 2 * 10 ± 2 * 0 ± 0 * 60 ± 7

C. annuum 50 ± 1 10 ± 3 * 10 ± 1 * 0 ± 0 * 70 ± 5 a
S. melongena 70 ± 3 10 ± 2 * 10 ± 1 * 0 ± 0 * 60 ± 4 a

4. Discussion

Municipal waste composting, especially small-scale composting, provides benefits
from agriculture to the circular economy [34,35]. The use of compost reduces the need
for fertilizers in farming; compost addition has been shown to increase yields more than
nitrogen, phosphorus, and potassium (NPK) chemical fertilization alone [20]. Moreover,
compost has been shown to reduce many plant diseases [7,35]. We focused on further
ameliorating the quality of compost by inoculating fungi into the composting process. We
showed that the fungi in the compost not only increased vegetable growth remarkably but
also suppressed phytopathogens. It seems that when the fungi secreted plant hormones
in vitro, they improved the quality of the compost and the plants grew better. More
importantly, when the fungi showed activity against phytopathogens in vitro, the seeds
collected from the plants grown in the compost were able to defend themselves against the
phytopathogens.

The addition of compost has been shown to improve the fertility, water holding capac-
ity, and suppressiveness of soil against pathogens. All of these properties can be enhanced
by inoculating certain microbes into the composting process. In choosing the microbes,
one important aspect is the tolerance of the microbes against the harmful pollutants the
waste contains, which is an aspect that has not often been considered previously. Municipal
organic waste, even if it is sorted, contains small amounts of harmful materials such as
plastic, heavy metals, and oil products [36]. Therefore, fungi that are not only able to
tolerate pollutants but also to degrade recalcitrant materials might be useful additions to
compost. Heavy-metal–tolerant organisms have been found in mangrove habitats [37,38].
In addition, recalcitrant substrates such as oil products have been shown to be degraded by
mangrove habitat fungi. Nine out of 45 fungal isolates originating from a mangrove habitat
were able to degrade engine oil in vitro [39]. Petroleum and cellulosic materials were de-
graded most efficiently by the fungal species used in this experiment, E. hirayamae [39–42].
Eupenicillium hirayamae did not efficiently degrade polyethylene, which was degraded most
with a combination of fungal species [41]. In general, E. hirayamae in combination with the
other fungal species, among them the one in our experiment, P. vinaceum, degraded the
materials most efficiently [39–42]. Alternaria alternata appeared to degrade polyethene the
most efficiently in a previous experiment [42]. However, in our preliminary screening of
the fungi, A. alternata did not indicate any plant-growth promoting or antifungal activities
in vitro.

We chose the two species showing the highest activities in vitro, as well as the ability
to degrade recalcitrant materials in our previous studies. The latter property is especially
important in Saudi Arabia, where plastic and other oil-based materials are common pol-
lutants in municipal waste [43]. We inoculated waste with two fungi that were isolated
from a mangrove habitat. The fungi P. vinaceum and E. hirayamae appeared to produce
compost that doubled the yield of tomatoes, aubergines and peppers, and increased the
vegetative growth of the plants by more than double. The highest increase was observed in
the amount of seeds in the fruits.

Another important aspect in the assessment of the quality of a compost product is how
it suppresses pathogens. Compost produced without any microbial inoculation has been
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shown to suppress many soil-borne pathogens. Fusarium sp.-caused diseases have been
observed to be suppressed by different kinds of compost additions [44]. Fusarium oxyspo-
rum was suppressed by different types of compost [45]. Compost leachate was observed
to suppress A. niger [46]. Fusarium oxysporum and A. niger were included in our exper-
iment. Other pathogens—such as Pythium ultimum, Rhizoctonia solani, Phytophthora sp.,
Sclerotinia minor, and Verticillium dahlia—have been suppressed by the addition of different
types of composts [47].

Disease suppression might be improved by the inoculation of waste with microbes.
The bacterium Streptomyces sp., when used in composting, was observed to suppress
several pathogens [48]. Filamentous fungi (Trichoderma, Fusarium, Gliocladium, Aspergillus
and Penicillium) have also been inoculated and suppressed pathogens successfully, as
reviewed recently [35]. The review did not include our mangrove-associated fungal species
P. vinaceum and E. hirayamae, which we, therefore, can add to the list. In our experiment, the
vegetables grew best in the compost in which the combination of two mangrove fungi had
been inoculated to originally-sterilized wastes. Furthermore, the seeds of the most vigorous
plants were able to suppress phytopathogens remarkably. To the best of our knowledge,
this continuum from the plants to the seeds was reported here for the first time.

The physico-chemical properties of the composts indicated that both fungi individually
and in combination produced mature compost. The lack of significant interaction between
the species indicated that all of the fungal treatments produced similar compost concerning
the physico-chemical properties measured. However, the microbial community in the
compost has been shown to be of importance, as reviewed recently by [35]. This was
observed in our study as well. Contrary to the physico-chemical variables, the biological
variables gave significant interactions between the fungal species; the combined effects
were showed some improvement over the others. We observed this phenomenon first for
the disease incidence of the plants grown in the composts, and second for the improved
germination of the seeds produced by the plants grown in the composts. This indicates
that both of the microbes had a remarkable role in improving the quality of the compost.
This is an important observation from a biological control point of view.

5. Conclusions

Composting is a far-too-seldom used technique in waste treatment, although many
of its benefits have been shown. The addition of compost improves soil fertility and
suppresses plant diseases, which allows the reduction of the use of chemical fertilizers
and disease control agents. The properties of compost can be further ameliorated by
inoculating certain microbes into the composting process, as we showed in our composting
experiment. The inoculation of two mangrove fungal species improved the properties
of the compost produced. We showed that the growth of vegetables increased and the
phytopathogens were suppressed in the compost produced. The remarkable observation
was that the ability of plants to defend themselves against phytopathogens was observed
in the vegetable seeds grown in the compost. This continuum is an important observation
for sustainable agriculture. Many environmental and economic benefits encourage us to
take up composting as a waste treatment practice. It would be especially beneficial in areas
where poor waste management facilities exist.
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Abstract: The consequences of COVID-19 on the economy and agriculture have raised many concerns
about global food security, especially in developing countries. Given that food security is a critical
component that is affected by global crises, beside the limited studies carried out on the macro-
impacts of COVID-19 on food security in Iran, this paper is an attempt to address the dynamic
impacts of COVID-19 on food security along with economic and environmental challenges in Iran.
For this purpose, a survey was conducted with the hypothesis that COVID-19 has not affected
food security in Iran. To address this fundamental hypothesis, we applied the systematic review
method to obtain the evidence. Various evidences, including indices and statistics, were collected
from national databases, scientific reports, field observations, and interviews. Preliminary results
revealed that COVID-19 exerts its effects on the economy, agriculture, and food security of Iran
through six major mechanisms, corresponding to a 30% decrease in the purchasing power parity in
2020 beside a significant increase in food prices compared to 2019. On the other hand, the expanding
environmental constraints in Iran reduce the capacity of the agricultural sector to play a crucial role
in the economy and ensure food security, and in this regard, COVID-19 forces the national programs
and budget to combat rising ecological limitations. Accordingly, our study rejects the hypothesis that
COVID-19 has not affected food security in Iran.

Keywords: COVID-19; Iran; food security; economic crisis; agriculture; food supply chain

1. Introduction

Global economic growth was projected to reach 3.2% in 2019 and 3.5% in 2020, and
emerging economies were expected to grow by 4.1% and 4.7%, as well as 6.5% growth for
developing Asia in 2019–2020 [1]. However, the outbreak of a novel SARS-CoV-2 from
Wuhan province (China) known as “COVID-19” [2] quickly changed all the predictions
about the future of the global and regional economy. Although the global lockdowns
assisted to control the disease outbreak, this pandemic damaged many economic sectors
such as industries [3], tourism [4], trade and business activities [5], and agriculture [6].
Thus, investors have removed $83 billion from emerging markets since the beginning of the
crisis, and the most significant capital outflow ever recorded [7]. While there is no system to
determine the actual economic damage from the pandemic [8], it is expected to impose the
most influential threat to the future of trade [9], and global economic growth was forecasted
to reach −3.2%, and the most extensive global recession was created during the COVID-19
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pandemic, as well as declining the GDP by 5.2% in 2020 [10–12] that pushed 34 million
people into severe poverty [13]. Due to the sharp economic losses, the concerns about
the food security situation during the COVID-19 outbreak period aroused researchers’
attention.

Food security, characterized as access to safe and sufficient food, is affected by eco-
nomic crises. Pandemics can cause damage to the global economy [14], and the COVID-19
pandemic has short and long-term effects on food security and human health world-
wide [15]. At this time, COVID-19 has infected more than 218 million and led to the death
of 4.5 million people [16]. It appears that the economic consequences of the COVID-19 on
food security are more significant in developing countries [17]. The $64 million loss caused
by lockdown each day in Bangladesh, the inability of 16% of Indian urban households to
access government food aid, and the 14% reduction in food security for Mexican families
are examples of food insecurity caused by the pandemic [18–20].

Iran, as a developing country with a population of 82 million people, has also been
affected by the various consequences of COVID-19. In February 2020, some countries were
battling the pandemic, and after China, Iran appeared as one of the earliest COVID-19
epidemic countries [21]. Now, COVID-19 has infected more than 4.9 million people with
more than 107,000 victims in Iran [22], leading to a unique economic crisis. Enhancement
of health sector costs (+28%) [23] and financial losses, caused by lockdown restrictions,
led to a remarkable decline in revenue, growth of unemployment, and interruptions in
transportation, industry, services, oil [24], tourism [25], and agriculture [26,27]. Restrictions
on imports-exports generated hurdles for food transportation; meanwhile, consumers and
producers faced difficulties that ultimately led to declining farmers’ income and striking
damage to agriculture [28]. However, the agriculture sector is challenged by environmental
limitations such as climate change and water crisis.

After considering the mentioned concerns, these questions were created; (i) are the
merged economic consequences of the COVID-19 and ecological constraints synergistic?
(ii) What is the connection between agricultural constraints and the consequences of the
COVID-19 on food security? In other words, (iii) what are the dynamic impacts of the
pandemic on food security along with economic and environmental challenges in Iran? We
began with the hypothesis that COVID-19 has not been linked to agricultural constraints
and has no synergistic impressions. Since the shocks of COVID-19 on food security in Iran
and the environmental approach in agricultural economics, examinations of the pandemic
have not been considered; hence, the present study aims to investigate the various effects
of COVID-19 on food security status in Iran with a new specific approach.

2. Materials and Methods

Since previous statistical studies on food security in Iran were primarily on a local
scale, the present study proposed to draw a comprehensive schematic of the impacts of the
COVID-19 crisis on food security in Iran. Hence, a systematic reviewing was applied as an
appropriate method to collect evidence for hypothesis investigation to address the research
questions. For this purpose, keywords food security, COVID-19, global lockdowns, trade
disruption, agriculture, food supply chain, food insecurity, economic crisis, climate change,
water crisis, natural disasters, environmental sustainability, and ecological constraints were
searched in Google Scholar, Scopus, and other international and national databases. Global
and Iranian databases, including statistics of governmental organizations, were adopted to
explore the consequences of the pandemic on food security in Iran. The literature review of
this study was conducted in three scopes: COVID-19 and food security, economic results of
the COVID-19, and agricultural sustainability of Iran. Obtained evidence were associated
to World Bank, International Monetary Fund (IMF), FAO, United Nations, WHO, OECD,
World Trade Organization (WTO), and Iranian national organizations such as Central Bank
(CBI) and Statistical Center of Iran (SCI), Department of Environment (DOE), and Iran
Parliament Research Center (IPRC). After assembling the relevant information, the results
of the study were presented in a classified style.
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3. Results and Discussion
3.1. COVID-19 and New Economic Challenges

Iran was challenged by significant economic problems such as high inflation, rising
exchange rate, and declining industrial activities prior to the COVID-19 outbreak, and the
economic growth and unemployment rates were −7.6% and 10.6%, as well as economic
growth without oil 0%, agriculture 3.2%, oil −37%, and industry −2.3% in 2019 [29].
Hence, high inflation has been one of the significant economic concerns in Iran due to the
destructive consequences on the Iranian monetary value [30]. In this regard, Sultan-Tavih
et al. [31] reported that rising inflation has significant adverse impacts on Iran’s economic
growth, and its long-term effects are more severe than short-term. The high inflation rate
has led to a notable rise in the final price of products for consumers in recent years [32].
Accordingly, Iran has the sixth-highest inflation rate globally [33], and its per capita income
was reduced by 34% between 2011 and 2019, while the number of countries that provided
80% of Iran’s export revenue has decreased from 23 to 9 in 2001–2018. More so, statistics
revealed that Iran’s oil exports increased by two million barrels per day after the Joint
Comprehensive Plan of Action (JCPOA) agreement [34]; nevertheless, with the return
of sanctions in May 2018, oil exports were estimated to be less than 500,000 barrels per
day [35], which reduced foreign exchange earnings and a worsening government budget
deficit.

Therefore, Iran’s economy has faced COVID-19 after two difficult years between
2018 and 2020 because the high inflation rate of 2018–2019 damaged many industries and
business activities, and Iran’s exports decreased by 30% in March 2020 compared to 2019.
Additionally, Iran’s per capita income has been split during the pandemic outbreak in
comparison to 2019, due to a significant decline in the oil price (falling oil price to $40 per
barrel). The point inflation rate also reached 41.4% in September 2020 due to the COVID-19
economic consequences; thus, Iranian households have spent 41.4% more than September
2019 for buying the same products. Meanwhile, the point inflation rate for foods and
beverages, as well as services, grew 9–40.5% and 7–41.9%, respectively [36]. The COVID-19
pandemic has rigorously changed employment and salary in numerous labor-intensive
activities, specifically in the informal sector. Thus, the employment opportunities have
declined by more than one million jobs. Although poverty had reached 14% before COVID-
19, it was estimated that a decline in incomes and increasing household costs, due to
inflation, will drive poverty by 20% in 2020 [37]. During the lockdowns period, growth in
the value of financial transactions was 41% lower than a month before the pandemic [38].

Consequently, COVID-19 had the most significant impact on livelihood and em-
ployment in Iran because 25% of Iran’s employees are in the service sector [39]. The
governmental revenue level was decreased due to severe financial consequences of COVID-
19, such as the growing exchange rate. Rising exchange rates have affected inflation and led
to higher prices for vital goods [40]. It seems that COVID-19 accelerated the growth of the
currency exchange rate due to the reduction in exports by disruption of international trade
in 2020 [41]. The average exchange rate has risen seven times from 2017 to September 2020.
In other words, the value of Iran’s national currency has decreased by more than 590% in
the mentioned period. The dollar currency value was about 130 thousand Rial in 2019, but
it reached 280 thousand Rial in September 2020 (+111%) (1 US dollar = 27,000 Rial) [42].
Figure 1 shows that the exchange rate has been significantly increased since 2011.
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Figure 1. Rising exchange rate in Iran from 2001 to 2020; data source: [43].

Pakravan-Charvadeh et al. [44] demonstrated that Iranian families decreased con-
sumption of some groups of foods during the pandemic outbreak due to new financial
problems; therefore, COVID-19 can negatively impact food security by decreasing people’s
income [45]. Consequently, inflation led to food insecurity through poverty spread and
reduction of income [46]. Additionally, controlling the goods price and monopoly pricing
are severe problems of Iran’s economy [47]. Figure 2 shows the impact of inflation on the
increasing price index from 2001 to 2020. In addition, the growth trend of the exchange
rate has led to an increase in production cost; hence, a significant rise in the final product
price has been observed.
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Figure 2. Demonstration of the increasing average inflation rate and total consumer price index from 2001 to 2020; data
source: [48,49].

3.2. COVID-19, Food System and Supply Chain

By cutting the connections between farmers and food markets, COVID-19 shocked the
food supply chain and reduced food accessibility. Shocks to the food supply chain by the
pandemic can be double in developing and low-income countries [50–52] and endanger the
lives of millions of people and smallholders [53]. COVID-19 affects the total food demand
and supply system in Iran by creating imbalance due to the following factors: (i) reduction
of household demand due to an unwillingness to use the services sector for preventing
the COVID-19 outbreak, (ii) reduction of consumer demand due to declining incomes
for households who lost their jobs in lockdown restriction, (iii) reduction of household
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demand for durable goods and increase of money-savings, and (iv) reduction of exports
due to border closure. Motevali et al. [54] reported that rice acts as an imperative product
in Iran and Iranian families need 3,200,000 tons of rice per year, and 50 million people will
be without food if the government does not import this product; the ban on rice exports
in India, Pakistan, and Thailand in 2020 increased price of rice in Iran and reduced its
imports by 50%. Between January and August 2020, approximately 450,000 tons of rice
were imported by the government, while in the same period of the previous year, 950,000
tons were imported [55]; thus, rice price in Iran has been increased by 13% [56]. Therefore,
the food supply chain imbalance by COVID-19 in Iran has imposed a significant threat to
food security in poor households. Arouna et al. [57] confirmed the same result for West
Africa, and similar evidence demonstrated that fifteen countries observed more than a 10%
increase in food prices, and fourteen countries have announced export bans for twenty
various products in the first quarter of 2020, according to World Food Program Market
Monitoring [58]. Rice prices in exporter countries, such as Russia and Vietnam, grew up,
and they limited wheat and rice exports due to domestic demand enhancement. Philippines
and Saudi Arabia have bought surplus rice and wheat, and the price of rice in Myanmar
increased due to simultaneously rising demand and declining seasonal harvests [59,60].
In addition, Iran’s government reduced subsidies for chemical fertilizers, which led to
a significant fertilizer price enhancement in 2020 [61]. This excessive increase in prices
has reduced farmers’ demand for chemical fertilizers, and low crop yield and reduction
of farmers’ income were expected in 2020–2021. Moreover, the highest wages in the
agricultural sector were observed in fruit picking (58.1%), disking by tractor (44.6%), and
weeding (43.1%) [62]; hence, growing the price of agricultural inputs and workers’ wages
will reduce farmers’ willingness to produce in the next cultivation seasons. From the
global perspective, the low availability of pesticides and their high price has threatened
crop protection in 2020 [63]. A similar global economic crisis in 2008–2009 raised prices
of agricultural inputs and products, such as fertilizers and cereal grains, simultaneously
and threatened food security in many countries (Figure 3) [64]. It can be concluded that
COVID-19, similar to the economic crisis of 2008–2009, has increased the production costs
and price of crop products, and a similar disturbance was recognized in Iran.
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Since the COVID-19 applied a general mechanism to affect the food supply chain and
interrupt food trade between countries, the consequences for the food supply chain in Iran
were similar to other countries. Furthermore, the results of other studies in many countries
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can be correlated to Iran. COVID-19 has effectively changed food consumption patterns
and disturbed the food supply chain in rural sub-Saharan Africa [53,65]. Restrictions
on access to agricultural inputs and labor in Senegal changed the production of four
critical grains such as rice, maize, sorghum, and millet [66]. By evaluating the shocks of
the pandemic toward food security and livelihoods of Senegalese families, Middendorf
et al. [67] found that 82.5% of households had difficulty accessing sufficient food. These
studies demonstrated the vulnerabilities of the food supply chain, in developing countries,
to COVID-19 [68]. Figure 4 shows the dynamic mechanisms of COVID-19 to affect the food
supply chain and has symbolized that rising food prices ultimately increase poverty and
food insecurity.
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Figure 4. The dynamic mechanisms of COVID-19 that endanger food security; adapted from FAO [69].

After the extensive pandemic outbreak in Iran, the government has decided to pay a
subsidy to low-income households in order to prevent food insecurity; however, it was
not an efficient strategy to improve food security [70]. By considering the relative increase
in subsidy and workers’ wages in 2020–2021, it is observed that the purchasing power
of every Iranian reduced by 30% in comparison to previous years [71]; furthermore, the
government’s ineffective policies to combat the consequences of the COVID-19 economic
crisis have led to significant growth in the price of foods and a decline in people’s revenue
simultaneously, which leads to malnutrition in low-income households. Figure 5 shows
the significant increase in different foods price from 2017 to 2020.
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The highest price enhancement in the food-beverages class is related to beef, milk,
egg, and chicken [72]. Food prices have been significantly increased during the COVID-19
outbreak period compared to 2019, and the highest price in 2020 was related to wheat,
lentils, watermelon, and apricots by 44.7%, 106.7%, 112.7%, and 46.4%, respectively. The
red meat in Iran is higher-priced than in other markets worldwide; consequently, many
low-income households have reduced their meat consumption due to its high price [73].
Therefore, the new economic crisis can shift the demand for nutritious foods such as
vegetable oils and meat to cereal grains and poor-quality foods [74] through reducing
purchasing power. Layani et al., [75] found that after the enhancement in the price of
eight food groups, including meat, cooking oil, cereals, sugar, coffee, tea, dairy products,
vegetables, and fruits, the abundance of vulnerable families raised by 10.63%. Despite the
crucial role of a healthy diet in combating COVID-19, nutritional support is essential to
prevent infection of individuals [76]. Hence, the people will be malnourished and more
vulnerable to COVID-19 if they cannot consume nutritious foods such as vegetables, meat,
dairy, grains, and fruits due to poverty and the high price of foods. COVID-19 has made
people search for a nutritious diet, including foods that boost the immune system [77,78];
accordingly, food price monitoring by the government is necessary during the COVID-19
outbreak [79]. Consequently, COVID-19 also has indirect effects on infecting people in
addition to direct impacts, and Figure 6 shows the indirect and direct consequences of the
pandemic on human health.
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Figure 6. Various indirect and direct impacts of COVID-19 on human health.

According to obtained evidence of the COVID-19 results on food security, there are
similar mechanisms that the pandemic influences food security through, which include
a healthy diet [80], food supply chain [81], income, employment [82], national economic
situation, and agriculture sustainability [26]. Therefore, the hypothesis that COVID-19
does not influence food safety was rejected, owing to its adverse consequences on food
security through above six general mechanisms, which are obviously in Iran and other
countries. Figure 7 shows that food security depends on the economy, household income,
employment, food supply chain, and healthy diet, and the impact mechanism of the
lockdown restrictions and economic crisis on food security in Iran has also been indicated.
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3.3. COVID-19, Challenges toward Sustainable Agriculture

As an important economic sector, agriculture has an intense connection with the
economy (8% of Iran’s GDP), supports food security [83–85], and activates the food sys-
tem, which including connections between farmers, food factories, and the food supply
chain [86]. COVID-19 cut these relationships and limited people’s access to nutritious
foods through lockdown restrictions [87]. Numerous evidence indicated that general con-
sequences of the pandemic in the agricultural sector, including labor shortages, reduction
of planting and harvesting, and reduction of agricultural trade, created an imbalance in the
food system of many countries [88–90]. Although ecological constraints, such as climate
change, water crisis, and land degradation, could significantly damage the prospects for
economic growth and lead to food insecurity [91]. Growing agricultural limitations such as
water shortage, desertification, and soil degradation are serious threats, and according to
United Nations [92], 6.6% and 10.6% of the world’s lands are arid and semi-arid, threaten-
ing the revenue of more than 1 billion people in 100 countries. Globally, 24% of the lands
are being destroyed, and the portion of farmlands and rangelands is approximately 20–25%.
Approximately 1.5 billion people are dependent on these degraded lands directly. The
global degraded lands could produce 20 million tons of grain per year; thus, land degra-
dation leads to a financial loss of $42 billion in revenue annually [92]. However, previous
studies have only investigated the final consequences of COVID-19 toward agriculture and
food security from an economic approach. Climate change imperils human prosperity [93],
and according to a study by Fuentes et al. [94], climate change and COVID-19 potentially
create a global tremendous economic loss; furthermore, most of their outcomes are ob-
served in vulnerable communities [95]. Hence, the damages caused by COVID-19 have a
synergistic influence with the financial loss of ecological constraints.

Agriculture can support a dynamic and sustainable economy and maintains food
security if ecological constraints are reduced. The consequences of the pandemic outbreak
in Iran can be divided into stable and new challenges. Environmental constraints besides
the disturbance of the food system can continuously threaten food security in Iran. Climate
change, water crisis, soil erosion, and salinity are critical agents that reduce crop productiv-
ity [96–98]. Tehrani et al. [97] evaluated more than 20,000 soil samples and found that more
than 50% of Iran’s soils are deficient in nutrients. Thus, despite the simultaneous COVID-
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19 crisis and ecological limitations [99], farmers are experiencing a massive challenge for
producing crops in Iran. FAO has also reported that reducing available water resources,
land degradation, and climate change will have long-term adverse effects on Iran’s food
security, although maintaining food security in global crises is a significant challenge [100]
that requires attention to environmental health [101]. If the government fails to combat
extensive environmental constraints due to the financial loss created by the pandemic, the
synergistic effects of both crises will threaten food security in the future. A schematic of
the stable and new challenges caused by the COVID-19 has been shown in Figure 8, and
each ecological limitation is discussed in the next sections.
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3.3.1. Water Crisis

Every person needs at least 2000 m3 of water per year, but people that are living in
arid lands have access to 1300 m3 only; hence water shortages affect between one and
two billion people. Furthermore, 50% of the population of the world will live in countries
under extreme water deficit by 2030, according to the climate change scenario. Water
plays a crucial role in the agriculture, and the farming sector is responsible for 70% of total
freshwater consumption [102]. According to a study by Zarei [103], most Middle Eastern
countries face water-energy-food insecurity due to ineffective water management strategies.
The general climate of Iran is arid and semi-arid, and drought is a prominent trait of Iran’s
climate [104]. Approximately 90% of water consumption is associated with the agricultural
sector, which is consuming five billion cubic meters of groundwater resources per year
in Iran [105]; consequently, many regions of Iran have experienced significant insufficient
water resources for farming due to the over-exploitation [106], and the crop production
has been threatened by drought. Figures 9 and 10 show that the water crisis scenario will
threaten areas under cultivation in Iran by 2030. In this regard, Soltani et al. [107] showed
that self-sufficiency in crop production would be reduced from 83 to 39% in Iran if water
consumption for agriculture will be limited by 2030.
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3.3.2. Soil Salinity and Erosion

Through using the UNESCO World Soil Map (1970–1980), FAO estimated that global
total saline lands are 397 million hectares, and 38.7 (2%) and 195.1 (6.3%) million hectares
have been located in Africa and Asia, respectively [110]. As a rising concern that limits
sustainable agricultural production, soil salinity encompasses the large areas of the Central
Plateau, southern coastal plains, and Khuzestan in Iran (Figure 11) [111]. From 6.8 million
hectares of saline agricultural land, 4.3 million hectares are saline, and approximately
2.5 million hectares have other restrictions such as soil erosion and groundwater scarcity.
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Anthropogenic activities and land-use change also lead to soil erosion, which degrades
20–30 billion tons of soil per year and severely decreases soil productivity; hence, extreme
soil erosion has been predicted for developing regions such as Southeast Asia, South
America, and sub-Saharan Africa [113]. In a study by Mosaffaie and Talebi [114], water
erosion using the EPM model was estimated at 975 million tons per year, and the total
volume of erosion sediment was also estimated at 129 million tons in Iran. Hence, limited
soil productivity of farmlands in Iran limits crops production, and Figure 12 shows that
extensive areas of lands of this country cannot perform as arable lands, due to soil erosion
or specific topography traits.
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According to the calculations of Kohneshahri and Sadeghi [116], economic losses of
soil erosion were 31% of the agriculture sector value-added in 2000. Hence, annual loss
by soil erosion has been estimated at $56 billion in Iran [117]. Water erosion caused by
flooding led to a 100-billion-dollar loss in 2019 because the floods in the three areas of
Dez, Karun, and Karkheh were about 12 thousand billion cubic meters, which led to the
erosion of 3.5 billion tons of soil [118]. Water erosion also removes 23–42 and 14.6–26.4
million tons of nitrogen and phosphorus from farmlands, and their costs are $1.45 and
$5.26 per kilogram; accordingly, the financial losses are $33–60 and $77–140 billion for
wasted nitrogen and phosphorus per year [119]. A lack of a strategic plan and insufficient
knowledge about the consequences of soil salinity and erosion are the critical challenges
in Iran [120]; consequently, soil erosion and salinity threaten sustainable agricultural
production by reducing land fertility and crop productivity.

3.3.3. Deforestation and Land-Use Change

According to a study by Mirakhor-Lou and Akhavan [121], the deforestation rate is
0.74% per year in northern Iran, and the area of Hyrcanian forests in the three provinces
of Gilan, Golestan, and Mazandaran was 1,811,788 hectares in 2004, and in 2016, it was
estimated at 1,650,498 hectares. Forests in the northern regions of Iran (Gilan, Mazandaran,
and Golestan provinces) have been decreased by 9% between 2004 and 2016 due to land-use
change. Higher than 86 million hectares (52%) of Iran’s lands are pastures, which contain
more than 7000 plant species, and the livelihood of about 916,000 rural and nomadic
households depends on the use of rangelands. The situation of Iran’s rangelands is also
unfavorable, and a decreasing trend has been observed in Figure 13; accordingly, SCI shows
that the total area of Iran’s rangelands has been reduced between 2002 to 2012 [122], and
the reduction in rangelands vegetation will be extreme if the overuse of rangelands for
livestock grazing increases due to the high price of livestock fodder.
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Figure 13. Reducing rangelands (dense, semi-dense, and low) in Iran from 2002 to 2012, data source: [121].

3.3.4. Natural Disasters

Sudden and irregular rainfall is a significant climatic train that creates big floods in
Iran, and the difference between the average rainfall in the water year 2018–2019 and 2017–
2018 was 46–181%, which led to severe floods in the provinces of Golestan, Lorestan, and
Khuzestan in 2019 [123]. In addition to floods, locust attacks also cause significant damage
to the agricultural sector. Desert locusts (Schistocerca gregaria) are found in the Middle
East, Asia, and Africa and have destructive effects on crop yields. According to the Iran
Agriculture Commission of the Parliament, this crisis caused a ten billion Rial (370 million
US dollar) financial loss, in the southern provinces of Iran, in 2020 [124]. A similar locust
attack in April 2012 affected the plantation in southern Indian Ocean Island, and FAO
estimated that four million people were at risk of food insecurity in rural Madagascar in
June-July 2013 [125]. The locusts have caused enormous damage in Ethiopia and Somalia
because a small group of 80 million locusts can destroy the share food of 35,000 people per
day and seriously threaten food security. This crisis has shocked the food supply chain of
23 countries in 2020 [126]. The cost of control for locusts increased from $1 million to $100
million in West Africa in 2003. A joint assessment by the Ethiopian government and FAO
shows an outbreak of locusts destroyed 356,286 metric grains, destroying 197,163 hectares
of crops and 1.3 million hectares of pastures. Then, COVID-19 exacerbated the locust crisis
by disrupting the supply chain of pesticides [127], and Northern Somalia and asymptotic
regions of eastern Ethiopia and borders of Djibouti, Pakistan, India, Sudan, and Oman
were at a high risk of locust outbreaks [128].

4. Conclusions and Recommendations

Along with the appearance of the pandemic in 2020, the economic recession led to food
insecurity in many countries due to financial loss and food prices enhancement. Among the
developing countries, Iran has been affected by macroeconomic problems such as inflation
and high currency exchange rate. Iran’s per capita income significantly decreased, and
rising inflation and the dollar exchange rate increased prices of various foods and beverages
due to the rise in production costs in recent years and during the pandemic. Food shortages
and their price enhancement endangered food security directly, and oversupply reduced
some product prices, leading to financial losses for producers and farmers, ultimately
threatening food security. Besides the complex economic effects of the pandemic, ecological
constraints such as a water crisis, salinity, extreme soil erosion, deforestation, and natural
disasters have severe adverse consequences on food security in Iran. Hence, COVID-19
causes direct and indirect damages and interruptions to the agriculture sector by limiting
the production of some crops and disregarding environmental protection policies, due
to economic losses, because stable ecological problems such as salinity and soil erosion
can threaten sustainable agricultural production in the future. In response to the main
hypotheses of this study, it can be demonstrated that consequences of the COVID-19 and
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ecological constraints have synergistic impacts. The enormous financial loss can pause
support for small-scale farming and agricultural research projects. Therefore, governments
must improve food security and environmental health through promoting sustainable
agriculture measures and eco-friendly policies. It is necessary to implement sustainable
agriculture policies during the COVID-19 outbreak period in Iran, and other countries,
by considering ecological constraints. It should be highlighted that, while sustainable
agricultural development can provide sufficient nutritious food, protect environmental
health, and presumably support mitigate the financial losses in the post-COVID-19 crisis,
it is still difficult to improve the economic consequences of pandemics. Therefore, future
studies may involve investigating strategies that support the agricultural sector to endure
the long-term economic consequences in the post-pandemic and maintaining food security
by means of developing agroecology training courses, accelerating agricultural projects
via sustainable and eco-friendly approaches, and assisting small-scale farming projects
by providing site-specific solutions, automated instruments, and new breeds of seeds and
plants to compensate for the drought and salinity problems.
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Abstract: A decline in the legume cultivation has contributed to the biodiversity loss within the
agricultural production across Europe. One possibility to include legumes into the production and
promote sustainability is mixed cropping with legumes and non-legumes. However, the adoption
of mixed cropping is challenging for farmers and information about the profitability is scarce. If
mixed cropping should become a widely established production method, it is essential to gain an
understanding of famers’ evaluation of the profitability mixed cropping needs to reach. Therefore, this
article provides first empirical insights into farmers stated willingness to accept gross margin changes
compared to current production possibilities. Based on a survey with results from 134 German
non-adopters conducted in 2018 we can distinguish conventional farmers with a positive, neutral
and negative willingness to accept reductions in gross margins as the trade-off for ecological benefits.
Using an ordered logistic model we find that risk attitude, risk perception, the number of measures
performed for ecological focus areas, the farmer’s age and being located in the south of Germany
influence their willingness to accept gross margin changes compared to currently produced cereals.

Keywords: willingness to accept; gross margin; mixed cropping; ordered logistic regression

1. Introduction

In accordance with the Sustainable Development Goals of the United Nations, restor-
ing biodiversity and promoting sustainable production patterns are among some of the
goals sustainable agriculture should achieve [1] Promoting changes towards a more ecolog-
ically beneficial production and reducing negative environmental externalities of current
production patterns are therefore core challenges the agricultural sector has to address [2].
A substantial decline in the cultivation of legumes has reduced the provision of ecosystem
services and contributed to the biodiversity loss within agricultural production patterns
in the European Union (EU) [3,4]. Legumes are able to fixate atmospheric nitrogen (N)
through symbiosis with rhizobia in their root system. They can thus reduce the need for
mineral N fertilizers which in turn can decrease nitrate leaching and potentially ground
water pollution [5]. However, conventional crop rotations in the EU are largely dominated
by cereals nowadays. In 2019, around 121 Mio hectare (ha) of cereals were cultivated within
the EU, whereas the cultivation of grain legumes amounted to approximately 5 Mio ha [6].
Enhancing legume production has therefore been a political objective. The EU’s Common
Agricultural Policy (CAP) regulations currently include legumes as part of the greening
restrictions, in particular for the provision of Ecological Focus Areas (EFA), in order to
encourage adoption by farmers. Nevertheless, the implementation of a pesticide ban with
the last adaptation of regulations is assumed to be the reason for a decline from 40% to 24%
of legumes in EFA between 2017 and 2018 on the EU level [7].
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The plant production in Germany is likewise characterized by a large share of cereals,
with winter wheat being the most dominantly cultivated cereal by far [8]. Due to the
current agronomic practices and favorable climatic conditions winter varieties in particular
are highly productive and profitable [9]. This has led to Germany being the second largest
producer of wheat within the EU [10] but it is also part of the reason why Germany is the
second largest consumer of mineral N fertilizers [11]. The cereal production is heavily
reliant on the use of fertilizers and chemical crop protection products. In contrast, the
cultivation of grain legumes has steadily declined over the past decades due to the low
economic competitiveness [12]. Even though a slight increase in the cultivated area has
been observed in recent years [12], the area cultivated with grain legumes still amounts to
only approximately 0.2 Mio ha versus over 6 Mio ha of cereals [8]. As a result there has
been a national political focus on enhancing the legume production [12].

One possibility to (re)introduce more legumes into crop rotations and promote sus-
tainable intensification is mixed cropping [13,14]. Mixed cropping, also known as the
cultivation of mixed stands or intercropping, is by definition the simultaneous production
of two or more coexisting crops on the same area of land [15]. The simultaneous cultivation
of legumes and non-legumes in particular can contribute to the provision of ecosystem
services while maintaining productivity by utilizing basic ecological concepts and the
legume’s ability to fixate atmospheric nitrogen [16–19]. Combining non-legumes with
legumes reduces the intraspecific competition between the non-legumes with respect to the
uptake of mineral N. Simultaneously the legumes in mixed stands fixate atmospheric N
which is further promoted by the cereals uptake of soil mineral N [16]. These effects inter
alia facilitate a sustainable cultivation. However, the adoption of mixed cropping with
main crops (e.g., wheat and faba bean, oat and pea) is especially associated with a number
of challenges for European farmers that have been recognized and discussed [14,17,18,20].
In a recent review, Mamine and Farés [14] provide a detailed overview of barriers and
levers associated with the mixed cropping of wheat and peas in Europe. Their review
highlights the challenges along the value chain for such a specialized production method.
For instance, the options for chemical crop protection in mixed stands are limited. This is
due to the fact that a treatment which is beneficial for one crop species can be detrimental
for the other species in the mixed stand. Hence, the production and yield risk is higher for
mixed cropping.

Socio-economic research related to the adoption of mixed cropping with grain legumes
in Europe, and Germany in particular, is scarce. Lemken et al. [20] were the first who
presented empirical results with respect to early adopters of mixed cropping in Germany.
Bonke and Musshoff [21] provided deeper insights into the motivation of farmers to adopt
mixed cropping and empirically evaluated the barriers that hinder the widespread adoption.
To the best of our knowledge no study to date focuses on the profitability dimension of
mixed cropping from a farmer’s point of view. Still, there is consensus in the literature that
adoption across Europe could be facilitated by the implementation of an environmental
scheme [14,17,21] and that a lack of research related to the economic efficiency in high-input
agricultural systems persists [13,22]. If a shift within the conventional agriculture sector
towards the extensive and more sustainable cultivation of mixed stands should be achieved,
the assessment of farmers’ willingness to accept (WTA) profitability changes is imperative.
Especially considering the many associated challenges that have been identified, like
technical barriers and difficulties in crop protection [14,18], the adoption of mixed cropping
is also associated with a higher risk from the farmers’ perspective. Assessing farmers’
WTA profitability changes is consequently the first step to evaluate to what extent financial
incentives are necessary to facilitate widespread adoption.

While providing additional ecological benefits compared to sole cropping, mixed
cropping also maintains the productivity to generate agricultural output from the land [23].
Moreover, some of the ecological benefits associated with mixed cropping can affect the
farm directly. For instance by improving soil quality and reducing the need for synthetic
N-fertilizers [24]. Especially the possibility to reduce synthetic N-fertilizers is one aspect
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that has direct economic effects, for example by reducing production costs. Other ecological
benefits, like the increased biodiversity and reduced nitrate leaching [18], are ecosystem
services that have positive effects beyond the scope of the farm. In this respect, mixed
cropping is broadly comparable to conservation agriculture, where production is aimed to
be more environmentally friendly while agricultural output is maintained. Nonetheless,
from a farmer’s point of view switching from sole to mixed cropping with main crops is a
far greater conversion than from, e.g., conservational tillage to no-tillage.

Chouinard et al. [25] derived an expanded utility framework for farmers’ selection
of conservation practices that incorporates self and social interest with respect to the
environment as components of a farmer’s utility. They hypothesized that some farmers
would be willing to forgo parts of profits for eco-friendly agricultural practices, and
found empirical support that some farmers are indeed willing to choose less profitable
production methods. Their results further show that farmers are heterogeneous with respect
to their willingness to pay for an increase in environmental benefits. Several other studies
have also shown that farmers are heterogeneous with respect to their WTA payments
for ecosystem services and that farmers are not behaving in a strictly profit maximizing
way, e.g., [26–28]. If the objective is to establish mixed cropping as a cultivation method
within the production portfolio of farms in the long-run, it is hence also essential to get
an understanding whether farmers evaluation of the profitability levels mixed cropping
needs to reach are heterogeneous. Against this background, we formulated the research
questions: (1) Are farmers willing to forgo profits for the sustainable cultivation method of
mixed cropping? (2) Do farmers’ risk attitude and their perception of the risk associated
with mixed cropping influence the willingness to accept profitability changes?

We aim to distinguish groups of farmers that are heterogeneous in their WTA to pro-
vide impulses on which non-adopters to target first to facilitate mixed cropping adoption.
Non-adopters who have a positive WTA reduction in profitability compared to current
dominant production possibilities will be the ones who will demand the lowest finan-
cial incentives for adoption. This makes them of particular interest for researchers and
policy makers.

2. Materials and Methods
2.1. Willingness to Accept Reduced Gross Margins

To elicit whether farmers are willing to accept reductions in gross margins (€/ha), i.e.,
forego profits, and are heterogeneous in their willingness to accept we chose a three-step
approach. Changing the production towards mixed stands implies that farmers have to
reduce their production of pure stands. Thus, with respect to property rights and the
economic consequences in line with the contingent valuation literature, the appropriate
concept is the evaluation of the WTA [29]. Since cereals vastly dominate the agricultural
production in Germany, the gross margin of the cereal was chosen as the reference point.
This was done in order to provide a realistic and familiar scenario for the farmers as the
status quo comparison. To account for the forgone gross margin of the cereal production,
and thus capturing the majority of opportunity costs for adopting mixed cropping, in the
first step farmers were asked, whether they would be willing to cultivate mixed stands with
main crops if the gross margin is equal to that of the cereal in the pure stand. Farmers who
gave a positive response to the first question were subsequently asked if they would be
willing to accept lower gross margins in the mixed stands when considering the associated
ecological benefits. Only farmers who indicated that they were willing to accept a lower
gross margin were presented with a third open-ended question that asked how much of
the gross margin they would be willing to give up for the cultivation of mixed stands
considering the additional ecological benefits (in %) (Figure 1).
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Figure 1. Three Step Questioning Approach (GM—Gross Margin).

This three-step approach allows us to distinguish three groups of farmers that are
heterogeneous in their WTA foregone profits in exchange for the ecologically advantageous
production method of mixed cropping (Table 1). However, an equal gross margin between
the pure stand and the mixed stand does not account for all cost components associated
with a change towards mixed cropping. Using the gross margins abstracts from the
possibility that additional investment might be necessary [14], that learning costs arise [30],
that variable labor costs could be higher or that income risks increase. On the other side,
the positive pre-crop effect of mixed cropping, which inter alia can reduce costs for N
fertilizer in the following crop [17], is also not included in the gross margins. Nevertheless,
since the gross margin is one of the most common profitability criteria that farmers are
familiar with and base their production decisions on, using the gross margins allows for
the most realistic baseline in our case.

Table 1. Classification of Groups by Willingness to Accept (WTA).

Group Description Implication

“negative”
WTA

Not willing to accept equal gross
margin for mixed cropping GMMixed > GMPure

“neutral”
WTA

Willing to accept equal gross margin for
mixed cropping GMMixed = GMPure

“positive”
WTA

Willing to accept lower gross margin
for mixed cropping GMMixed < GMPure

GMMixed—Gross Margin Mixed Stand; GMPure—Gross Margin Pure Stand.

Furthermore, we explicitly decided to frame the questions without implying any
relation to a political scheme or subsidy. For one, implying that an equal gross margin
would be achieved by politically subsidized payments increases the likelihood of a bias that
farmers state the demand of higher payments [29]. Second, there are several possibilities
how an equal gross margin could be achieved, for instance by enhancements in the yield
through optimizing plant breeding and agronomy. Moreover, reducing the WTA question
to changes in the gross margin and abstracting from potential subsidy payments and
regulatory implications, allows for a more direct insight in the WTA as a trade-off between
economic and ecological benefits.
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2.2. Risk Attitude and Risk Perception

As briefly outlined in the introduction, the adoption of mixed cropping is related to
many challenges from a farmer’s point of view [14,20]. Since mixed cropping is a new
production method for famers addressed in this study, its implementation is associated
with higher risks, not at least due to the fact that farmers do not have experience in the
cultivation of mixed stands. Adopting mixed cropping hence also implies a change in
the income risk for the farmer. Dörschner and Musshoff [31] demonstrated based on a
normative model that considering changes in income risk as well as the risk attitude of the
farmer can considerably influence WTA compensation payments for agri-environmental
related measures. Moreover, empirical studies have shown that the farmers’ risk attitude
and their perception of risks associated with a measure can substantially influence their
willingness to adopt agri-environmental related measures and accept payments [32–34].

Neglecting changes in income risk and the risk attitude can therefore cause major
changes in the magnitude of farmers’ WTA. Our evaluation of the WTA based on the
gross margins cannot explicitly account for changes in income risk. Nevertheless, we
hypothesize that the farmers’ perception of risk associated with the cultivation of mixed
stands does influence their WTA and can serve as an indicator. Likewise, we assume that
farmers’ subjective risk attitude influences their WTA. Therefore, we used the 11-point
scale proposed by Dohmen et al. [35] to assess the farmer’s attitude toward risk (How do
you personally rate yourself: Are you generally a person who is willing to take risks or
do you try to avoid risks? 0 = “not at all willing to take risks”, . . . , 10 = “very willing to
take risks”).

Furthermore, we included an indicator for the farmer’s risk perception of mixed
cropping which was measured on a 5-point Likert scale (“The cultivation of mixed stands
is associated with a higher risk” 1 = ”totally disagree”, . . . , 5 = ”totally agree”). If the risk
perception and risk attitude have an influence on the farmer’s WTA, this has implications
for the design of subsidy-schemes and contractual agreements for the production of mixed
cropping, and in a broader context other sustainable practices as well.

2.3. Ordered Logistic Regression

The sequential questioning allows us to distinguish three separate groups with re-
spect to the WTA. These groups can be ranked on an ordinal scale by design: negative
WTA, neutral, and positive WTA reductions in gross margins (see Table 1). For such an
ordinal limited dependent variable, in our case with three distinct categories, the ordered
logistic regression can be used [36]. In accordance with our conceptual framework we
estimate a model that includes the farmers’ risk attitude and risk perception. Moreover,
socio-demographic and farm variables are included as explanatory variables (Table 2) to
assess if these can explain the heterogeneity in the WTA. Therefore, the following model
specification is estimated:

WTA Groupi = β0 + β1 Risk attitude + β2 Risk perception + β3 Farm size
+β4Full time farm + β5Legumes + β6 No. EFA measures
+β7 Region + β8 Rented land + β9 Training enterprise
+β10 Age + β11College degree + εi

(1)

where i represents the individual respondent and εi is assumed to be an error term with a
logistic distribution. The included farm and farmer related variables were chosen since
these are objectively measurable characteristics among the features that have been found
to statistically significantly influence farmers’ adoption behavior of conservation and agri-
environmental practices, e.g., [20,34,37]. Including objectively measurable variables sup-
ports an easier distinction between potential target groups for voluntary agri-environmental
schemes.

Statistical analysis was conducted with STATA 15. Regression results are displayed
in form of odds ratios. An odds ratio larger than one thereby implies a positive effect
of the independent variable on the dependent variable WTA. This means an increase in
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the independent variable increases the likelihood of being in a higher WTA group. An
important assumption for the ordered logit model is the parallel regression assumption.
This indicates that the coefficients are equal across all ordinal stages of the dependent
variable. If this holds true, there is only one set of coefficients to be estimated, because the
relationship between each pair of stages is the same. The Brant test is applied to validate
this critical model assumption [38].

2.4. Sample and Descriptive Statistics

The data used to analyze the presented research question were gathered as part of a
survey that focused on German farmers’ motivations and the perceived barriers for the
adoption of mixed cropping. The survey was conducted online between September and
November 2018 [21] . The online questionnaire was designed in the way that farmers
who are non-adopters of mixed cropping were subsequently presented with the WTA
questions. Thus, after removal of incomplete surveys, the sample used in this analysis
comprised of 134 conventional German farmers who are non-adopters of mixed cropping.
Focusing on non-adopters has two reasons: First, it can be assumed that these farmers all
have the same level of real experience with mixed cropping, namely none, which implies
the hypothetical bias is the same for all of them. Providing an explanation about mixed
cropping with main crops at the beginning of the survey and giving examples of crop
combinations (with pictures) that fulfill this specification ensured that all participants had
the same specification in mind when answering the questions.

Second, it is the non-adopters who will need additional financial incentives compared
to the real world status quo to include mixed cropping in their production, making them
especially relevant for our research question. Farmers with a positive WTA lower gross
margins in exchange for the environmentally friendly production of mixed stands are the
ones that will be of particular interest for the implementation of voluntary environmental-
schemes, as those farmers will participate with lower financial incentives.

The descriptive statistics (Table 2) show that our sample comprises of highly educated
young farmers, who work on large farms. Our sample is not representative for the German
farms [39]. However, especially considering the long-term sustainable development of
agricultural production, focusing on younger farmers delivers more relevant results since
these are the farmers who will make the production decisions for years to come. Likewise,
it is the production decisions on larger farms that will influence the sustainability of
production to a greater extent.

Based on our three-step approach, we can classify 23.13% of our sample as having a
“negative” WTA, 23.13% as having a “neutral” WTA (=0) and 53.73% of having a “positive”
WTA reductions in gross margins for the adoption of mixed cropping (Table 1). With
respect to our first research question, this implies that farmers with a “positive” WTA are
willing to forgo profits for mixed cropping, farmers with a “neutral” WTA are not willing
to forgo profits, and farmers with a “negative” WTA would even demand higher profits for
mixed cropping. This result confirms that farmers are heterogeneous in their willingness to
forgo profits as a trade-off for the more sustainable cultivation method of mixed cropping.
Detailed sociodemographic characteristics for the separate groups as well as the indicators
for the risk attitude and the risk perception of mixed cropping are also depicted in Table 2.
Though our share of famers’ with a “positive” WTA might seem high, it parallels the results
of Chouinard et al. [25] that a share of farmers is willing to forego profits for environmental
benefits. Since parts of the ecological benefits associated with mixed cropping will also
directly positively influence the farm itself, this share seems plausible.
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Table 2. Descriptive Results for Identified WTA Groups.

Variable

Full
Sample
N = 134
(100%)
Mean

(SD|Median)

“Negative”
WTA

N = 31
(23.13%)

Mean
(SD|Median)

“Neutral”
WTA

N = 31
(23.13%)

Mean
(SD|Median)

“Positive”
WTA

N = 72
(53.73%)

Mean
(SD|Median)

Risk attitude
(of the farmer) a

6.31
(1.73|6)

5.77
(1.87|6)

6.32
(1.87|6)

6.54
(1.57|7)

Risk perception
(of mixed cropping) b

3.61
(1.02|4)

4.00
(1.06|4)

3.52
(1.06|4)

3.48
(0.95|4)

Farm size
(ha of arable land)

329.80
(488|130)

209.61
(317|130)

428.16
(545|200)

339.19
(517|118)

Full time farm 0.93 0.96 0.94 0.92

Legumes
(produced as main crop) 0.27 0.26 0.23 0.29

No. EFA measures c 2.99
(1.35|3)

2.52
(1.43|2)

2.90
(1.40|3)

3.22
(1.25|3)

Region
(% of farms
in region)

North 0.44 0.41 0.29 0.51
East 0.13 0.10 0.16 0.14
West 0.21 0.13 0.29 0.21
South 0.21 0.35 0.26 0.14

Rented land
(% rented of total land) 0.54 0.53 0.55 0.53

Training enterprise
(educate junior farmers) 0.75 0.80 0.84 0.68

Age
(in years)

35.80
(11.37|33)

39.71
(11.31|37)

38.87
(11.03|37)

32.79
(10.78|29)

College degree
(at least B.Sc.) 0.63 0.55 0.58 0.68

a Measured on the 11-point scale proposed by Dohmen et al. [35]: How do you personally rate yourself: Are
you generally a person who is willing to take risks or do you try to avoid risks? 0 = “not at all willing to take
risks”, ..., 10 = “very willing to take risks” b Measured on 5-point Likert scale: “The cultivation of mixed stands is
associated with a higher risk” 1 = ”totally disagree”, . . . , 5 = ”totally agree” c Under the current CAP farmers
have to maintain 5% of their land as Ecological Focus Area (EFA), several measures for the provision of this EFA
are recognized and farmers can decide freely how many different measures they implement [40] .

Farmers who indicated that they would be willing to accept a lower gross margin for
the cultivation of mixed stands were presented with the last question of how much of the
gross margin they would be willing to forego. They could type in their response or use
a slide bar to settle on a percentage value between 0% and 100%. The mean value of the
accepted gross margin reduction is 13.08% (SD 5.96) and the median is 10% for the N = 72
farmers that answered the question (Figure 2). This means on average these farmers would
cultivate mixed stands if the mixed stands reach 86.92% of the profitability of currently
dominantly produced cereals.

Since the WTA question is hypothetical and did not have any real financial conse-
quences, the stated values can be biased towards a higher positive WTA. The depicted
values thus have to be interpreted with caution and have to be validated in future studies.
Nevertheless, the stated values can provide a first impression about farmers WTA gross
margin reductions and that farmers are willing to accept lower profits has also been shown
in other studies. For example, Buckley et al. [26] had a share of 16% in their sample of
Irish farmers that were willing to participate in a scheme to provide buffer strips to reduce
water pollution and had a WTA payments of 0€/ha. In other words, those farmers were
willing to reduce the agricultural output without any compensation, thus also forego
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profits. Our reference scenario was an equal profitability to the current production; thus,
it is plausible that a comparatively large share will accept reductions in the gross margin
since the ecological benefits will also have a direct positive influence on their farms.

Figure 2. Distribution of responses to the question: “What is the maximum % of the gross margin
in the mixed stand you would be willing to forgo, taking into account the additional ecological
benefits?” (N = 72, Group “positive” WTA).

3. Regression Results and Discussion

The results of the ordered logistic regression for the dependent variable WTA group
are depicted in Table 3. Due to the comparatively small sample size we applied a backward
selection procedure to reduce the set of explanatory variables based on their statistical
significance. The Akaike Information Criterion (AIC), the Bayesian Information Criterion
(BIC) and a likelihood ratio test between the reduced and the full model (LR χ2(8) = 3.74;
p = 0.8796), imply a better fit of the reduced model. Therefore, the reduced model is
depicted below in Table 3, but the full model is included in Appendix A. The likelihood
ratio test for the model is statistically significant, rejecting the null-hypothesis that all
coefficients are zero (Log-likelihood = −119.78, LR χ2(5) = 31.40; p < 0.001). The Brant
test is not statistically significant indicating that the assumption of proportional odds is
not violated and the model is suitable (χ2(5) = 2.676; p = 0.750). This implies that the
coefficients are equal across all ordinal stages of the dependent variable WTA group. To
test for multicollinearity issues the variance inflation factors (VIF) were calculated, which
should not surpass the value of 5 [41]. With a maximum value of 1.04 for our model, we
conclude that multicollinearity is not problematic.

For the variable Risk attitude, we find a statistically significant effect. The odds ratio of
1.1962 implies that with a one unit increase in the risk attitude score (towards risk seeking),
the odds of a positive WTA versus a negative- and neutral WTA are 1.1962 times higher
ceteris paribus. This result is in line with previous research [33,42,43]. For instance, Serra
et al. [32] show that risk aversion negatively influences the adoption of organic farming
practices.

For the variable Risk perception, we find an odds ratio smaller than 1 which is
statistically significant at the 10% level. This indicates that holding all other values constant,
a one unit increase in the risk perception score (towards higher risk associated with mixed
cropping), the odds of being in the group of positive WTA is 0.7083 times lower than being
in the negative or neutral WTA group. Risk perception can be interpreted as a proxy for
changes in production risk. To illustrate, an example are changes in input risks due to
the fact that seed varieties have not been selected and bred for the cultivation in mixed
stands [44]. Since varieties are not well adapted for mixed cropping, yield risks increase
compared to sole cropping [14]. In line with this, Hannus and Sauer [33] show that a high
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risk perception of a sustainability standard decreases the likelihood of German farmers
participation.

Table 3. Ordinal Regression Results for the dependent variable WTA Group a after Backward
Selection Procedure (N = 134).

Variable Odds Ratio SE p-Value b [95% CI]

Risk attitude
(of the farmer) 1.1962 0.1231 0.082 * [0.9777;1.4635]

Risk perception
(of mixed cropping) 0.7083 0.1278 0.056 * [0.4973;1.0087]

No. EFA measures 1.3432 0.1821 0.029 ** [1.0299;1.7520]
Region South 0.3432 0.1361 0.007 *** [0.1371;0.7359]

Age 0.9472 0.0150 0.001 *** [0.9182;0.9771]

Likelihood ratio χ2(5) 31.40 (p < 0.001)
McFadden pseudo R2 0.116
Nagelkerke pseudo R2 0.241

Brant test χ2(5) 2.676 (p = 0.750)
VIF mean = 1.02 max = 1.04
AIC 253.57
BIC 273.85

SE—Standard Error; CI—Confidence Interval; VIF—Variance Inflation Factor; AIC—Akaike Information Criterion,
BIC—Bayesian Information Criterion. a Includes the ordinal categories: negative, neutral, and positive WTA. b

Asterisks indicate different levels of significance (*** p < 0.01, ** p < 0.05, * p < 0.10).

Combined, the effect of risk attitude and perception indicate that a negative WTA
is partially caused by the demand of a risk premium for the adoption of this innovative
cultivation method. Reaching a similar profitability in mixed cropping compared to the
current cereal production will not be enough for the farmers that are categorized in the
“negative” WTA group. They will demand a higher profitability in exchange for the
increased risks associated with mixed cropping, which does not necessarily mean that
those farmers do not value the environmental benefits. It is more likely to imply that the
increased risk outweighs the ecological benefits for them. The demand of a risk premium
is in line with expected utility theory and has been demonstrated to increase payments
necessary for the adoption of more environmentally friendly production measures [31] . For
mixed cropping this implies that reducing the risks associated with the cultivation can be a
lever to facilitate adoption and reduce requirements for the profitability. In non-monetary
terms, this could for instance be facilitated by enhancing the information availability for
farmers, which also calls for further research in plant sciences [14,21].

We also find a statistically significant effect for the number of measures a farmer
provides for the Ecological Focus Areas (No. EFA measures). The odds ratio larger
than one indicates that an increasing number of different measures implemented on the
farm, increases the likelihood of being in higher ranked WTA group. Within the CAP
regulations, most conventional farmers have to dedicate a share of 5% of their arable
land for the provision of the EFA [40] How many different measures they perform is their
decision. It has been argued that German farmers predominantly choose measures that
they already perform or that fit well within their established production patterns, like catch
crops [45,46]. Hence, performing a higher number of different measures for the EFA can be
interpreted as a measurable indicator for farmers whose arable production already includes
more ecologically beneficial traits. These farmers thus might have a higher preference for
environmentally friendly production methods.

For the variable Region South, we see a statistically significant negative effect for hav-
ing a positive WTA. The agricultural production in the south of Germany is characterized
by comparatively small farms with the highest share of grassland across Germany [39,47]
The high share of grassland compared to arable land can be a reason why these farmers
display a lower WTA to accept reduced gross margins in their arable production.
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With respect to the Age of the farmers, we find a negative effect that is statistically
significant at the 1% level. A one-year increase in age, ceteris paribus, decreases the odds of
having a positive WTA. While the results of Lemken et al. [20] also show a negative effect
of the age on farmers mixed cropping adoption tendencies, the effect was not statistically
significant. There is no clear consensus with respect to age of the farmer in studies related to
agri-environmental measures, both positive and negative effects have been observed [48].

4. Implications, Limitations, and Future Directions

The presented results provide important first insights about the extent of the financial
incentives that would be necessary to facilitate mixed cropping in German agriculture and
potentially other European countries where the technological lock-in around dominant
cereal crops is prevalent. We deliver a starting point into further research with respect
to farmers’ willingness to accept payments for the adoption of mixed cropping. Our
results support that heterogeneity between farmers with respect to the trade-off between
economic and ecological benefits exists for the case of mixed cropping. A group of farmers
is willing to forgo profits for the adoption of mixed cropping compared to the current
dominant cereal production. Nevertheless, another group of farmers would demand an
even higher profitability of mixed stands compared to the cereal production. The results of
the ordered logistic regression imply that the farmers’ risk attitude and their perception of
risks associated with mixed cropping statistically significantly influence their WTA. This
indicates that the trade-off between risk and profitability is at least partially responsible for
demanding a higher profitability in mixed stands. Our results also show that the farmers’
age and the number of measures they perform for the provision of EFA positively influence
their WTA. Thus, younger farmers who perform a larger number of EFA measures, are not
located in the south of Germany, have a lower risk aversion, and a lower perception of the
risks associated with mixed cropping are the farmers who will demand the lowest financial
incentives for adoption.

One lever that will facilitate the acceptance of mixed cropping and reduce profitability
requirements is reducing the risk associated with the cultivation. Assessing possibilities to
reduce risk, for instance by decoupling incentives from the produced marketable output
in mixed stands in contractual agreements, poses a potential future research agenda.
However, implementing restrictions on the cultivation is likely to increase the requirement
for payments.

Our results are based on a comparatively small sample that is not representative
for Germany; this has to be considered for the external validity of the results. The small
sample limits the generalizability of the results for the population of German farmers. To
validate the results, further research is needed which should preferably be based on a
representative sample. Nevertheless, our results indicate that there is a share of German
farmers that will forgo profits for the adoption of mixed cropping. Our results can give
valuable implications for the design of voluntary agri-environmental schemes with respect
to mixed cropping, as the adoption of voluntary measures itself is subject to a self-selection
bias. The question design with respect to the WTA was hypothetical in nature. This could
have led to the farmers overstating their WTA, which is a common criticism of stated
preference approaches. It will therefore be necessary to further investigate farmers true
WTA with respect to mixed cropping. Nonetheless, our results can serve as a starting point
for future research that could for example use incentivized choice experiments to elicit
farmers WTA. Furthermore, we cannot distinguish between farmers with a true “negative”
WTA and protest responses. Protest responses can also bias the results. Since we explicitly
did not frame mixed cropping in a political context, we believe this bias to be negligible.

Against the background that mixed cropping faces many challenges that have to be
overcome to be widely adopted in the EU and further research is needed along different
steps of the value chain, our results are a first impulse to what extent financial incentives
will be necessary to facilitate adoption. How financial incentives could be provided
effectively is a further research question that can be addressed in the future.

368



Sustainability 2021, 13, 1631

Author Contributions: Conceptualization, V.B. and O.M.; Methodology, V.B. and M.M.; Formal
analysis, V.B. and M.M.; Investigation, V.B.; Writing—Original draft preparation, V.B.; Writing—
review and editing, V.B., M.M. and O.M.; Visualization, V.B.; Funding Acquisition, O.M.; Supervision,
O.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the German Federal Ministry of Education and Research,
grant number FKZ 031A351A, within the framework of the IMPAC3 project. IMPAC3 is a project of
the Centre of Biodiversity and Sustainable Land Use at the Georg-August-University Goettingen.
We acknowledge support by the Open Access Publication Funds of the Goettingen University for
the APC.

Data Availability Statement: The datasets analyzed for the present article are available from the
corresponding author on reasonable request.

Acknowledgments: We gratefully acknowledge the valuable comments and suggestions of four
anonymous referees and the editors of Sustainability.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

Appendix A

Table A1. Ordinal Regression for dependent variable WTA Group a with Full Set of Explanatory
Variables (N = 134).

Variable Odds Ratio SE p-Value b [95% CI]

Risk attitude
(of the farmer) 1.2058 0.1274 0.076 * [0.9803;1.4831]

Risk perception
(of mixed cropping) 0.6739 0.1277 0.037 ** [0.4649;0.9769]

Farm size 1.0001 0.0004 0.759 [0.9993;1.0010]
Full time 0.6066 0.5394 0.574 [0.1061;3.4660]

Legumes c 1.1863 0.5179 0.696 [0.5041;2.7913]
No. EFA measures 1.3918 0.2018 0.023 ** [1.0476;1.8492]

Region East 0.6765 0.4313 0.540 [0.1939;2.3599]
Region West 0.7303 0.3497 0.511 [0.2858;1.8661]
Region South 0.2773 0.1362 0.009 *** [0.1058;0.7264]
Rented land 1.0052 0.0079 0.506 [0.9899;1.0209]

Training enterprise 0.5392 0.2952 0.259 [0.1844;1.5767]

Age 0.9534 0.0168 0.007 *** [0.9209;0.9870]
College degree 1.1028 0.4456 0.809 [0.4995;2.4346]

Likelihood ratio χ2(13) 35.14 (p < 0.001)
McFadden pseudo R2 0.130
Nagelkerke pseudo R2 0.266

Brant test χ2(13) 10.77 (p = 0.630)
VIF mean = 1.28 max = 1.62
AIC 265.83
BIC 309.29

SE-Standard Error; CI-Confidence Interval; VIF-Variance Inflation Factor; AIC-Akaike Information Criterion,
BIC-Bayesian Information Criterion. a Includes the ordinal categories: negative, neutral, and positive WTA. b

Asterisks indicate different levels of significance (*** p < 0.01, ** p < 0.05, * p < 0.10). c Producing Legumes as a
main crop can be understood as a proxy for farmers’ having an improved understanding of the ecological benefits
and maybe the risks associated with the cultivation of mixed cropping. The VIF values suggest however that the
correlation between the variables Legumes and Risk perception is low.
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Abstract: The topic of farms that deal with environmental constraints is an ongoing agricultural
policy issue, including within the Common Agricultural Policy. We propose empirical evidence
based on a sample of Farm Accountancy Data Network (FADN) farm households, evaluate the
influence of chosen factors on financially sustainable farm development and verify less-favoured area
(LFA) farms’ growth compared with non-LFA households. To specify farm households, we use the
Sustainable Growth Challenge (SGC) model and DuPont decomposition based on financial measures
and indicators that were adopted from corporate finance. It is concluded that the differences in SGC
and revenue growth values between LFA and non-LFA farms mainly results from the system of
subsidising LFA farms that receive compensation for farming in areas with adverse environmental
conditions. Generally, the impact of agricultural policies on LFA and non-LFA farms is significant
and may weaken the effect on LFA. With the exception of education, other sociodemographic factors
do not highly influence farm efficiency. Along with improvements in the quality of human capital
(e.g., higher education level), awareness of subsidies, and debt and innovative solutions increases.
The interest in precision agriculture and agriculture 4.0 is also growing, which directly translates into
better technological and financial efficiency of farms.

Keywords: less-favoured areas; sustainable agriculture; agricultural policy; farm profitability

1. Introduction

EU Member States are required to provide a special subsidy to certain farmers to
compensate for the disadvantages associated with the management of less-favoured areas
(LFAs). This is designed to prevent the depopulation of rural areas and the loss of their
agricultural character. In Poland, 58.7% of the utilised agricultural area (UAA) has been
classified as restricted. Of this, 1.7% of the UAA is included in the first group and comprises
mountain/highland areas with shorter vegetation periods due to the altitude and/or
slope; the second group—47% of the UAA—includes areas other than mountain areas
facing significant natural constraints, such as inadequate climatic conditions, low soil
productivity or steep slopes (outside areas considered mountainous); the third group,
which makes up 10% of the UAA, includes areas affected by specific constraints where land
management is carried out and includes the protection or improvement of the environment
and provision of appropriate landscape. In Poland, biophysical criteria, which relate
directly to the properties of soils and slopes, are the most important; climatic factors are
not very significant. Poland is characterised by a large share of agricultural areas with
restrictions. In most cases, these restrictions result from the properties of soils [1] (p. 27).
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The traditional concept of “sustainability” in agriculture is based on three pillars
that include economic, social and environmental dimensions. This is highly related to the
“triple bottom line” approach, which links economic, environmental and social aspects of
sustainability. On the one hand, the perspective of farm sustainability and its sustainable
development is based on the balance between farming goals, its operators and the envi-
ronment. Therefore, a detailed analysis of the economic and financial condition of farm
households should refer to the concept of “three pillars.” On the other hand, the managerial
approach in financial management underlines the concept of balance between farm growth
and access to financing. The concepts of financial sustainability (including sustainable
growth) at the microscale level (e.g., for enterprises—Higgins [2]; for farms—Escalante
et al. [3,4], Mishra et al. [5,6]) integrates equity growth rate, financial leverage and growing
sales revenues on agricultural products. This is very important in agriculture, which is
considered one of the riskiest businesses. A high number of farm households, the price risk
level and sensitivity to weather events and climate changes results in high income variabil-
ity. This partially justifies public policies that comprise targeted support instruments (e.g.,
direct payments to agricultural sector operators), such as the Common Agricultural Policy
(CAP) of the European Union (EU). The modern concept of sustainability includes the
stakeholder interests and long-term growth objectives (e.g., the concept of optimal growth).

Although environmental constraints may negatively affect the economic and financial
condition of farms located on LFAs, the Rural Development Programme (RDP) with LFA
subsidies can weaken external business conditions. Monitoring the in-depth financial
behaviour of farms located on LFAs may shed light on the financial sustainability of farm
households with some peculiarities (compared with non-LFA farms). Furthermore, the
nexus between sociodemographic characteristics of farms operators and financial sustain-
ability of farm households is interesting from the perspective of rural polices that seek to
improve human and social capital in rural areas (e.g., through courses for active farmers).

The objective of the paper is to verify whether LFA farms are financially sustainable
and evaluate the influence of selected factors on financial behaviour. In addition, the paper
aims to provide a comparison between the financial situation of LFA and non-LFA farms.

The following hypotheses are formulated:

Hypotheses 1 (H1). The financial behaviour of LFA farms (analysed by the Sustainable Growth
Challenge model) is significantly more sustainable.

We treat the sustainable growth challenge (SGC) level as a proxy for farms’ financial
balance. The farm may be described as financially sustainable when its SGC level reaches
0. We assume that LFA farms face more environmental constraints (e.g., hills, lower soil
quality) and limitations in production management that highly influence their total output,
and consequently, their income and profitability.

Hypotheses 2 (H2). The DuPont decomposition of LFA farms significantly differs from non-LFA
farms; thus, there are different drivers of farm efficiency in LFA and non-LFA areas.

The DuPont decomposition is expected to show the main drivers of financial efficiency.
Given that LFA farms benefit from the CAP subsidies (in particular from the RDP, inter alia,
LFA subsidies) they may achieve good financial results; however, their financial growth
will depend not only on sales growth, as in the case of non-LFA farms, but also on other
factors.

Hypotheses 3 (H3). Sociodemographic characteristics of farm operators differentiate the SGC value.

We assume that the SGC values of LFA farms are not only affected by their higher
subsidy rate. Other factors may be significant to improving LFA farms’ efficiency. We chose
age, gender and the level of education of the farm manager as basic sociodemographic
factors. This relates to previous findings, such as the impact of sociodemographic features
on the financial situation of farms (mainly, profitability). The development of human capital
in rural areas may improve the quality of financial management of farm households.
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This paper significantly contributes to the empirical literature on the economics of
farm households. The issue of farms that deal with environmental constraints is still a lively
debate in agricultural policies, including the CAP. We propose empirical evidence based
on a sample of Farm Accountancy Data Network (FADN) farm households. Our article
may extend the scope of financial analysis of LFA farms, which play a significant role in
Polish agriculture. Furthermore, at the sectoral level, identifying success factors for farm
households may be important to designing development paths.

Section 1 of this article briefly presents the literature review focused on the issue of
financial sustainability in agriculture. Section 2 describes FADN data and the methodology
in our paper. Then, Section 3 presents our empirical findings and discusses the results.
Our article concludes with final remarks and recommendations.

2. Financial Sustainability in Agriculture: Literature Review
2.1. Financial Sustainability

Sustainability is considered a highly interdisciplinary concept. For example, it may
be understood in the context of economic activity, such as the idea of sustainable business
development. In this context, some terminological problems may arise from the need
to emphasise the processes for managing risk in the financial, social and environmental
categories—that is, the concentration of activities on profit, people and planet [7]. Another
terminological problem related to the definition of sustainability is the so-called “elastici-
ties” of economic entities in dynamic categories, which means that economic entities can
survive crises because they are associated with “healthy” economic, financial, social and
environmental systems [8]. The sustainability of business entities is associated with criteria
such as economic efficiency in the areas of innovation, well-being or productivity; human
rights and social equity, such as sensitivity to poverty, local communities or respect for
human rights; concern for the environment, including around climate change, land use
and biodiversity [8].

In the context of agriculture, sustainability can be considered at various levels, ranging
from a specific field, crop or other agricultural activity, and farms at local, regional, national,
as well as continental and global levels. A set of sustainable development indicators has
been developed with regards to sociological criteria (related to a farm), economic criteria
(based on net farm income) and social criteria [9].

Escalante et al. [4] have emphasised that the sustainable growth paradigm (SGP)
introduced in the late 70s by Higgins [2] plays an important role in linking production
volumes (as a consequence of sales revenues) with farmers’ financial decisions. In the
theory of corporate finance, there is an apparatus and tools for quantifying this type of
sustainability (in financial models). The concept of the sustainable growth rate (SGR),
which indicates what an economic operator can afford without increasing leverage, is of
key importance.

The SGR is useful when it comes to determining the sustainability rate. This is related
to the principle that retained earnings should be the main source of new equity, and both
the value of sales revenues and assets cannot grow faster than retained earnings plus
additional debt [10] (p. 139), [11].

Based on research concerning agricultural sector operators in the USA, Mishra [6] has
come to very important conclusions: the type of production, contraction and specialisation
are important determinants of the capital structure—more precisely, of the ratio of assets
to equity.

Escalante et al. [4] have noted that the planned growth in agriculture is mainly based
on long-term forecasts. Current development is affected by the volatility of agri-food prices
and the level of yields. The situation is unfavourable if the planned growth rate exceeds
the sustainable growth rate because it becomes necessary to acquire external financing,
such as loans and credits. In the opposite situation where planned growth rate is below the
sustainable growth rate, assets are not fully used and resources are retained, usually in an
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unproductive way. US economists argue that farm income higher than expected is a source
of risk because it leads to increased cash flow and higher working capital demand.

2.2. Less-Favoured Areas as a Sensitive Issue in Agricultural Policy

Areas strongly affected by natural handicaps, such as difficult climatic conditions,
steep slopes in mountainous areas or low soil productivity are characterised as less-
favoured areas. Farming in LFA is considered high risk.

The LFA schemes were included in the Rural Development Policies of 2007–2013 and
2014–2020. According to the Polish Ministry of Agriculture and Rural Development [12],
“Payments for areas with natural or other specific restrictions (so-called LFA support) are a
measure of the Rural Development Programme intended to facilitate farmers’ continued
agricultural use of the land and to enable them to maintain the landscape values of rural
areas, as well maintain and promote sustainable systems of agricultural activity in areas
with substandard natural conditions. As a result, this support is intended to increase the
vitality of rural areas and help maintain biological diversity. LFA support takes the form
of an area payment and parcels located in communes or districts designated according to
strictly defined rules in EU regulations are eligible for aid.”

According to Polish Ministry of Agriculture and Rural Areas [12], in 2018, new
rules for delimitation of less-favoured areas (LFA) were announced. In the Polish con-
text, the most important conditions are the biophysical criteria relating to soil properties.
Under these new rules for Member States, when designating LFAs with natural constraints,
it became necessary to exclude from support areas where natural constraints occur but have
been overcome by intensification of production or production practices—the procedure of
narrowing or “fine-tuning” the areas. After eliminating areas that have overcome natural
constraints, the area of LFAs with natural constraints is 46.0% of agricultural land. In con-
nection with the loss of the status of LFA with natural constraints by some areas and taking
into account the spatial concentration of the effects of the new delimitation, measures were
proposed to mitigate the effects of the new delimitation of the LFA: (i) the delimitation of a
new category of a LFA specific type based on national criteria (unfavourable conditions
of natural and touristic value); (ii) transitional payments to farmers who, as a result of
the new delimitation, would lose support under the LFA lowland type; (iii) targeting part
of the measures under RDP 2014–2020 on measures supporting administrative units (or
regions) where there would be the greatest loss in LFA areas.

In 2019, new rules of delimitation of LFA areas were adopted, according to criteria
established by the European Commission. The changes mainly concerned areas with
natural constraints, i.e., the so-called lowland type LFAs (zone I and zone II). As a result,
new lowland LFA areas were designated in our country: LFA zones with natural constraints
I and II (representing, respectively, 28.5% and 18.5% of utilised agricultural areas, UAA in
Poland) and additionally LFA type zone I—characterised by high natural value (7.0%
of UAA in Poland). It should also be added that rules of delimitation of LFA areas,
in particular zone II (related to piedmont and mountain areas (3.0% of the UAA in Poland)
and zone II covering mainly mountain areas (1.7% of the UAA in Poland) were updated.
Important criteria, including socioeconomic ones, were added (average farm size less than
7.5 ha; occurrence of soils threatened by water erosion; agricultural activity discontinued
in at least 25% of the total number of farms; the share of permanent grassland in the
agricultural land structure higher than 40%) [13].

The LFA transitional payment has been applied in Poland since 2019. It is a support
payment for areas which, as a result of new delimitation criteria, have lost their lowland
type LFA status (I or II). For such areas, there is a possibility of applying transitional
support in 2019–2020 in the form of degressive payments for beneficiaries in areas that have
lost their LFA status due to the new delimitation. In 2019, the support was the level of no
more than 80% of the average LFA payment in RDP 2007–2013; in 2020 it was 25 EUR/ha.
This support applies only to areas that have so far qualified as lowland type LFA I or
II—not specific or mountain type LFA.
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Regulation (EU) No 130: in 2019, new rules of delimitation of LFA areas were adopted,
according to criteria established by the European Commission. The changes mainly con-
cerned areas with natural constraints, i.e., the so-called lowland LFAs (Zone I and Zone
II). As a result, new LFA areas in lowland areas were designated in our country: LFA zone
with natural constraints I and II (representing, respectively, 28.5% and 18.5% of the UAA in
Poland) and additionally LFA zone specific type zone I characterised by high natural value
(7.0% of agricultural land, UAA in Poland). It should also be added that as part of work
on a new delimitation of LFA areas, the LFA zone specific type zone II covering mainly
submontane areas (3.0% of the UAA in Poland) and LFA zone specific type zone II covering
mainly mountain areas (1.7% of the UAA in Poland) were updated. Very important criteria,
including socioeconomic ones, should be added (average farm size is less than 7.5 ha;
occurrence of soils threatened by water erosion; agricultural activity has been discontinued
in at least 25% of the total number of farms; the share of permanent grassland in the
agricultural land structure is higher than 40%). The 5/2013 of the European Parliament
and of the Council on support for rural development by the European Agricultural Fund
for Rural Development [14,15] will be in force temporarily until 2022. On 1 December
2020 [16], the Parliament’s Agriculture and Rural Development Committee endorsed the
agreement with the Council, including “the two-year duration of the transitional period,
ending on 31 December 2022, and the extension of the multiannual rural development
projects focused on environment and climate measures, and on organic farming”.

Thus, environmental policies strongly highlight cofunding farming in LFAs, as well as
promoting proper land management and protecting environment natural sources. As many
studies show (e.g., Bigman [17], Fan et al. [18], Ruben et al. [19]), many categories are
affected by environmental policies implemented on LFAs, including price and market
policies, public service and investment, institutions and governance. To enhance the
competitiveness of these areas and improve market access, main actions concentrate on
investments in infrastructure, human capital and technology [20].

However, apart from a proper understanding of rural development issues, it is also
essential to identify effective and profitable activities.

Environmental constraints affect farming in two main ways: they can increase costs
and/or decrease profitability, significantly reducing the opportunity to intensify production
both in situ and via land-use change. This also influences credit risk evaluation and
household opportunities to develop [21].

However, it is also argued that despite the production disadvantages of LFAs in
comparison with favoured areas, they may have also a comparative advantage in some
types of agricultural production or non-farm activities. Alternative use of the labour
force in these areas can make the production profitable. The varied situation in LFAs can
allow them to use their different comparative advantages provided that the necessary
investments in infrastructure and institutions are made. There is growing evidence to
suggest that investments in LFAs can contribute to relatively high rates of return and to
reduce poverty in some countries [22].

2.3. Measurement of Sustainability in Agriculture (Sectoral and Farm Household Level)

The category of growth, especially with regards to financial development in the case
of family farms, is particularly ambiguous as a result of various measures to assess the
size of these entities. It should be emphasised that in Poland, a farm’s capital is important
because of the dominant share (on average 80%) in its capital structure. The predominance
of equity in the financing of the agricultural sector, as well as at the level of an individual
farm, has the following implications: greater security of the agricultural sector functioning,
due to lower risk of “own funds,” but at the expense of a lower ability to create equity [23].
While there is a consensus around “(propogating) the idea of sustainable development,”
the numerous attempts to concretise it with various indicators of its measurement point to
a considerable complexity in methodological foundations [24]. The emphasis is also on the
paradigm of sustainable growth of farms (referring to the Higgins model from corporate
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finance) and the notion that the growth rate of sales of these farms should not change the
ratio between equity and debt [4].

The sustainable growth rate (SGR) proposed by Higgins [2] determines the maximum
rate of growth in company sales to avoid exhaustion of financial resources. His approach
was related to the growth phase of companies when financial needs are more pressing.
According to Higgins [2], when companies sell no new equity, have a target divided policy
and want to maintain their capital structure, retained earnings create additional equity and
enterprises can borrow sufficient financial sources to maintain their capital structure.

The concept of sustainable development combines the paradigm of sustainability
with the theory of capital structure, both in the areas of corporate finance (see Modigliani
and Miller [25], Myers [26], DeAngelo and Masulis [27], Jensen and Meckling [28]) and
agriculture finance (see Barry et al. [29], Lagerkvist et al. [30]). Disappointment in the
current neoclassical approach in finance, particularly following the global financial crisis
beginning in 2007, as indicated by Stiglitz and Eggertsson’s articles [31,32], led to an
increased interest in the paradigm of sustainability in finance (see Rezende [33]). The SGC
concept is used to understand the economic conditions and business decisions made by
farmers [4].

When discussing issues related to the sustainable growth of farms, it is worth mention-
ing the risk associated with the financial management of farms. In the view of Escalante
et al. [4] and Wauters et al. [34], the “risk balancing” (RB) hypothesis combines operational,
financial and investment decisions of the farmer. It refers to the situation in which he as-
pires to an optimal level of total risk (TR), balancing economic risk (business risk, BR)—an
inherent risk related to the market environment and natural factors—as well as financial
risk (FR) as an additional risk resulting from debt financing. FR is linked to the level of BR
by the leveraging effect and includes, for example, credit risk. RB behaviour means that
policies lowering the level of BR may turn out to be ineffective, reducing the level of farm
TR by increasing the leverage effect. The behaviour of RB also assumes that the farmer is
characterised by risk aversion:

α ≤ TR = BR + FR =
σNOI
µNOI

+
σNOI
µNOI

I
µNOI − I

≤ β

where:
α is a minimum level of total risk; BR, a level of economic (business) risk; FR, the fi-

nancial risk level; NOI, net operating income; I, liabilities arising from debt service; σ, µ,
standard deviation (SD) and mean of variables, respectively; β, risk constraint.

Depending on the relationship between TR and β, one can distinguish several farm
behavioural strategies against risk. In simple terms, RB behaviour occurs when β is
constant, although the BR and FR levels are changed (in opposite directions).

The issue of growth, including the increase of one’s own capital in agriculture, is re-
lated to the theory of the enterprise. While research on this subject is being developed
abroad (see work by Viira [35]) there are significantly fewer studies regarding the small
and medium-sized enterprises (SME sector) or family farming.

Balezentis and Novickyte [36] studied Lithuanian family farms’ profitability and
growth from 2005 to 2015 using aggregate data from the FADN database for different
farming types and Lithuanian regions. They presented a sustainable growth ratio (SGR)
and the SGC ratio to verify whether Lithuanian family farms’ growth had been sustainable.
Balezentis and Novickyte [36] found that Lithuanian family farms were characterised by
negative profitability growth. Their analyses showed that farm operators should “exploit
all internal resources, use cost control and improve the scale of operations.” Particular
attention should be paid to specialist cereal, oilseeds and protein crops, general field
cropping and horticultural family farms, which are characterised by relatively higher
profitability and growth compared with other farm types.

Viira et al. [35] investigated the impact of social and economic (including financial)
factors on the probabilities of farm growth, decline and exit relative to the previous farm
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size. They based their findings on survey data and agricultural registers and employed
multinomial logit estimation to build econometric models. The farm growth probability
was highest in the 40–49 year age group. The farm operator’s level of education increased
farm growth sustainability. The availability of successors significantly reduced farm exit
probability, and the level of education of the farm operator increased the farm growth
probability. They found that the impact of off-farm work on farm growth was negative.
The size of the farm was a significant determinant of remaining in business.

Figure 1 presents various determinants of farm growth based on a critical litera-
ture overview.
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It is projected that the agricultural sector will have structurally lower yield growth
rates, will experience substantial direct and indirect damages from climate change and may
face additional costs from stringent economy-wide mitigation policies. Due to these multi-
ple challenges, many governments are exploring policies that can stimulate sustainable
agricultural productivity growth by exploiting synergies with mitigation and adaptation
climate objectives [37].

3. Materials and Methods
3.1. Materials

The farm-level data for our analyses were collected by the Polish FADN:

• The variables/margins used are fully consistent with FADN Standard Results pub-
lished annually by the Directorate-General for Agriculture and Rural Development of
the European Commission.

• The FADN field of observation covers commercial holdings. In practice, the FADN
field of observation covers farms producing at least 90% of the standard output value
generated by all the farms in a given country (so-called commercial holdings).

• “Polish FADN farms sample is representative according to three grouping criteria:
FADN region, economic size and type of farming. Currently, more than 12,000 farms
deliver data for the Polish FADN survey” [38].

On average, during the period of 2010–2017, there were 11,699 individual farms
in the FADN sample (Appendix A—Table A1). The number of farms was a statistically
representative sample for the observation field of the Polish FADN, which averaged 733,000
commodity farms in Poland during that period. The number of farms in particular years
was relatively stable, allowing for obtaining reliable and comparable results for long-
term analyses. In the years 2010–2017 in Poland, 56% of the farms represented by FADN
were located on LFA, including 55% in lowland areas and 1% in highland/mountainous
areas. In the analysed period, the area of agricultural land of farms located in LFAs was
comparable to the area used by farms located in favourable conditions. The much smaller
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area was used by farms located in less-favoured mountain areas. This area was 46% smaller
than that of other farms. Furthermore, the area of land used for agriculture was comparable
in all analysed groups of farms. The value of total production of LFA farms was about
8.4% and 59.4% higher than that obtained under unfavourable conditions in lowland and
mountain farms, respectively. However, the indicator of total production value per 1 ha of
UAA was slightly more favourable and there were no indications of disproportions between
less favourable farms and farms with favourable farming conditions. The differences were
10.5% in relation to lowland farms and 32.2% in relation to the rest of LFA farms. In the
analysed years, the value of production in favourable and disadvantaged areas in the
years 2010–2012 increased; after 2012, it decreased until 2016. The situation was similar
for the total output per 1 ha of UAA. The aforementioned results confirm that more
difficult conditions reduce the income of both lowland and mountain areas. The economic
impact of farm conditions is cumulative. Lowland and highland LFA farms received
lower income per farm than units farming in favourable areas. This difference may result
from the higher cost of fertilisers and plant protection products incurred by less-favoured
farms, especially in highland areas, which are lower than in favourable farms, allowing for
relatively high profitability.

3.2. Methods

We employed financial analysis methods for farm households: the SGC model and
the DuPont decomposition base on financial measures and indicators that were adapted
from corporate finance to the specificity of farm households.

The SGC model may be operationalised by financial indicators. SGC is regarded as
the difference between the growth in sales (in our article: sustainable revenues (SRev)) and
the sustainable growth rate (SGR) [2]. The sustainable growth relationship presents how
increases in sales via increased productivity or marketing activities has to be managed.
Balanced growth occurs when the percentage change in sales from one period to the next is
equal to the SGR. If this happens, the value of SGC indicators is equal to 0, indicating that
managers do not have to change the profit margin, asset turnover or leverage (3). There are
two opposite situations:

• A positive SGC (targeted revenues increase faster than the SGR), which indicates that
financial adjustments need to be made.

• A negative SGC (the SGR increases faster than the targeted revenues), which indicates
that the utilisation of existing resources should be improved.

The SGC model [2,39] is also used to measure the disparity between real and sustain-
able growth rates, which is represented by the difference between sales or revenue growth
and sustainable growth rates [3,4]:

SGC = ln
Revenuet

Revenuet−1
− g

where Revenue represents the gross farm income (SE410) variable from FADN.
The growth model can be written as follows, considering accounting identity:

g = ROE
Equityend

Equitybeginning

where g is the sales growth rate; ROE; Equityend, equity at the end of the period; Equitybeginning,
equity at the beginning of the period; Equityend and Equitybeginning represent the net worth
(SE501) variable from FADN at both the end and beginning of the year.

The DuPont analysis is regarded as a useful financial technique used to decompose
the different drivers of the return on equity (ROE)—a proxy for the financial efficiency
of enterprises. The DuPont model has roots in corporate finance and is a useful tool for
assessing the financial position of enterprises. This underlines the nexus between operating
and financial performance. The DuPont model provides “the roadmap for business and

380



Sustainability 2021, 13, 1092

managerial decision making” and information for farm businesses to analyse and make de-
cisions The DuPont decomposition has several advantages at the farm-level management,
including prediction of debt level. Mishra et al. (p. 325) [6] “used a financial approach
based on the DuPont expansion to investigate the impact of demographics, specialisa-
tion, tenure, vertical integration, farm type, and regional location on the three levers of
performance (ROE)—namely, net profit margins, asset turnover ratio, and asset-to-equity
ratio.” Furthermore, Tigner [40] regarded the DuPont system (analysis based on the DuPont
model) as “a useful tool for farm/ranch managers analysing financial performance”.

There is a plethora of empirical articles related to the application of the DuPont model
that is based on decomposition of the ROE as a relatively good proxy for financial efficiency
of farms (Melvin et al., [41]; Mishra et al. [6]; Nehring et al. [42]; Grashuis [43]). For ex-
ample, Grashuis [43] decomposed ROE into five ratios related to efficiency, productivity
and leverage.

We followed the methodological approach that was proposed by Balezentis, Novickyte
and Namiotko [44] who presented the DuPont decomposition as:

• Profit margin (PM) = (Farm Net Income (SE 420)—Family Remuneration (PL FADN))/
Gross Farm Income (SE410)

• Asset Turnover (AT) = Gross Farm Income (SE410)/Total Assets (SE436)
• Equity Multiplier (EM) = Total Assets (SE436)/Net Worth (SE501)

To verify each individual hypothesis, we used statistical methods:
H1-H2: the Mann–Whitney U test to check whether two independent samples were

drawn from the same population with the same distributions
H3: the Kruskal–Wallis test (H3), to see whether medians of more than two populations

are different and the abovementioned Mann–Whitney U test.

4. Results

To verify farms’ sustainable growth, we employed the SGC indicator. On average,
farms located on non-LFA areas had a more favourable level of SGC during the period
analysed than farms located on LFA (2.06 versus 4.36, respectively). Table 1 presents the
analysis of the medians for SGC in the LFA and non-LFA areas; we note that the medians
for SGC (closer to 0 indicating a more favourable situation) were recorded in 2011–2012
and 2016–2017 and the total in 2010–2017 in non-LFA. Medians for SGC were closer to 0
in LFAs only in 2010 and 2013 (Table 2). Moreover, in the years 2014–2015, the results are
statistically insignificant. However, it should be emphasised that the median calculated
in total for the years 2010–2017 turned out to be statistically significant and farms located
in non-LFA areas show a more favourable SGC level, which confirms the H1 hypothesis.
When verifying H1 for individual years, we consider that H1 is partially confirmed because
in 2011–2012 and 2016–2017, non-LFA farms were characterised by levels of SGC that were
more desirable in terms of financial sustainability, while in 2010 and 2013, farms in LFAs
were more balanced in financial terms.

Thus, we can only partially confirm hypothesis H1: The financial behaviour of LFA
farms (analysed by the SGC model) is significantly more sustainable. This results from
the higher subsidy rate of LFA farms (based on RDP LFA payments), oriented as a public
compensation for lower productivity in areas with environmental restrictions. Payment
rates for farming in Polish LFA are described in Appendix A—Table A7. Subsidy rates
(measured as the sum of subsidies to operating activities/crop production and animal out-
put) in the research period were 18.8% and 26.6% for non-LFA and LFA farms, respectively.
The amount of this sum of subsidies was higher than for LFA farms (1400,17 PLN per 1
ha of UAAs). RDP subsidies accounted for over 18.5% of operating subsidies (of which as
much as 82% were LFA payments) in the case of LFA farms. Farms without environmental
restrictions benefited less from RDP subsidies, representing only 5% of their sum of operat-
ing subsidies. All differences in subsidy rates, the amount of the subsidies to operating
activities per hectare of UAAs and the share of RDP subsidies were statistically significant
(p-values < 0.001). Additionally, the level of vertical and horizontal integration of the LFA
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farms was much lower compared to the other farms. This hinders the development of
market relations within food chains.

Table 1. Medians of Sustainable Growth Challenge (SGC) for farms in Less Favoured Areas (LFA) and non—Less Favoured
Areas (non-LFA).

Year Group N Median Year Group N Median

2010 Non-LFA 4584 24.72 2015 Non-LFA 4854 −6.65
LFA 5918 22.00 LFA 6111 −6.65
Total 10,502 23.22 Total 10,965 −6.65

2011 Non-LFA 4325 8.27 2016 Non-LFA 4690 3.12
LFA 5626 11.36 LFA 6073 8.69
Total 9951 10.17 Total 10,763 6.32

2012 Non-LFA 4331 1.19 2017 Non-LFA 4533 12.54
LFA 5591 −2.11 LFA 6097 15.41
Total 9922 −0.93 Total 10,630 14.02

2013 Non-LFA 4456 −9.59 2010–2017 Non-LFA 36,690 3.78
LFA 5744 −2.69 LFA 47,345 4.95
Total 10,200 −5.49 Total 84,035 4.42

2014 Non-LFA 4917 −2.86
LFA 6185 −4.44

Source: own computation based on Farm Accountancy Data Network (FADN) data [38].

Table 2. Sustainable Growth Challenge (SGC) of farms located in LFAs and non-LFAs—Mann–
Whitney U test.

Specification Mann–Whitney U-Test

z Prob > |z|
2010 −3.046 0.0023
2011 −3.068 0.0022
2012 4.677 0.0000
2013 −6.791 0.0000
2014 1.407 0.1596
2015 −0.057 0.9544
2016 −6.668 0.0000
2017 −3.205 0.0014

2010–2017 −4.375 0.0000
Note: SGC was calculated only for the 2010–2017 period, which resulted from the specifics of this indicator;
p-values < 0.05 were shaded. Source: own computation based on FADN data [38].

Analysing the results of the Mann–Whitney U test (Table 2), we note that in the
2010–2014 and 2016–2017 or the total in 2010–2017, farms located in LFAs and farms located
in other areas (non-LFA) had differentiated SGC levels. These results were confirmed by
the median test, wherein the period under study the years for which the test results are
statistically significant to prevail, except for 2014–2015.

Using the following relationship: SGC = SRev − SGR, we notice in Figure 2 that
over the period considered, SGC overlaps to the greatest extent with SRev; SGC fluctuates
similarly to an increase in sales revenues (SGC and its components for LFA and non-LFA
farm households are described in Appendix A—Table A8). SGR as a variable related to the
ROE is more stable and subject to smaller fluctuations. It also seems that SGC for all farms
is more similar to SGC for LFA farms. In the years when SRev assumed negative values,
the SGC level also decreased with slight changes in SGR (i.e., changes in equity). This may
mean that the agricultural sector in these periods of declines could have been experiencing
falling prices of agricultural commodities and thus lower revenues [4].
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Figure 2. SGC and its components for non-LFA, LFA and all farms in 2010–2017. Source: own com-
putation based on FADN data [38].

It should be added that the variability of SGC may be explained by boom/bust cycles
in the agricultural sectors where the so-called price scissors effect may increase even after
the 2004 expansion of the EU (Figure 3). As shown in Figure 3, the values of the agricultural
price gap (index of the price relation of sold agricultural products to prices of goods and
services purchased for current agricultural production and investments) were lower than
100 in the 2013–2015 period, in particular in 2014 (95.1).
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Figure 3. Agricultural boom/bust cycle in Poland. Note: Agricultural price gaps—index of the price
relation of sold agricultural products to prices of goods and services purchased for current agricultural
production and investments. Source: based on GUS (Central Statistical Office in Poland) [45].

As presented in Table 3, there are four patterns that can be distinguished by comparing
their SGC components. Only in 2010 (non-LFA farms) and in 2011 (LFA farms) was the
difference between SRev and SGR positive. In the subperiod 2012–2015, the values of SGC
were negative as a result of the very low SGR. This shows problems of LFA farms with
improvements in sales dynamics. It should be noted that the absolute value of SGC for LFA
farms was close to zero in 2012. Nevertheless, the negative value of SGR indicates a higher
sensitivity of LFA farms to market conditions, such as falling prices of agricultural products
and increasing input costs (e.g., fuel, fertilisers). Taking into account the nature of the
inequalities in the SGC model, several patterns could be identified: (1) SGC > SRev > SGR;
(2) SRev > SGC > SGR; (3) SGR > SGC > SRev; (4) SGR > SGC > SRev. The same pattern
was identified for both LFA and non-LFA farms only in 2013. We noted that in 2014 and
2015 the specific pattern (SGR > SGC > SRev) was only found on LFA farms. This means
that ROE dynamics were slightly higher than total revenues dynamics in terms of the
absolute values.

Results of the DuPont decomposition indicated that Polish farms generated positive
incomes in the subperiods 2010, 2012, 2016–2017; values of ROE were positive in the
aforementioned years. Table 4 presents descriptive statistics for components of DuPont
expansion in the analysed period (presented in Appendix A—Table A2). This may be
explained by external factors that determine the value of agricultural incomes. From the
standpoint of agricultural policy, the complex assessment of ROE, its determinants and
dynamics should be a rationale for changes in the agrarian structure. The higher rate of ROE
for LFA farms may be attributed to mainly higher profit margins and asset turnover (AT).
It should be added that the variability in profit margins may be explained by boom/bust
cycles in the agricultural sector where the so-called price scissors effect may increase even
after the 2004 expansion of the EU (Figure 3). As presented in Figure 3, the values of the
agricultural price gap (an index of the price relation of sold agricultural products to prices
of goods and services purchased for current agricultural production and investments) were
lower than 100 in the 2013–2015 period, in particular in 2014 (95.1). As statistics show
(see Table 4), the ROE of farm households located in LFAs is significantly lower than for
farms located in areas without environmental handicaps (non-LFA). It should be added
that the number of unprofitable farms in the case of LFAs is much higher, which is also
confirmed by the median values. It can be observed that there is a short-term increase in
farm productivity up to 2011—both in LFA and non-LFA farms. The tendencies are similar
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in both locations and are probably caused by external factors that are not strongly related
to environmental handicaps.

Table 3. Patterns of relations between sustainable growth challenges (SGC), sustainable revenues (SRev) and the sustainable
growth rate (SGR).

SGC SRev SGR Patterns

Non-LFA
2010 24.36 26.42 1.99 SGC > Srev > SGR
2011 8.24 10.73 2.42 Srev > SGC > SGR
2012 2.64 5.33 2.58 Srev > SGC > SGR
2013 −9.13 −8.12 0.98 SGR > Srev > SGC
2014 −5.98 −5.70 0.19 SGR > Srev > SGC
2015 −6.49 −6.30 0.08 SGR > Srev > SGC
2016 4.09 5.50 0.96 Srev > SGC > SGR
2017 −0.16 13.85 13.84 Srev > SGC > SGR

LFA
2010 18.15 24.72 6.48 Srev > SGC > SGR
2011 12.07 11.50 −0.60 SGC > Srev > SGR
2012 −1.91 −0.64 1.23 SGR > Srev > SGC
2013 −4.12 −3.56 0.52 SGR > Srev > SGC
2014 −6.93 −7.34 −0.51 SGR > SGC > Srev
2015 −5.82 −7.13 −1.40 SGR > SGC > Srev
2016 10.20 11.22 0.95 Srev > SGC > SGR
2017 13.45 15.26 1.74 SRev > SGC > SGR

Note: Negative values are in red. Means of indicators are presented.

It should be noted that non-LFA farms were less reluctant to use external financing,
which was shown by lower values of the equity multiplier (e.g., in 2016 for LFA farm—
1.059; non-LFA—1.047). This may be explained by the fact that more difficult environmental
factors may decrease the creditworthiness of farm households.

Analysing the results of the Mann–Whitney U test (see Table 4), we note that in
2010–2017, location of farms in LFA significantly differentiates the financial efficiency of
farms, as measured by the ROE and its drivers (excluding the EM in 2010 and AT in 2017)
within the DuPont model expansion. Analysing median values in Table 5, we see that
medians for non-LFA farms are higher than LFAs, which means that an LFA farm is less
profitable than a non-LFA one. Based on the results presented in Table 4, we may confirm
the validity of hypothesis H2 in Poland and state that the DuPont decomposition of LFA
farms differs from non-LFA farms. As Balezentis et al. [44] (p. 13/15) state: “Decline
in the profitability of Lithuanian family farms shows increasing extent with farm size.”
This means that the DuPont expansion should be analysed for particular classes according
to economic size. Langemeier [46] has clearly explained that “ . . . a small change in
revenue or cost can have a significant impact on financial performance. Therefore (,) from
managerial perspective (,) simulations on how an increase/decrease of the unit cost may
affect financial performance are important for operationalisation of competitive financial
strategy” [47].
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Table 4. Components of DuPont expansion farms located on LFAs vs. farms located on non-LFAs (means and medians).

Year Group Statistics Profit Margin Asset Turnover Equity Multiplayer ROE

2010 Non-LFA Mean −0.137 0.118 1.061 0.95%
Median 0.111 0.103 1.014 1.22%

LFA Mean −0.179 0.112 1.061 0.62%
Median 0.055 0.099 1.011 0.53%

MWU p 0.0000 *** 0.0000 *** 0.1669 0.0001 ***

2010 Non-LFA Mean −0.104 0.123 1.059 1.27%
Median 0.145 0.109 1.012 1.60%

LFA Mean −0.209 0.118 1.056 0.31%
Median 0.052 0.105 1.006 0.56%

MWU p 0.0000 *** 0.0003 *** 0.0025 ** 0.0000 ***

2012 Non-LFA Mean −0.113 0.123 1.062 1.39%
Median 0.145 0.107 1.012 1.63%

LFA Mean −0.265 0.113 1.058 0.17%
Median 0.023 0.100 1.005 0.24%

MWU p 0.0000 *** 0.0000 *** 0.0082 0.0000 ***

2013 Non-LFA Mean −0.226 0.109 1.063 0.28%
Median 0.066 0.094 1.008 0.66%

LFA Mean −0.324 0.104 1.057 −0.24%
Median 0.011 0.092 1.000 −0.11%

MWU p 0.0000 *** 0.0101 * 0.0003 *** 0.0000 ***

2014 Non-LFA Mean −0.356 0.102 1.062 −0.58%
Median 0.023 0.089 1.007 −0.20%

LFA Mean −0.450 0.097 1.055 −1.02%
Median 0.106 0.086 1.000 −0.91%

MWU 0.0000 0.0005 *** 0.0000 *** 0.0000 *** 0.0000

2015 Non-LFA Mean −0.369 0.099 1.063 −0.53%
Median 0.025 0.082 1.004 −0.24%

LFA Mean −0.582 0.092 1.053 −1.98%
Median 0.214 0.078 1.000 −1.69%

MWU p 0.0000 *** 0.0000 *** 0.0000 *** 0.0000 ***

2016 Non-LFA Mean −0.204 0.101 1.059 0.61%
Median 0.116 0.084 1.000 0.94%

LFA Mean −0.271 0.096 1.047 0.14%
Median 0.043 0.082 1.000 0.37%

MWU p 0.0000 *** 0.0046 ** 0.0000 *** 0.0000 ***

2017 Non-LFA Mean −0.221 0.110 1.057 0.50%
Median 0.084 0.093 1.000 0.76%

LFA Mean −0.309 0.109 1.047 0.15%
Median 0.042 0.095 1.000 0.39%

MWU p 0.001 *** 0.7008 0.0000 *** 0.040 *

2010–
2017 Non-LFA Mean −0.220 0.110 1.061 0.46%

Median 0.079 0.095 1.007 0.73%
LFA Mean −0.327 0.105 1.054 −0.25%

Median 0.013 0.092 1.000 −0.12%
0.0000 *** 0.0000 *** 0.0000 *** 0.0000 ***

Note: Outliers were deleted. MWU, Mann–Whitney U test; significance levels are indicated by asterisks (* p < 0.05, ** p < 0.01, *** p ≤ 0.001).
Source: own computation based on FADN data [38].

386



Sustainability 2021, 13, 1092

Table 5. SGC vs. gender of farm operators—results of the Mann–Whitney U test.

SGC vs. Gender of
Farm Operators

SGC vs. a Mobile Range of
Age of Farm Operators

SGC vs. Agricultural-Oriented Profile of
Educational Background of Farm Operators

LFA Non-LFA LFA Non-LFA LFA Non-LFA

Specification Mann–Whitney U Test Mann–Whitney U Test Kruskal–Wallis Test Kruskal–Wallis Test

p p p p p p
2010 0.8948 0.8553 0.9402 0.7780 0.0119 0.4671
2011 0.4437 0.8554 0.9042 0.6648 0.0002 0.0019
2012 0.0412 0.7572 0.0707 0.2208 0.7816 0.2892
2013 0.0171 0.0010 0.406 0.4809 0.0396 0.4548
2014 0.0964 0.5110 0.4952 0.1445 0.3250 0.5758
2015 0.0039 0.1074 0.004 0.0957 0.9418 0.4093
2016 0.2447 0.0094 0.5004 0.7303 0.0004 0.0511
2017 0.1896 0.5235 0.6737 0.9329 0.2850 0.0205

2010–2017 0.0429 0.0089 0.3951 0.0486 0.0001 0.0011
Source: own computation based on FADN data [38]. p-values < 0.05 were shaded.

In Table 5, we verified H3 hypothesis. We analysed the age, gender and education of
the managing person and its influence on farm efficiency, as measured by the SGC factor
(the main descriptive statistics for the aforementioned social demographic features are
presented in the Appendix A—Tables A3–A6).

The gender of the managing person does not have a statistically significant influence
on the differentiation of the SGC level for non-LFA and LFA farms. Based on descriptive
statistics (Table A2), some trends can be noticed. In the analysed period, in non-LFA areas,
more favourable values of the SGC index are achieved when the managing person is a
man. For LFA sites, the difference between SGCs when managed by a woman or a man is
not significant.

The age of the managing person was defined as mobile age (up to 44 years) and non-
mobile age (over 44 years). This factor turned out to be statistically insignificant. However,
looking at the descriptive statistics (Table A4), it can be noticed that in the case of non-LFA
farms, the age of the managing person above 44 years has a positive effect on the farm’s
efficiency—the average SGC value in the analysed period is more favourable.

The factor differentiating SGC in non-LFA and LFA farms is the education of the
managing person (specialised or other). In the case of farms located in non-LFA areas,
agricultural education of the manager translates into better farm efficiency. Education in-
fluences effective management in the area of agricultural production and consequently also
the financial results of the farm. In the case of farms located in the LFA areas, the education
profile does not seem to be significant, as the SGC index has on average similar values in
the analysed period (Table A3).

5. Discussion

By verifying H1, the behaviour of SGC indices and, indirectly, SR, Srev is significantly
affected by factors connected with boom/bust cycles in agriculture (mainly, price scissors
indices in agriculture). The observed slight differences in SGC and SRev values between
LFA and non-LFA farms result from the system of subsidies to LFA farms—the compensa-
tion they receive for farming in areas with adverse environmental conditions. Generally, the
impact of agricultural policies on LFA and non-LFA farms is noticeably significant and may
weaken the effect on LFAs [4]. For example, the misbalanced structure of subsidies in LFAs
and non-LFAs and between the 15 EU members and the Czech Republic has decreased
the competitiveness of Czech agriculture in LFAs both among regions and compared with
the agriculture of similar EU states [48]. Strengthening vertical and horizontal integration
of the LFA farms within food chains may be important for the development of stronger
market relations of these entities. The variability of SGC may be explained by boom/bust
cycles in agricultural sectors where the price scissors effect may increase even after the
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2004 expansion of the EU. LFA farms are strongly exposed to price risks. Nevertheless,
price risk management in Polish agriculture (low interest in agricultural forwards and
futures contracts, low market liquidity for this type of instruments on the Warsaw Stock
Exchange) is not strongly developed.

By verifying H2, differences between values of the DuPont expansion indicators for
LFA and non-LFA farms were statistically significant, with some exceptions. Asset turnover
was higher in non-LFA farms. As Mishra, et al. (p. 60) [5] have stated, “low asset turnover
ratios imply that the revenues generated from commercial agriculture are insufficient to
justify the observed asset base” [5] (p. 60). This also relates to the case of LFA farms who
suffer from overcapitalisation and the dominant role of farmland. It should be noted that the
price of agricultural land on LFAs is slightly lower than non-LFAs because of the presence of
natural environmental constraints (e.g., hills in the southern part of Poland). Nevertheless,
the farmland asset base is relatively stable. One important recommendation for increasing
asset turnover is to benefit from intermediate equipment that may be an important driver
of the flexibility of farms [5] (p. 60). Furthermore, particular attention should be paid
to strategies on how to increase profit margins on sales. This may be explained by the
fact that selected regions in Poland with a dominant role of LFAs (e.g., the Małopolska
and Podkarpackie voivodships/regions) may have historically weaker connections with
the food industry. Conversely, a part of commodity-oriented farms in Wielkopolskie
or Kujawsko-pomorskie voivodeships have been strongly integrated as the members of
agricultural cooperatives (e.g., dairy cooperatives) or producer groups. The profit margin
of LFA farms may be improved by a significant reduction in cost production, including
through technological/marketing/business models innovations and vertical integration).
Higher activity of agricultural extension may be helpful for the transfer of technological
innovations to farms. The DuPont expansion should be analysed for particular classes
according to economic size (see Balezentis et al. [44]) (p. 13/15). Furthermore, farmers
should also include financial peculiarities related to the type of production (according to
TF8 in FADN typology), which results in differences in needs for foreign capital or the
length of the cash conversion cycle. Simulations on how an increase/decrease of the unit
cost may affect financial performance are important at the farm level for operationalisation
of a competitive financial strategy [47].

According to conclusions from H3 analysis, it is noticed that most factors are statisti-
cally insignificant.

Many studies highlighted the gender of farm operators as an important factor in
farming. It has been argued that women have lower access to human capital, land and
other assets that would allow them to be more efficient and enterprising [49]. Nevertheless,
Gasson and Winter [50] have highlighted that women’s independence and proactive nature
may increase women’s independent earnings and work experience, which influence their
involvement in running their farm. Gender of farm operator does not significantly influence
SGC values. However, it should be noticed that in Polish farm households, the gender of
the managing person is very convenient because the decision-making model, especially in
family farms, is collective, both in terms of gender and age of family members.

The age (mobile or not) of the managing person also does not statistically affect SGC.
However, Gale [51] and Gardebroek et al. [52] found a negative relationship between age
and farm growth. Other studies indicate that farm growth is less likely in the younger and
older age groups of farm operators [53–56].

As a rule, farm managers of a mobile age, are characterised by greater flexibility in
decision-making and less risk-taking, as well as by abandoning traditional agriculture.
Younger farmers use innovations more often, both in terms of production technology
and financing sources, which translates into the effectiveness of the farm. In the case of
Polish farms, we rarely deal with a situation where a managing person is a young person
in a mobile age, but this does not mean that they do not influence management. In the
case of people of mobile age, there is a risk of abandoning farming activities and limiting
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involvement in farm work. Here, the influence of managers above the mobile age may be
more important.

Level of education is a factor that often differentiates SGC values between LFA and
non-LFA farms. The statistical significance of this factor was confirmed for a few selected
years. As numerous studies suggest, education influences farm efficiency [57,58]. Weiss [59]
found that households with a lower level of human capital (education, broader work
experience) more often select a cooperative type of farming. In addition, it was shown
that human capital may increase the earning capacity of a farm operator in the non-farm
economy. This may improve farm survival if the operator were to put this income into a
household and support agricultural production.

A higher level of education also increases awareness of subsidies from the second
pillar of the Common Agricultural Policy and applications for financing from foreign
capital; in addition, the effectiveness of financing with these funds increases. Moreover,
the higher the education, the greater the interest in implementing innovative solutions
for managing the networking capital on the farm. The interest in precision agriculture
and agriculture 4.0 is also growing, which directly translates into better technological and
financial efficiency of farms. The more specialised the education of a farmer, the deeper his
or her ties with the links in the food chain, which generates opportunities to use innovations
offered by suppliers of the means of production.

The level of education also affects the structure of financing sources of an agricultural
holding. More specialised education, in particular in LFAs, is associated with a greater
share of nonagricultural activities as an alternative source of agricultural income.

6. Conclusions

The financial behaviour of LFA farms was only partly significantly sustainable, as in-
dicated by the value of the SGC of farm households. Higher subsidy rates of LFA farms
(based on RDP LFA payments) may disturb the financial balance of these entities. One of
the important recommendations is to strengthen the degree of vertical and horizontal
integration of LFAs. This hinders the development of market relations within food chains.

It should be noted that since 2019, changes in LFA delimitation on a macro scale
have been slight. Introducing a new classification (specific zones I and II) on the basis of
local criteria resulted in the fact that the LFA areas covered both submontane/piedmont
areas and other areas with difficult conditions not meeting the EU criteria. Some criteria
(from previous delimitations) were very restrictive. Until 2018, criteria for lowland LFA
areas (both for types I and II) and the lack of distinction of areas with high natural val-
ues, which favour landscape preservation and environmental biodiversity conducive to
sustainable agriculture, were problematic. Such a division resulted from characteristics
of the category of LFAs (including their natural and socioeconomic features). As a result,
there were LFA areas with conditions that allowed for relatively stable agricultural produc-
tion that did not require support. Unfortunately, the area of holdings covered by LFAs was
significant. Considering such a large area qualified as LFA, the number of eligible farms
should be reduced by setting boundary conditions (related to both production system and
farm location). The payment per hectare could be multiplied by applying the maximum
rates laid down in the EU regulations. The effect of changing the method of allocating
support under the LFA would be the implementation of the objectives of the RDP, i.e.,
improving landscape preservation and environmental biodiversity [13,60].

The answer to the question whether the criteria selection should be more restrictive
in order that the additional support is really targeted to those farms which really deserve
it is affirmative. From Rural Development Programs perspective (RDP 2007-13 and RDP
2014–2020), aid could be targeted only to groups of farms requiring support. Moreover,
the support mechanism could be changed so as to exclude farms not requiring subsidies
from it. Currently, fulfilment of the eligibility criteria by land located on an agricultural
plot is essential. In Poland, the main criteria included unfavourable soil structure and
stoniness. The registered part of agricultural parcel (‘obręb ewidencyjny’) was classified
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as LFA when unfavourable conditions were found for 60% of the agricultural land in
a given administrative unit. Thus, even 40% of agricultural land that did not meet the
aforesaid criteria was eligible for LFA payments. Theoretically, support can be limited to
agricultural parcels located on the registered parcels that meet LFA criteria. This would
exclude land of higher production quality. This process would, however, be very costly
at the level of LFA delimitation, monitoring of LFA areas, because the land parcels are
divided or merged. Eligibility of LFA subsidies from a WTO perspective is controversial:
LFA payments are included in the so-called Green Box, i.e., payments that do not affect
production competitiveness. According to many experts, LFA area coverage should be
more adapted to the implementation of environmental objectives, landscape conservation
and promotion of traditional, environmentally sustainable agriculture [13,60].

We showed that differences between values of DuPont expansion indicators for LFA
and non-LFA farms were statistically significant, with some exceptions. Asset turnover
was higher in non-LFA farms. From the standpoint of agricultural policy, the complex
assessment of the ROE, its determinants and dynamics should be a rationale for changes in
the agrarian structure. The higher rate of ROE for LFA farms may be attributed to mainly
higher profit margins and asset turnover. Additionally, the variability of profit margins
may be explained by boom/bust cycles in the agricultural sector

Typical demographic factors do not significantly affect the SGC value, which results
mainly from the specific characteristics of these farms. A significant part of farm house-
holds in Poland are family businesses, where all family members are involved in the
process of managing agricultural production and its financing. In addition, agricultural
communities are strongly integrated, hence some decisions result from the so-called effect
of infection. This means that some decisions made on a given farm affect the management
of neighbouring farms that readapt certain decisions in the areas of applied technologies
or financing structures. This effect may appear with some delay, especially in the case
of introducing innovative solutions, where imitation intensifies when a given technology
becomes effective.

The observed trends in the value of the SGC index in the context of selected sociode-
mographic factors in non-LFA and LFA areas indicate that in the case of LFAs, the mean
SGC values are similar, regardless of gender, age and education. Therefore, other factors
determine the financial efficiency of these farms. It can be expected that the financial
performance of LFA farms is largely due to the subsidies received. At the same time,
the possibilities of farming in these areas are limited by their environment, which require
the use of specific production models. Management decisions, including in the financial
area, are also limited.

There are some important limitations to our study. First, we did not include be-
havioural determinants of farm profitability. Second, there are some factors related to
planned and realised financial strategy that affect financial conditions of farms.

Further research should include the combination of both quantitative and qualitative
factors that may determine proxies for the financial sustainability (e.g., sustainable growth
challenges) of farm households. Survey data, including data based on questions on be-
havioural heuristics and biases, attitudes towards risk (i.e., a risk aversion assessment),
may be incorporated into enhanced econometric models or statistical analyses.
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Appendix A

Table A1. The basic description of the FADN sample and farms located on LFAs.

Specification
The observation
field of the PL

FADN (n) *

The FADN sample
(n) *

The number of
farms located on

LFA,
Lowlands (2) Highlands (3)

2010 738,035 11,004 6208 6071 137
2011 738,038 10,890 6139 6019 120
2012 738,055 10,909 6126 6008 118
2013 730,905 12,117 6831 6736 95
2014 730,861 12,123 6784 6673 111
2015 730,895 12,105 6826 6719 107
2016 730,762 12,104 6905 6794 111
2017 730,904 12,103 6858 6756 102

Average for 2010–2017 733,557 11,669 6585 6472 113

Specification UAA ** (hectares) Total output
(PLN)

Family Farm
Income (w PLN)

Total output per 1
ha of UAA (PLN)

Family Farm
Income per 1 ha of

UAA (PLN)

2010 35.29 213,172.16 90,331.13 6040.15 2559.5
No-LFA farms (1) 34.9 226,037.57 94,318.72 6476 2702.24

Lowlands (2) 35.86 205,133.27 87,884.86 5720.39 2450.78
Highlands (3) 23.75 119,023.61 59,140.1 5011.04 2489.87

2017 35.04 246,963.87 58,868.57 7047.24 1679.84
No- LFA farms (1) 36.23 261,395.66 61,856.91 7214.26 1707.19

Lowlands (2) 34.27 237,570.03 56,755.86 6931.82 1656.02
Highlands (3) 25.01 127,061.59 45,138.91 5080.53 1804.87

Average no-LFA
farms in years

2010–2017
36.02 255,036.41 97,901.24 7080.41 2717.97

Average of LFA
farms—lowlands 35.53 235,220.42 89,446.41 6620.33 2517.49

Average of LFA
farms—highlands 24.64 159,931.87 64,148.37 6490.74 2603.42

Note: * the number of farms, ** UAA, Utilised agricultural area. Source: own computation based on FADN data [38].

Table A2. Components of the DuPont expansion, descriptive statistics for the research period.

Specification N Mean SD Min Median Max

Profit Margin 117,644 2.448 978.0289 −2216.971 0.010 335,386.300
Asset Turnover 117,644 0.111 0.177 −1.043 0.091 41.064

Equity Multiplayer 117,644 1.082 2.642 −155.498 1.003 610.470
ROE_Du Ponta 117,644 0.005 1.674 −96.440 0.000 564.053

Source: own computation based on FADN data [37].
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Table A3. SGC value in terms of the gender of farm operators—LFA vs. non-LFA farms, main descriptive statistics.

Non-LFA LFA

Year Groups N Mean SD Median N Mean SD Median

2010 Female 616 24.58 60.84 25.80 735 24.17 61.10 21.03
Male 3968 24.32 51.59 24.57 5183 17.29 397.79 22.17
Total 4584 24.36 52.92 24.72 5918 18.15 372.89 22.00

2011 Female 562 6.60 60.42 8.83 713 10.58 50.19 12.64
Male 3763 8.48 49.87 8.24 4913 12.28 168.35 11.18
Total 4325 8.24 51.36 8.27 5626 12.07 158.33 11.36

2012 Female 575 3.64 49.85 0.86 722 1.17 52.58 0.48
Male 3756 2.49 50.19 1.22 4869 −2.36 48.15 −2.36
Total 4331 2.64 50.14 1.19 5591 −1.91 48.75 −2.11

2013 Female 602 −6.15 53.36 −1.93 778 0.18 49.02 1.09
Male 3854 −9.60 50.09 −10.65 4966 −4.80 50.23 −3.35
Total 4456 −9.13 50.56 −9.59 5744 −4.12 50.10 −2.69

2014 Female 667 −4.83 58.21 −2.41 841 −10.38 60.65 −7.00
Male 4250 −6.16 58.26 −2.89 5344 −6.39 56.85 −4.14
Total 4917 −5.98 58.25 −2.86 6185 −6.93 57.40 −4.44

2015 Female 640 −5.26 73.30 −4.77 827 −1.28 66.93 −1.95
Male 4214 −6.68 59.88 −7.05 5284 −6.54 63.77 −7.29
Total 4854 −6.49 61.81 −6.65 6111 −5.82 64.23 −6.65

2016 Female 608 12.16 67.65 6.23 840 14.11 99.58 10.06
Male 4082 2.89 61.49 2.72 5233 9.57 63.13 8.43
Total 4690 4.09 62.39 3.12 6073 10.20 69.33 8.69

2017 Female 600 9.82 59.53 12.34 855 6.23 162.77 13.71
Male 3933 −1.68 892.58 12.58 5242 14.63 57.13 15.62
Total 4533 −0.16 831.69 12.54 6097 13.45 80.78 15.41

2010–2017 Female 4870 4.92 61.71 4.98 6311 5.34 86.08 6.42
Male 31.820 1.62 318.11 3.57 41.034 4.21 160.99 4.79
Total 36.690 2.06 297.10 3.78 47.345 4.36 153.14 4.95

Source: own computation based on FADN data [38].

Table A4. SGC value in terms of agricultural-oriented profile of the educational background of farm operators—LFA vs.
non-LFA farms, main descriptive statistics.

Non-LFA LFA

Year Groups N Mean SD Median N Mean SD Median

2010 Unprofiled 1687 26.50 54.76 26.29 2455 10.91 575.81 21.76
Profiled 2897 23.11 51.79 23.78 3463 23.28 50.66 22.21

Total 4584 24.36 52.92 24.72 5918 18.15 372.89 22.00

2011 Unprofiled 1553 9.08 53.38 10.33 2322 15.57 240.17 11.91
Profiled 2772 7.76 50.20 6.79 3304 9.61 46.31 11.04

Total 4325 8.24 51.36 8.27 5626 12.07 158.33 11.36

2012 Unprofiled 1546 2.95 54.99 1.57 2282 −2.51 51.25 −1.62
Profiled 2785 2.47 47.24 1.11 3309 −1.49 46.96 −2.39

Total 4331 2.64 50.14 1.19 5591 −1.91 48.75 −2.11

2013 Unprofiled 1618 −9.32 51.68 −9.40 2350 −2.32 50.54 −1.00
Profiled 2838 −9.02 49.91 −9.85 3394 −5.37 49.76 −3.82

Total 4456 −9.13 50.56 −9.59 5744 −4.12 50.10 −2.69

2014 Unprofiled 1795 −4.90 55.12 −1.77 2536 −8.48 58.50 −5.07
Profiled 3122 −6.60 59.97 −3.65 3649 −5.85 56.60 −3.91

Total 4917 −5.98 58.25 −2.86 6185 −6.93 57.40 −4.44
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Table A4. Cont.

Non-LFA LFA

Year Groups N Mean SD Median N Mean SD Median

2015 Unprofiled 1737 −4.99 66.11 −3.68 2506 −2.77 61.89 −5.43
Profiled 3117 −7.33 59.27 −8.24 3605 −7.95 65.73 −7.81

Total 4854 −6.49 61.81 −6.65 6111 −5.82 64.23 −6.65

2016 Unprofiled 1671 5.74 65.34 2.79 2471 12.17 56.48 9.95
Profiled 3019 3.18 60.69 3.41 3602 8.85 76.89 7.66

Total 4690 4.09 62.39 3.12 6073 10.20 69.33 8.69

2017 Unprofiled 1573 11.91 65.06 13.49 2444 14.27 58.66 16.21
Profiled 2960 −6.57 1028.13 12.09 3653 12.91 92.69 14.73

Total 4533 −0.16 831.69 12.54 6097 13.45 80.78 15.41

2010–2017 Unprofiled 13,180 4.49 59.63 4.81 19.366 4.56 226.75 5.80
Profiled 23,510 0.70 368.45 3.15 27.979 4.22 64.00 4.35

Total 36,690 2.06 297.10 3.78 47.345 4.36 153.14 4.95

Source: own computation based on FADN data [38].

Table A5. SGC value in terms of mobile age range of farm operators—LFA vs. non-LFA farms, main descriptive statistics.

NonLFA LFA

AGE N Mean SD Median N Mean SD Median

2010 Mobile 2088 24.97 52.58 25.32 2812 12.62 538.34 21.61
Immobile 2496 23.85 53.21 24.36 3106 23.15 50.59 22.52

Total 4584 24.36 52.92 24.72 5918 18.15 372.89 22.00

2011 Mobile 1893 8.63 50.75 8.93 2575 14.92 228.96 10.46
Immobile 2432 7.93 51.84 8.06 3051 9.66 44.48 11.93

Total 4325 8.24 51.36 8.27 5626 12.07 158.33 11.36

2012 Mobile 1872 2.07 49.26 0.04 2545 −3.37 51.60 −2.55
Immobile 2459 3.08 50.80 2.08 3046 −0.68 46.22 −1.78

Total 4331 2.64 50.14 1.19 5591 −1.91 48.75 −2.11

2013 Mobile 1864 −8.16 48.74 −10.16 2521 −4.34 51.63 −2.79
Immobile 2592 −9.83 51.82 −9.18 3223 −3.95 48.87 −2.62

Total 4456 −9.13 50.56 −9.59 5744 −4.12 50.10 −2.69

2014 Mobile 2073 −4.84 56.03 −1.98 2696 −6.08 57.43 −4.16
Immobile 2844 −6.81 59.81 −3.19 3489 −7.58 57.37 −4.76

Total 4917 −5.98 58.25 −2.86 6185 −6.93 57.40 −4.44

2015 Mobile 1998 −5.05 62.05 −6.08 2621 −3.38 65.19 −4.76
Immobile 2856 −7.49 61.63 −7.41 3490 −7.66 63.45 −8.02

Total 4854 −6.49 61.81 −6.65 6111 −5.82 64.23 −6.65

2016 Mobile 1931 4.09 63.75 2.72 2583 10.56 76.91 7.85
Immobile 2759 4.10 61.44 3.38 3490 9.93 63.14 9.12

Total 4690 4.09 62.39 3.12 6073 10.20 69.33 8.69

2017 Mobile 1910 12.45 56.05 12.19 2666 12.02 105.12 15.03
Immobile 2623 −9.34 1092.29 12.85 3431 14.57 54.86 15.92

Total 4533 −0.16 831.69 12.54 6097 13.45 80.78 15.41

2010–2017 Mobile 15,629 4.40 56.19 4.03 21.019 4.21 221.30 4.84
Immobile 21,061 0.33 389.13 3.64 26.326 4.48 55.43 5.04

Total 36,690 2.06 297.10 3.78 47.345 4.36 153.14 4.95

Source: own computation based on FADN data [38].
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Table A6. SGC value in terms of educational background of farm operators—LFA vs. non-LFA farms.

NonLFA LFA

Education N Mean SD p50 N Mean SD p50

2010 Primary 2095 25.36 53.57 25.08 3084 23.20 48.44 22.37
Secondary 1978 22.90 51.64 24.42 2337 11.76 590.25 22.75

Higher 511 25.92 55.07 25.84 497 16.81 55.04 17.31
Total 4584 24.36 52.92 24.72 5918 18.15 372.89 22.00

2011 Primary 1946 10.37 48.57 10.06 2915 12.47 44.87 13.18
Secondary 1891 7.52 52.79 7.85 2226 12.79 245.26 9.31

Higher 488 2.47 55.98 4.13 485 6.38 51.64 8.11
Total 4325 8.24 51.36 8.27 5626 12.07 158.33 11.36

2012 Primary 1911 2.87 49.05 1.64 2828 −2.09 44.92 −2.03
Secondary 1933 1.72 51.03 0.19 2248 −1.59 50.71 −2.47

Higher 487 5.40 50.77 3.95 515 −2.25 59.25 −0.39
Total 4331 2.64 50.14 1.19 5591 −1.91 48.75 −2.11

2013 Primary 1919 −9.32 48.68 −9.81 2850 −3.24 49.77 −1.36
Secondary 2018 −8.42 52.86 −8.75 2331 −5.15 49.83 −4.81

Higher 519 −11.20 48.17 −11.67 563 −4.34 52.74 −2.22
Total 4456 −9.13 50.56 −9.59 5744 −4.12 50.10 −2.69

2014 Primary 2026 −7.33 63.72 −3.11 3007 −5.12 54.90 −4.42
Secondary 2277 −4.49 54.39 −2.44 2536 −7.95 57.96 −4.36

Higher 614 −7.05 52.89 −3.51 642 −11.36 65.74 −5.35
Total 4917 −5.98 58.25 −2.86 6185 −6.93 57.40 −4.44

2015 Primary 1981 −6.62 62.97 −6.18 2944 −6.24 61.33 −6.32
Secondary 2242 −7.45 61.82 −7.92 2524 −5.84 64.75 −6.68

Higher 631 −2.64 57.91 −5.52 643 −3.87 74.42 −8.51
Total 4854 −6.49 61.81 −6.65 6111 −5.82 64.23 −6.65

2016 Primary 1867 6.14 57.28 4.19 2848 13.54 70.34 11.19
Secondary 2195 3.34 64.69 3.02 2563 7.54 68.36 6.89

Higher 628 0.65 68.40 0.33 662 6.15 68.07 3.88
Total 4690 4.09 62.39 3.12 6073 10.20 69.33 8.69

2017 Primary 1780 13.17 45.39 12.22 2765 13.28 98.13 16.31
Secondary 2122 −13.43 1214.44 13.40 2620 14.08 57.15 14.87

Higher 631 6.87 59.74 7.66 712 11.83 80.50 13.34
Total 4533 −0.16 831.69 12.54 6097 13.45 80.78 15.41

2010–2017 Primary 15,525 4.37 55.38 4.55 23.241 5.78 61.98 5.97
Secondary 16,656 −0.13 436.67 3.57 19.385 3.18 227.17 4.06

Higher 4509 2.22 57.69 1.53 4719 2.24 65.96 3.10
Total 36,690 2.06 297.10 3.78 47.345 4.36 153.14 4.95

Source: own computation based on FADN data [38].
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Table A7. Payment rates for farming in LFAs.

The payment rates for management in LFAs is calculated by type of area:

- LFA payment for mountain areas (mountain type)

• 320 PLN/ha for beneficiaries continuing the 5-year LFA commitment undertaken under RDP 2007–2013
• 450 PLN/ha for other beneficiaries

- Payment for lowland areas (lowland type LFA):

• Lowland LFA type I: 179 PLN/ha
• Lowland LFA type II: 264 PLN/ha

- Payment for specific areas (LFA specific type): 264 PLN/ha.

LFA payment is due to the area of agricultural land owned by a farmer on 31 May 2017, amounting to no more than 75 ha, and in
cases of a 5-year commitment, amounting to no more than 300 ha.
The support within the framework of the measure, as before, will be granted in the form of an annual payment granted per hectare
of agricultural land, which is a product of the rate established for a given type of LFA and the number of hectares declared by the
farmer.
LFA payments will be subject to a degressive rate based on the total area of agricultural parcels or parts of them covered by the aid.
Depending on this area, the payment will be granted as follows:

- from 1 to 25 ha: 100% payment
- from 25.01 to 50 ha: 50% payment
- from 50.01 to 75 ha: 25% of payments
- over 75 ha: payment will not be granted

Source: based on ARiMR (The Agency for Restructuring and Modernisation of Agriculture).

Table A8. Patterns of relations between sustainable growth challenges (SGC), sustainable revenues (SRev) and the sustain-
able growth rate (SGR) for LFA and non-LFA farm households.

Year Group SGC SRev SGR Year SGC SRev SGR
2010 Non-LFA Mean 24.36 26.42 1.99 2014 −5.98 −5.70 0.19

Median 24.72 26.88 1.41 2.86 −1.23 −0.19
LFA Mean 18.15 24.72 6.48 −6.93 −7.34 −0.51

Median 22.00 23.80 0.76 4.44 −3.46 −0.98
Total Mean 20.86 25.46 4.52 −6.51 −6.61 −0.20

Median 23.22 25.27 1.02 3.71 −2.51 −0.64
2011 Non-LFA Mean 8.24 10.73 2.42 2015 −6.49 −6.30 0.08

Median 8.27 11.71 2.02 6.65 −6.22 −0.16
LFA Mean 12.07 11.50 −0.60 −5.82 −7.13 −1.40

Median 11.36 13.58 0.86 6.65 −7.07 −1.65
Total Mean 10.40 11.17 0.71 −6.12 −6.76 −0.75

Median 10.17 12.79 1.34 6.65 −6.67 −0.96
2012 Non-LFA Mean 2.64 5.33 2.58 2016 4.09 5.50 0.96

Median 1.19 5.05 2.08 3.12 5.69 1.19
LFA Mean −1.91 −0.64 1.23 10.20 11.22 0.95

Median 2.11 −0.53 0.53 8.69 10.41 0.72
Total Mean 0.08 1.97 1.82 7.54 8.73 0.95

Median 0.93 1.53 1.22 6.32 8.10 0.91
2013 Non-LFA Mean −9.13 −8.12 0.98 2017 −0.16 13.85 13.84

Median 9.59 −7.13 0.81 12.54 14.62 1.04
LFA Mean −4.12 −3.56 0.52 13.45 15.26 1.74

Median 2.69 −1.36 0.07 15.41 17.18 0.63
Total Mean −6.31 −5.56 0.72 7.65 14.66 6.89

Median 5.49 −4.02 0.42 14.02 16.08 0.78
2014 Non-LFA Mean −5.98 −5.70 0.19 2010_2017 2.06 5.02 2.82

Median 2.86 −1.23 −0.19 3.78 5.91 0.91
LFA Mean −6.93 −7.34 −0.51 4.36 5.48 1.04

Median 4.44 −3.46 −0.98 4.95 6.48 0.05
Total Mean −6.51 −6.61 −0.20 3.36 5.28 1.82

Median 3.71 −2.51 −0.64 4.42 6.23 0.46

Note: SRev = ln Revenuet
Revenuet−1

, SGR = ROE Equityend
Equitybeginning

. Source: own computation based on FADN data [38].
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1. Diagnoza sektora rolno-spożywczego i obszarów wiejskich w Polsce przygotowana dla potrzeb opracowania Krajowego Planu Strategicznego

2021–2027 (eng. Diagnosis of the agri-food sector and rural areas in Poland prepared for National Strategic Plan 2021–2027); Ministry of
Agriculture and Rural Development in Poland: Warsaw, Poland, 2019.

2. Higgins, R.C. How Much Growth Can a Firm Afford? Financ. Manag. 1977, 6, 7–16. [CrossRef]
3. Escalante, C.; Turvey, C.; Barry, J.P. Farm-level evidence on the sustainable growth paradigm from grain and livestock farms.

In Proceedings of the International Association of Agricultural Economists Conference, Gold Coast, Australia, 12–18 August 2006.
4. Escalante, C.; Turvey, C.; Barry, P.J. Farm business decisions and the sustainable growth challenge paradigm. Agric. Financ. Rev.

2009, 69, 228–247. [CrossRef]
5. Mishra, A.K.; Moss, C.B.; Erickson, K.W. Regional differences in agricultural profitability, government payments, and farmland

values: Implications of DuPont expansion. Agric. Financ. Rev. 2009, 69, 49–66. [CrossRef]
6. Mishra, A.K.; Harris, J.M.; Erickson, K.W.; Hallahan, C.; Detre, J.D. Drivers of agricultural profitability in the USA: An application

of the Du Pont expansion method 2012. Agric. Financ. Rev. 2012, 72, 325–340. [CrossRef]
7. Scerri, A.; James, P. Accounting for sustainability: Combining qualitative and quantitative research in developing ‘indicators’ of

sustainability. Int. J. Soc. Res. Methodol. 2010, 13, 41–53. [CrossRef]
8. Definition of business sustainability. Finacial Times. Available online: http://lexicon.ft.com/Term?term=business-sustainability

(accessed on 11 January 2015).
9. Baum, R. Sustainable development of agriculture and its assessment criteria. J. Agribus. Rural Dev. 2008, 7, 5–15.
10. Bodie, Z.; Merton, R.C. Finanse; PWE: Warsaw, Poland, 2003.
11. Moss, C. Agricultural Finance; Routledge: New York, NY, USA, 2013.
12. Delimitacja ONW Według Nowych Zasad UE (LFA Delimitation According to New EU Rules). Available online: https://www.

gov.pl/web/rolnictwo/delimitacja-onw-wedlug-nowych-zasad-ue (accessed on 23 November 2018).
13. Płatności Dla Obszarów Z Ograniczeniami Naturalnymi Lub Innymi Szczególnymi Ograniczeniami (Płatność ONW) W
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Abstract: The conservation of forest in the northern areas of Pakistan is the major priority of the
national environmental policy to fight against global warming. Despite the policy for the protection
of forest, rural residents’ behavior toward economic incentives for deforestation may undermine
their conservation goals. Therefore, the purpose of this study was to understand the factors that
affect the illegal behaviors related to deforestation in the northern areas of Pakistan. The present
study applied the socio-psychological theory of planned behavior to predict the behavioral intention
of rural residents toward economic incentives for deforestation. Correlations were explored between
background factors toward motivations for deforestation based on positive and negative views
through open-ended questions. Attitude and descriptive norm were found good predictors to
perceive the behaviors. The findings of the study suggest that rural communities’ support for
compliance with policies is vital for the long-term efficacy and protection of the forest in the region.
Further, change in the behaviors of inhabitants toward the ecosystem through training can be
improved to manage the forest.

Keywords: forest conservation; forest management; rural residents; economic incentives; Pakistan

1. Introduction

Globally, forests have been receiving ever-growing attention to fight against global
warming. Forest not only conserves biodiversity but also provides necessary ecosystem
services to society. Nevertheless, recently several studies have demonstrated that restric-
tions on the use of natural resources have negative behavior among the rural residents who
rely on the forest for their livelihood, which creates a lot of hurdles for the management
of forests [1–5]. The mountainous rural area resident’s major source of income is from
the forest resources; therefore, the economic incentive from forests directs rural residents
toward deforestation [6–12]. Therefore, comprehensive attention is needed to understand
the relationship between rural residents, economic incentives, and forest conservation.

Scientific literature has explored the relationship between rural residents and de-
forestation [13–16]. Such literature has helped to identify the preferences and beliefs of
residents on conservation issues [17]. Therefore, the evaluation of plausible relationships
with intentions is important to predict the actions that influence and change the behavior
of rural communities [18–21]. In the past, many scholars have suggested incorporating
the beliefs of rural residents toward the conservation of natural resources in global forest
policy [22–25].
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According to the National Forest Policy of Pakistan 2015, the lawmakers have taken
steps to manage forests and improve public awareness of the ecological and cultural values
of forests [26–29]. Nevertheless, forests have been weakly preserved in recent years and it
is a challenging task in northern areas of Pakistan to apply strict rules of preservation due
to the high reliance of peoples on the natural resources of forests [30–32]. In the scarcely
facilitated area of Gilgit-Baltistan, resident depends on natural resources for their liveli-
hoods [32,33]. According to Reference [32], porters cut trees for cooking, walking sticks,
and fuel. This is because people have no source of income in the region, and they used
natural resources to fulfill their basic needs; therefore, policies regarding the conserva-
tion of forests adversely affect the behavior of rural inhabitants. In the northern areas of
Pakistan, rural resident’s relationships with the forest authorities and continuous illegal
activities to use fuel-wood are of particular concern for deforestation. This is due to the
existence of strong (informal) links between the authorities, influential groups, and timber
mafia [34,35]. The increasing level of illegal activities also negatively affects the rest of
the areas. Deforestation in the developed countries is considered due to expansion in
agricultural land [36–42]. While in the case of developing countries like Africa, defor-
estation is continued for subsistence agriculture farming and wood production for local
markets [43,44]. Agriculture and charcoal production are the main causes of deforestation
in Tanzania [45] and fuel-wood in Senegal [46]. In Turkey, the main causes of deforestation
are rapid urbanization and industrialization [47].

Previous studies related to deforestation in Pakistan are mainly focused on timber
production, conversion to agriculture, roadbuilding, and human-caused fire [48]. Accord-
ing to the studies of Ullah et al. [14,49] and Ali et al. [14,49], deforestation in northern
areas is due to the construction of roads and high population growth in the last few years.
However, to the best knowledge of authors, no research has so far been conducted to
examine the behavior of rural residents toward deforestation, especially the study related
to the economic motivation of rural residents. Therefore, the purpose of this study is to
investigate the intention of people toward economic incentives to control deforestation
and help the government institutes to make effective policies for the livelihoods of rural
residents as for as law enforcement agencies.

To perceive human behavior, Ajzen’s theory of planned behavior, an extension of
the theory of reasoned action, has been used [50]. Nonetheless, few studies on forest
biodiversity have utilized such frameworks to analyze multiple predictors of behavior. [18].
According to the theory, the behavioral intentions arise from an individual’s attitude
(ATT), norms, and Planned Behavior Constructs (PBC), which can further be predicted by
actual behavior in question [50]. Furthermore, a number of background factors including
socioeconomic, knowledge, education, and past experience of the individual can influence
the ATT, Normative (N), and PBC. [51]. Contextual aspects such as rules and legislation
of government may often interfere and evaluate a behavior [52]. Attitude is defined as
the extent to which an individual has a favorable or unfavorable view of a particular
behavior. Descriptive normative (DN) is defined as the opinions of the people rather than
what approve or disapprove by others [18,53]. PBC is the perception of how an individual
feels ease or difficulty to perform a specific behavior [50,54,55]. Understanding behavioral
intent toward, and factors that affect, illegal behaviors can help managers emphasize their
actions to enhance people’s compliance with laws and protect forest within those areas.

Therefore, our study investigated the ATT, DN, PBC, and Behavior Intention (BI) of the
rural inhabitants toward their economic incentive for deforestation. By applying the theory
of planned behavior, the purpose of the present study was to (a) identify background
factors that may influence the intention of rural residents; (b) identify inhabitants’ attitudes,
descriptive norms, perceived behavioral control toward economic incentives for deforesta-
tion; and (c) identify rural inhabitant’s illegal behavior toward the economic incentives
for deforestation.
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2. Theoretical Model
2.1. Theory of Planned Behavior

Many contemporary studies have used intentions as a key component to understand
the behavior in question [50,56–60]. In psychology, the theory of planned behavior is an
attempt to shape an individual’s behavioral intentions with a combination of three factors:
attitudes toward the behavior, norms, and perceived behavioral control [51,61,62] as given
in Figure 1.
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Figure 1. Factors affecting the Behavior Intention: Theory of Planned Behavior Model [50].

2.2. Expectancy-Value Model

The theory of planned behavior follows an expectancy-value model to predict the
behavior of individual under question [50,51,63,64]. The beliefs-based measures are prob-
ably regarded to get a more accurate prediction of cognitive intention than its direct
predictors alone.

The attitude is comprised of (silent beliefs -bsi) and evaluation of the outcomes (oei)
and it can be obtained according to the following formula:

ATT α∑ bsi oei (1)

Strength of behavioral belief (bsi) is described as a possibility that can produce a
particular outcome by performing a behavior (i) and the outcome evaluation (oei) can be
termed as the utility obtained if the result (i) occurs [50,51,63,64].

The descriptive norm (DN) describes the whereas descriptive norms refer to percep-
tions that others are or are not performing the behavior. Normative beliefs can be explored
by assessing a person’s identification with the referent (iwri), multiplying the measures
of descriptive normative beliefs (dnbi) regarding given referents by the corresponding
identity measures, and then summing the normative belief by identity products [65,66].
A belief-based measure of the descriptive norm (DN) can be obtained according to the
following formula:

DN α∑ dnbi iwri (2)
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Strength of descriptive norms is formed by considering multiple descriptive normative
beliefs (dnbi), or beliefs that behavior is normative for peers and individuals we look up to
in social groups [65,66].

“Perceived behavioral control—This refers to a person’s perception of the ease or
difficulty to perform the behavior of interest. It consisted of personal control beliefs (cbi)
and the perceived strength of these specific control factors to facilitate or impede actions
(power to affect—pci) [50,67,68].

PBC α∑ cbi pci (3)

The strength of each control belief (cbi) is weighted by the perceived power (pci) of
the control factor to perform a specific behavior [50,51].

Behavioral intention (BI) refers to “a person’s subjective probability that he will
perform some behavior”. BI is the function of three antecedents, namely, attitude, norms,
and PBC. By incorporating the belief-based measures, BI can be calculated according to the
following formula:

BI = β1ATT + β2DN + β3PBC + ε (4)

β1, β2, and β3 are the coefficients to evaluate each component, and (ε) is an error term.

3. Materials and Methods
3.1. Study Area

The present study was conducted in the three districts (Skardu, Gilgit, and Astore)
of Gilgit-Baltistan, Pakistan (Figure 2), where rural residents not only use forest resources
to meet their livelihood but also generate substantial cash income through trade in for-
est products.
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3.2. Data Collection

For the present study, survey data were collected from January 2019 to April 2019
(Figure 3). Face-to-face interviews were conducted with the residents. All the meetings
were scheduled with the consent of the participants and their privacy was ensured.
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Figure 3. Continuous decline in forest cover area in northern Pakistan from 2001 to 2019. (Taken from https://www.
globalforestwatch.org/dashboards/country/PAK).

From 2001 to 2019, Northern Areas lost 112 ha of tree cover, equivalent to a 0.23%
decrease in tree cover since 2000. The survey also consisted of some close-ended questions
of (a) socioeconomic factors: age, education, time duration to stay in the region, family size,
and support from the government (“royalty” income offered to local residents for not
utilizing the forest), (b) attitudes toward economic incentives for deforestation; descriptive
norms defined in the study as the opinions of other people’s behavior toward deforestation;
perceived behavioral control as the respondent’s views about the presence of law enforce-
ment in the region; and behaviors toward economic incentives for deforestation. Moreover,
an open-ended questionnaire has been used to explore the perceptions of the respondents
on natural resources including the one where they lived. Categorization of these opinions
was done according to the values of nature described by Kellert [69–71]. The opinions of
the respondents were categorized into only two groups of natural values “(moralistic val-
ues, which represent a respect to the nature; and utilitarian values, which represents the
material benefits that a person obtain from nature; Kellert, 2005)”.

3.3. Measurement of Variables

Behavioral intention was defined for this research as the intention of rural residents to-
ward the economic incentive of deforestation by replacing small-scale agriculture. The ques-
tion was designed as follows: Do you have the intention to replace secondary forest with
small-scale agriculture to get economic incentives? To evaluate the construct, a five-point
bipolar Likert scale was used ranging from 4—very likely to 0—very unlikely.

Attitude was measured directly by utilizing five points “bipolar Likert scale ranging
from very unlikely (0) to very likely (4)”. For assessment of attitude, question was formed
as follows: Do you think forest should be replaced with small-scale agriculture to get
economic incentives? For the indirect assessment of belief-based items, (b) were measured
on five points “Likert scale ranging from strongly disagree (0) to strongly agree (4)”,
while for (e) very important (4) to not very important (0). For the belief-based measures,
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three behavioral beliefs were presented to the respondents concerning that rural residents
think by replacing forest with small-scale agriculture will provide food for the family,
increase livelihood, and increase tourism (see Table 1).

Table 1. Items used for evaluation of Theory of Planned Behavior constructs.

Behavioral Intention Do you have the intention to replace secondary forest with small-scale agriculture to get
economic incentives?

Attitude Do you think forest should be replaced with small-scale agriculture to get
economic incentives?

Descriptive Norm Do you think that rural residents in the area replacing the forest with small-scale agriculture
for economic incentives?

Perceived Behavioral Control In my view, law enforcement is sufficient in the regions to control rural resident’s activities?

Indirect evaluation of Theory of Planned Behavior constructs

ATT α ∑ bsioei

Salient beliefs (bsi) Outcome evaluation (oei)

Rural residents think by replacing forest with small-scale agriculture will . . .

. . . provide foods for family For me, food for family is . . .

. . . increase livelihood For me, revenue is . . .

. . . increase tourism For me, tourism is . . .

DN α ∑ dnbi iwri

Descriptive normative beliefs (dnbi) Identification with the referent (iwri)

In my view people deforest in the region. With regards to deforestation, I am not similar
to people.

PBC α ∑ cbi pci

Control beliefs (cbi) Power of control factors (pci)

I think legislation is insufficient to control
people’s activities in the region.

Without legislation, it is more difficult to
control people’s activities in the region.

I think training of personnel is unsuited
to control people’s activities in the region.

Without proper training, it is more difficult to
control illegal activities in the region.

Talking about the actions of others (descriptive norms) was found more comfortable
for the respondent than perceived social pressure from others for an individual to behave in
a certain manner (subjective norms). Descriptive norm was measured directly by utilizing a
five-point unipolar Likert scale ranging from not at all (0) to a large extent (4). The item was
designed as follows: Do you think that rural residents in the area replacing the forest with
small-scale agriculture for economic incentives? The indirect assessment of belief-based
items (dnbi) was performed by using unipolar Likert scale, from 0—strongly disagree to 4—
strongly agree, while for (iwri) “unipolar Likert scale was used ranging from 0—strongly
disagree to 4—strongly agree”.

For the measurement of perceived behavioral control, a five-point “unipolar Likert
scale from (0) strongly disagree to (4) strongly agree” was used. The statement was formed
as follows: In my view, law enforcement is sufficient in the regions to control rural resident’s
activities. For the indirect assessment of perceived behavioral control, control beliefs (cbi)
were assessed on a Likert scale ranging from (0) strongly disagree to (4) strongly agree,
while p was measured on a scale ranging from (0) strongly disagree to (4) strongly agree.

3.4. Analysis Methods

Descriptive statistics were used to present the results, and “Pearson’s correlation
coefficients and regression analysis were chosen for interpretation”. The Pearson correlation
coefficients are used in statistics to measure how strong a relationship is between two
variables. A value of 0 demonstrates that there is no correlation between the two variables.
A value higher than 0 describes a positive relationship and a value less than 0 indicates a
negative relationship. Regression analyses investigate the relationship between dependent
and independent variables.
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To determine the relationship between dependent variables (attitude, descriptive norms,
perceived behavioral control, behavioral intention) and independent variables (∑ bsioei,
∑ dnbi iwri, and ∑cbi pci), a linear relationship was presumed (as mentioned in the mathe-
matical formulation of TPB). Therefore, a multiple linear regression technique was used
to analyze the data. P-values were used to interpret the significance level of regression
analysis and coefficients. β weights and t-values were used to interpret the results. R2 was
applied for the evaluation of the explanatory power of the regression analysis. F-test was
used for the assessment of the overall significance level of the models. Data analysis was
performed using “Microsoft Excel for Windows version 19 and SPSS ver. 25 software”.

4. Results
4.1. Background Factors

The survey was conducted with 207 interviewers, 92 percent of whom were males
and 8 percent were females. the detail of background factors is presented in Table 2.

Table 2. Demographic survey of rural residents in protected areas of northern Pakistan.

Gilgit
(n = 65)

Skardu
(n = 73)

Astore
(n = 69)

Total
(n = 207)

Chi-Square
Value (X2) p-Value

Age

Less than 22 years 11% 21% 14% 15%

X2 = 6.62 0.577

23 to 35 years 14% 16% 19% 16%

36 to 50 years 38% 25% 32% 32%

51 to 65 years 17% 18% 22% 19%

66 and Above 20% 21% 13% 18%

Duration of
Residence

0 to 20 years 15% 22% 19% 19%

X2 = 2.01 0.73221 to 40 years 51% 51% 45% 49%

41 and above 34% 27% 36% 32%

Education

Less than Primary 35% 24% 22% 27%

X2 = 19.33 0.012 *

Primary 16% 30% 12% 19%

High School 19% 13% 24% 18%

Middle 23% 18% 35% 26%

College 7% 15% 8% 10%

Family Size

1–4 person 15% 15% 22% 17%

X2 = 4.21 0.3775–10 person 60% 54% 45% 53%

11 and above 25% 31% 34% 30%

Government
Assistance Yes 20% 36% 25% 27% X2 = 4.55 0.102

Profession Small-scale
Agriculture 83% 77% 83% 81% X2 = 1.14 0.565

* p < 0.05.

Based on the feedback of the open-ended question about the participants’ opinions
on deforestation, 86% of participants reported negative beliefs, including 42% people
cannot work, 20% people claimed that government does not pay a royalty for the prop-
erties, 11% think an increase in unemployment, and 10% thinks that usage of firewood is
prohibited. Only 14% mentioned just negative values. Respondents’ beliefs categorized
into negative values including restrictions and positive values including forest protection,
relationship between education and profession, education and government assistance, Du-
ration of Residence and government assistance, Age and government assistance, and found
that the regression relationship is significant and multicollinearity is less than 5. So, these re-
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sults indicate that there is an influence of these variables regarding deforestation if it is
from the government sector or local communities [72].

4.2. Components of Theory of Planned Behavior
4.2.1. Components of Behavioral Intention

The majority of the participants (46%) had thought to carry out the behavior in
question, while 23% of them declared that it is an illegal activity to deforest. Attitude toward
performing behavior was 59%. At the same time, descriptive norms for the respondent’s
views toward other people were 42% that were engaging in illegal activities. As far as PBC is
concerned, 47% of respondents were not satisfied with the performance of law enforcement.

4.2.2. Components of Attitude

Most of the participants (61%) believed that the replacement of forests with small-
scale agriculture will provide food for the family (agree and strongly agree on the “bipolar
Likert scale”). With regards to other important beliefs that categorized the respondents are
livelihood (82%), however, respondents’ beliefs toward replacing forest with tourism were
adverse (Figure 4a). As far as outcome evaluation is concerned, 94% of the participants
perceived that provide food to the family is important or very important “3 and 4 on the
bipolar Likert scale”, while only 28% of the respondents stated that, for them, increase
livelihood is of some importance.
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Figure 4. (a,b) Evaluating the percentage of components of attitude (behavioral belief and outcome evaluation).

The results obtained from Pearson correlation coefficients described that belief-assessment
(biei) had a relatively strong association with the direct measurement of attitude (the values
of Pearson coefficient lie between 0.2 and 0.4), with the notable exception of increasing
tourism (see Table 3). The regression analysis verified the relationship between endoge-
nous variable attitude and the exogenous variables biei: the β-tourism coefficient was not
found significant, whilst the β-coefficient for all other exogenous variables was significant.
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Table 3. Regression analysis to predict Attitude (dependent variable) from beliefs—evaluation (independent variables)
Pearson correlation coefficients between biei and Attitude (F = 14.671, R2 = 0.178 and significance level = 0.000).

Beliefs × Outcome Evaluation (Biei) Correlations Coefficients (r) B—Coefficients t-Values

Provide food × food for family 0.396 ** 0.297 ** 3.838
Increase livelihood × increase revenue is 0.327 ** 0.138 ** 1.767

Increase tourism × tourism is 0.223 * 0.069 0.984

** significant for p ≤ 0.01. * significant for p ≤ 0.05.

4.2.3. Components of Descriptive Norm

With regards to the perception of other people, it was perceived (78%, say Yes) rural in-
habitants replace the secondary forest with small-scale agriculture. Respondents generally
confirmed their most people (85%) have illegal activities in the forest (Figure 5).
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Figure 5. Percentage distribution of descriptive beliefs on the protection of forest.

By assessing correlation coefficients of descriptive normative beliefs (dnbi) and iden-
tification with the referent (iwri), the descriptive norm was found correlated with these
two products. The regression results demonstrated 20 percent of the variation in descriptive
norm that confirmed illegal activities of the people in the region (Table 4).

Table 4. Multicollinearity among variables.

Model B t Sig R2 Multicollinearity

Duration of Residence and Age 0.801 12.779 0.000 * 0.642 VIF < 1
Govt Assistance and Agriculture 0.789 12.252 0.000 * 0.623 VIF < 1

Education and Agriculture 0.661 8.411 0.000 * 0.437 VIF < 1
Education and Govt Assistance 0.663 8.445 0.000 * 0.439 VIF < 1

Duration of Residence and Govt Assistance 0.797 12.582 0.000 * 0.635 VIF < 1
Age and Govt Assistance 0.789 12.252 0.000 * 0.623 VIF < 1

* p < 0.000.

4.2.4. Components of PBC

The statement on unsuitable legislation was supported by a majority of respondents,
while the power of this belief to impede law enforcement was also perceived as high.
Majority of respondents agreed without suitable training illegal behavior of residents
would not stop (Figure 6a,b).

With regards to the evaluation of control belief x perceived power to influence prod-
ucts (cbipi), it was found that both products were correlated with the PBC (see Table 5).
However, insufficient legislation demonstrated a major factor affecting the perceived
power of control. Both the Pearson correlation coefficient and the regression analysis
results demonstrated that insufficient legislation as well as unsuited training significantly
predicted PBC.
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Table 5. Regression analysis to predict perceived behavior control (dependent variable) from beliefs—evaluation (indepen-
dent variables) Pearson correlation coefficients between biei and attitude (F = 37.679, R2 = 0.270 and significance level =
0.000).

Control Beliefs (cbi) × Power of Control Factors (pci) Correlations Coefficients (r) B—Coefficients t-Values

Legislations insufficient × without legislation 0.501 ** 0.401 ** 5.425
Training of personnel unsuited × without proper training 0.405 ** 0.170 ** 2.305

** significant for p ≤ 0.01.

4.3. Factors Predicting the Rural Residents’ Motivations Towards Deforestation

The components of the theory of planned behavior—attitude, DN, and perceived
behavior control—had shown strong associations with behavioral intention. Further-
more, the sums of all three products (∑biei, ∑nbimci, and ∑cbipi) had a positive correlation
with behavioral intention. Since all the variables had positive Pearson ‘s correlation coeffi-
cients with behavioral intention (significant level of all variables = p ≤ 0.01), none of the
variables was excepted from the linear regression analysis that was proposed to explain
the behavioral intention (Table 6).

Table 6. TPB (Theory of planned behavior) model explaining the Pearson’s correlation coefficients.

Mean Standard Deviation BI ATT ∑bsioei DN ∑dnbiirwi PBC ∑cbipci

BI 3.32 0.740 1.000
ATT 3.53 0.621 0.611 ** 1.000

∑bsioei 11 2.388 0.276 ** 0.413 ** 1.000
DN 3.14 0.770 0.511 ** 0.326 ** 0.222 ** 1.000

∑dnbiirwi 10.00 4.211 0.508 ** 0.359 ** 0.333 ** 0.455 ** 1.000
PBC 3.29 0.785 0.539 ** 0.334 ** 0.113 * 0.391 ** 0.204 ** 1.000

∑cbipci 11.442 3.067 0.458 ** 0.291 ** 0.310 ** 0.197 * 0.381 ** 0.508 ** 1.000

** significant for p ≤ 0.01. * significant for p ≤ 0.05.

Through the evaluation of multiple linear regression, all possible models to explain
behavioral intention were examined. (Table 7). “The standardized regression coefficients
(and t-values) of so-called basic model, having as explanatory variables attitude, descrip-
tive norm, and perceived behavioral control, demonstrated that all of three variables had
high explanatory power in behavioral intention variation. The basic model was also sta-
tistically significant (p ≤ 0.01) and explained 56% (R2 = 0.552) of the total variation of
the intention”.
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However, attitude was the most powerful component to explain the behavior in-
tentions with highest β = 0.436, followed by descriptive norms β = 0.256 and perceived
behavioral control β = 0.295 (Figure 7).
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Other analyzed models had the explanatory power in explaining the total variation of
the behavioral intention (R2 ranking between 0.576 and 0.343).

5. Discussion

Ajzen’s theory of planned behavior suggests that attitude, norms, and perceived
behavioral control are better predictors to explain an individual’s behavior [51]. In this re-
search, a preliminary exploration of behavior toward economic incentive for deforestation
in the study region was conducted using the theory of planned behavior as a framework
for structuring our analysis. The findings of the study suggest that the level of education in-
fluenced respondent’s behavioral intention to deforest for economic incentive. The present
study explored that attitude, descriptive norm, and perceived behavior control may be
good predictors to investigate the behaviors.

The analysis of the regression models has demonstrated that attitude was the major
factor to explain behavioral intention. Perceived behavioral control was followed closely
by descriptive norms, which verified the high power of influence. The PBC generally
has the characteristic of high power, which is confirming by the other studies [73–79].
Besides these components, intention to deforest with small-scale agriculture was also high
because of unsuited law effort in the region.

With regards to belief-based evaluation, the major item explaining the attitude was
food for family, followed by an increased livelihood. In the context of Pakistan, the in-
fluence of these two factors is due to rural residents’ reliance on natural resources. Inter-
estingly, tourism was not perceived as an important factor. This could be due to mostly
residents want to focus on agricultural activities and especially on family food. Descriptive
norms were highly influenced by the respondent’s behavior toward other people. Un-
like other studies that stated perceived behavioral control might be a good predictor of
behavior (e.g., [80–83], we found that people’s perception of law enforcement did not affect
their behavior. Rural resident’s view of law enforcement might not be sufficient to avoid
negative behavior, as the activities carried out involve the use of resources vital to the
livelihoods of local communities [9,84–86].

Regarding that most rural residents are involved in agrarian activities, their main
complaint was that they were prohibited from substituting secondary forests for small-
scale agriculture, which impeded their work and livelihood. This feeling was expressed in
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negative attitudes toward forest conservation, as well as negative behavior, as some of the
residents replacing secondary forests with small-scale farming.

Deforestation by residents of the area is a great challenge for forest management
because reconciling land use and preservation of ecosystems inside the region requires a
preventative measure to ensure the protection of remaining fragments without affecting
the livelihoods of inhabitants.

The current research did not deal with all of the theory of planned behavior compo-
nents (particularly, exclude the actual behavior and SN and explore the general element
of PBC and DN related to the economic incentive for deforestation), attempting to pre-
vent the use of the basic theory of planned behavior framework and complete analysis
of structural equations modeling or multivariate regression. However, it identifies areas
to be addressed by forestry managers to change the behavior of residents in relation to
important conservation issues of deforestation.

There should be a prosecution of corrupt government officials in charge of the forestry
laws and policies along with illegal loggers. Environmental awareness should be made
accessible to the general public about the devastating consequences of deforestation on
people and society at large. The government should embark on a program of tree planting
by enlightening the public to fathom that we have only one earth. Government, Non-
governmental organizations, and spirited individuals should organize an enlightenment
program on the impacts of climate change. The government should add more effort to the
poverty eradication program, and the educated unemployed youths should be accorded
employment. To curb the rate of deforestation, a skills training system should be coordi-
nated for rural women dwellers and the uneducated youth. In conclusion, therefore, it is
necessary to recognize and introduce successful ways of addressing the daily needs of
the communities. The emphasis needs to be placed on seeking alternative energy sources,
sustainable agricultural practices, diversifying income sources, and supporting rural de-
velopment for young people and disadvantaged community members. In order to allow
communities to engage actively in decision-making processes aimed at conserving the for-
est and improving the livelihoods of rural communities, forestry education and extension
should be geared toward institutional strengthening at the local level.

6. Conclusions

The economic benefits include the provision of subsidies for forest products, an en-
hanced system of taxes on exploited forest goods, the procurement of well-monitored
hunting licenses, alternative job opportunities, credit provision, and a limited ban on round
log exports in northern areas of Pakistan. The study suggests that the level of educa-
tion influenced the respondent’s behavioral intention to deforest for economic incentive.
The attitude, descriptive norm, and perceived behavior control may be good predictor
to investigate the behaviors. Besides these components, the intention to deforest with
small-scale agriculture was also high because of unsuited law efforts in the region. As far
as outcome evaluation is concerned, 94% of the participants perceived that provide food to
family is an important or very important component of livelihood. Socio-economic factors
that affect the forest, such considerations are profoundly rooted in the everyday needs of
the communities as regards forest products that meet the increasing population rather than
knowledge of the degradation and its implications of forest resources.

However, insufficient legislation demonstrated a major factor that is affecting the
perceived power of control. Both the Pearson correlation coefficient and the regression
analysis demonstrated that insufficient legislation as well as unsuited training demonstrates
that Human activities are environmentally hazardous in combination with our daily work
and actions at home, in industry, and even in agriculture, endanger the stability of the
climate and the ecological balance. All these human actions endanger nature. Adequate
economic incentives can be an important tool for reducing deforestation.
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Abstract: Adopting agroforestry practices in many developing countries is essential to combat climate
change and diversify farm incomes. This study investigated the above and below-ground biomass
and soil carbon of a citrus-based intercropping system in six sites (subdivisions: Bhalwal, Kot Momin,
Sahiwal, Sargodha, Shahpur and Silanwali) of District Sargodha, Southeast Pakistan. Tree biomass
production and carbon were assessed by allometric equations through a non-destructive approach
whereas, soil carbon was estimated at 0–15 cm and 15–30 cm depths. Above and below-ground
biomass differed significantly, and the maximum mean values (16.61 Mg ha−1 & 4.82 Mg ha−1)
were computed in Shahpur due to greater tree basal diameter. Tree carbon stock fluctuated from
6.98 Mg C ha−1 to 10.28 Mg C ha−1 among selected study sites. The surface soil (0–15 cm) had
greater bulk density, organic carbon, and soil carbon stock than the subsoil (15–30 cm) in the whole
study area. The total carbon stock of the ecosystem ranged from 25.07 Mg C ha−1 to 34.50 Mg C ha−1

across all study sites, respectively. The above findings enable us to better understand and predict
the carbon storage potential of fruit-based agroforestry systems like citrus. Moreover, measuring
carbon with simple techniques can produce trustworthy outcomes that enhance the participation of
underdeveloped nations in several payment initiatives such as REDD+.

Keywords: agroforestry; allometric equations; biomass; carbon stock; organic carbon

1. Introduction

The rapid increase of greenhouse gases has been responsible for severe global warming
throughout the world in the last few decades [1]. On an average basis, around 9.9 billion
metric tons of CO2 have been deposited into the atmosphere annually, causing significant
threats to the global environment [2]. According to Stocker [3], severe combustion of
fossil fuels and land cover change are the leading anthropogenic causes of this higher CO2
content in the environment. In the background of this higher CO2 amount and global
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warming risk, there is great interest in evolving every possible approach to diminish CO2
concentration emitted through human activities to mitigate climate change [4].

In the terrestrial ecosystem, carbon sequestration is achieved by photosynthesis, which
eliminates carbon from the environment and deposits in the biosphere [5,6]. Biomass is
considered a vital carbon reservoir in the terrestrial ecosystem, thus playing a crucial role
in the global carbon cycle [7]. Furthermore, vegetation biomass is greatly dependent on the
growth pattern of its various components [8,9] and is strongly influenced by the management
efforts [10]. Agroforestry is a well-managed system in which planting of woody trees is done
along with crops on the same piece of land [11,12], is currently practised over more than one
billion hectares in various parts of the globe and is acting as a major carbon sink around the
world [13]. The carbon storage potential of various agroforestry systems is much inconsistent
and ranges from 0.29 to 15.21 Mg ha−1 yr−1 around the globe [14].

Orchards are considered an important land-use type and cover approximately 22% of
irrigated agricultural land across the globe [15]. Citrus orchards form almost 20% of global
orchards, including both commercial (61%) and non-commercial (39%) types [16]. Citrus trees
with medium-high canopy and shade indices have the potential to sequester 36.11-million-ton
carbon in the Three Gorges Reservoir region of Chongqing, in which about 88.3% in soil and
11.7% in a citrus plant, and the economic value of that was more than 11.49 billion Yuan [17].
Various experimental fruit tree orchards, including citrus, has shown promising potential
in fixing carbon [18]. The assimilatory activity by the photosynthetic leaves of these species
accounts for a majority of carbon inputs [1,19]. Some fruit-based agroforestry systems in the
tropics captured about 1.5 to 3. 5 Mg ha−1 yr−1 carbon [20].

Fruit tree-based agroforestry systems have been practiced throughout Pakistan, espe-
cially in irrigated plains. Along with crops on the same land unit, these systems provide
constant and better output in income, food, and fruits to local dwellers [21]. Moreover,
fruit-based agroforestry systems are more concerned and compatible as equated to crops [9].
Citrus is the prominent fruit crop and a chief constituent of agroforestry in Pakistan and
is commercially interplanted along with the crops. Pakistan is ranked 12th among citrus-
producing countries worldwide [22], with a total production of 2.4 × 105 t annually [23].
Out of the total country area under fruits, ~29.55% is under citrus, and ~60% is under
Citrus reticulata Blanco, producing more than 75% of the citrus exports and providing
labor days or full-time jobs for more than 75,000 people (about 57 million labor days in
production and remaining in marketing sectors) [23].

Keeping in view the production, commercial benefits, and carbon capturing prospec-
tive, the citrus-based intercropping agroforestry systems have been studied and acknowl-
edged by several scientists around the globe [21,24,25]. Although knowledge regarding
the importance of fruit-based land-use practices in combating climate change is growing
in the country, information about citrus-based agroforestry systems under local climatic
conditions is limited. The present research work was conceived with the primary objective
to inspect the current carbon stock and CO2 mitigation potential of a citrus reticulata based
planting on farmlands. The study was performed in six towns of District Sargodha, the
hub of citrus reticulata based planting, to estimate the accurate dissemination of biomass
and carbon stocks in above and below-ground components of the system.

2. Materials and Methods
2.1. Description of Study Sites and Sampling Methodology

The present research was carried out in six subdivisions of Sargodha, a district in the
Punjab province of Pakistan. The study area is an agricultural region having an area of
2260 square miles, and citrus reticulata are commercially inter-planted in the fields along
with farm crops across the whole study area. The alluvium of the area is highly fertile for
citrus cultivation and is locally known as “Chaj Doab”, as depicted in Figure 1. The whole
district shares its boundary with salt range on the northern side, whereas the remaining
three sides are adjacent to rivers Jhelum and Chenab [26]. The area experiences very long
and hot summers with a maximum temperature of 50 ◦C, while winters are short and cold
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with minimum temperature falls below freezing point in winters at some places. Overall,
the area has a 23.8 ◦C average temperature with 410 mm average annual precipitation
(https://en.climate-data.org/location/2195/). Overall, 60 points were constructed for tree
inventory across six sites of districts of Sargodha: Bhalwal, Kot Momin, Sahiwal, Sargodha,
Shahpur, and Silanwali to estimate the biomass production and carbon storage both in
woody biomass and in soil (Figure 1). Across the whole study area, a total of 300 plots
(0.405 ha) with citrus orchards were randomly selected and measured by implementing the
lottery method [9].

Sustainability 2021, 13, x FOR PEER REVIEW 3 of 10 
 

citrus cultivation and is locally known as “Chaj Doab”, as depicted in Figure 1. The whole 
district shares its boundary with salt range on the northern side, whereas the remaining 
three sides are adjacent to rivers Jhelum and Chenab [26]. The area experiences very long 
and hot summers with a maximum temperature of 50 °C, while winters are short and cold 
with minimum temperature falls below freezing point in winters at some places. Overall, 
the area has a 23.8 °C average temperature with 410 mm average annual precipitation 
(https://en.climate-data.org/location/2195/). Overall, 60 points were constructed for tree 
inventory across six sites of districts of Sargodha: Bhalwal, Kot Momin, Sahiwal, Sargo-
dha, Shahpur, and Silanwali to estimate the biomass production and carbon storage both 
in woody biomass and in soil (Figure 1). Across the whole study area, a total of 300 plots 
(0.405 ha) with citrus orchards were randomly selected and measured by implementing 
the lottery method [9]. 

 
Figure 1. Map showing study sites with the distribution of sampling points of the citrus-based in-
tercropping system in district Sargodha. 

2.2. Tree Biomass and Carbon Estimation  
For the collection of inventory data, field visits were carried out from April 2016 to 

August 2016. Sampling was performed in each citrus orchard (0.405 ha) by considering 
the method described by Pearson et al. [27]. An area of 20 m × 20 m was sampled from 
each plot. The stem basal diameter and height of each tree in the sampling plots were 
measured. The diameter was recorded at 30 cm above the ground to avoid grafted stem 
and tree forking at 130 cm. For trees with two or more branches below 30 cm, the basal 
diameter was measured individually, and an equivalent diameter was calculated at the 
end. Tree age ranged from 4 to 18 years of measured plots across the whole study area. 
Tree basal area for individual trees and plot was also computed from the measured basal 
diameter. Above-ground biomass kg per plot of citrus trees was assessed by different al-
lometric equations converted to Mg ha−1 [28,29]. The results obtained from three equations 
were then averaged to increase the precision. Below-ground biomass was calculated by 
dividing the above-ground biomass by 0.24 [30,31]. The carbon stock per plot was esti-
mated by multiplying the biomass by 0.48 [32]. 

  

Figure 1. Map showing study sites with the distribution of sampling points of the citrus-based
intercropping system in district Sargodha.

2.2. Tree Biomass and Carbon Estimation

For the collection of inventory data, field visits were carried out from April 2016 to
August 2016. Sampling was performed in each citrus orchard (0.405 ha) by considering the
method described by Pearson et al. [27]. An area of 20 m × 20 m was sampled from each
plot. The stem basal diameter and height of each tree in the sampling plots were measured.
The diameter was recorded at 30 cm above the ground to avoid grafted stem and tree
forking at 130 cm. For trees with two or more branches below 30 cm, the basal diameter
was measured individually, and an equivalent diameter was calculated at the end. Tree
age ranged from 4 to 18 years of measured plots across the whole study area. Tree basal
area for individual trees and plot was also computed from the measured basal diameter.
Above-ground biomass kg per plot of citrus trees was assessed by different allometric
equations converted to Mg ha−1 [28,29]. The results obtained from three equations were
then averaged to increase the precision. Below-ground biomass was calculated by dividing
the above-ground biomass by 0.24 [30,31]. The carbon stock per plot was estimated by
multiplying the biomass by 0.48 [32].

2.3. Soil Sampling and Analysis

Samples of soil were taken randomly with the help of a soil auger from 10 plots of
each site at two depths: 0–15 cm and 15–30 cm depths. Across all study sites, soil samples
were obtained from three points in each plot, and a combined sample was made for each
depth. Overall, 120 samples for both depths were taken from the whole study area. After
collection, these samples of the same site and depth were separated and air-dried [33]. Soil
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bulk density was computed by the metal core of dimension 4 × 5 cm at both depths. All
the soil samples were ground first and then sieved through a 0.25 mm sieve to determine
the organic carbon. The wet oxidation method described by Walkley and Black [34] was
used to estimate the organic carbon. Finally, the soil carbon contents per hectare for each
depth was computed as follows

Soil carbon stock = OC % × Bulk density (g cm−3) × sampling depth (cm)

2.4. Statistical Analysis

Descriptive statistics were performed by using Statistics 8.1 statistical software pack-
age. Means of all the parameters were compared by one-way ANOVA, followed by the
LSD method to test the difference across all study sites.

3. Results and Discussion
3.1. Citrus Biomass and Carbon Stock

The basal diameter and height of citrus trees showed some variations among study
sites in district Sargodha (Table 1). However, the difference in inventory parameters
across all study sites was not significant (p > 0.05). The total biomass production of citrus
trees ranged from 14.55 Mg ha−1 to 21.43 Mg ha−1 across six study sites with maximum
accumulation at Shahpur and minimum at Sahiwal. The above and below-ground biomass
accumulation varied significantly (p ≤ 0.05), and the distribution status of biomass amongst
study sites was in the order of Shahpur > Sargodha > Silanwali > Bhalwal > Kot Momin
> Sahiwal (Table 2). Based on biomass production, the above and below-ground carbon
storage of citrus-based agroforestry system among all study sites was significantly different
(p ≤ 0.05). Overall, the ranking of carbon storage in the citrus intercropping system among
study sites was in the order of Shahpur (10.28 Mg C ha−1) > Sargodha (9.69 Mg C ha−1)
> Silanwali (8.65 Mg C ha−1) > Bhalwal (8.43 Mg C ha−1) > Kot Momin (7.77 Mg C ha−1)
> Sahiwal (6.98 Mg C ha−1), (Figure 2). The carbon stock in Shahpur was 6.08%, 18.84%,
21.80%, 32.30% and 47.27% higher than that in Sargodha, Silanwali, Bhalwal, Kot Momin,
and Sahiwal, respectively. The estimated basal area per plot showed a strong and positive
linear relationship (R2 = 0.91, p ≤ 0.05) with total citrus carbon stock in the complete
inventory plots of the study area (Figure 3).

Table 1. Growth parameters of the citrus-based intercropping system in district Sargodha.

Study Sites # Plots (0.405 ha) Basal Diameter (cm) Height (m)

Bhalwal 60 13.21 ± 3.01 3.92 ± 0.71
Kot Momin 50 11.75 ± 2.54 3.34 ± 1.26

Sahiwal 30 10.67 ± 2.09 3.13 ± 0.59
Sargodha 80 13.42 ± 2.70 3.59 ± 0.98
Shahpur 40 13.97 ± 2.39 4.03 ± 0.71
Silanwali 40 12.64 ± 1.61 3.37 ± 0.51

Values are means ± standard deviation.

Table 2. Biomass production estimation of a citrus-based intercropping system in district Sargodha.

Study Sites Above-Ground Biomass
(Mg ha−1)

Below-Ground Biomass
(Mg ha−1)

Total Biomass
(Mg ha−1)

Bhalwal 14.06 b ± 2.62 3.52 c ± 0.65 17.58 cd ± 3.27
Kot Momin 12.94 bc ± 3.51 3.27 c ± 0.87 16.21 cd ± 4.39

Sahiwal 11.48 c ± 1.35 3.07 c ± 0.35 14.55 d ± 1.70
Sargodha 16.14 a ± 2.61 4.04 b ± 0.66 20.18 ab ± 3.26
Shahpur 16.61 a ± 1.85 4.82 a ± 0.77 21.43 a ± 2.42
Silanwali 14.42 ab ± 1.76 3.60b c ± 0.44 18.02 bc ± 2.19

Values are means ± standard deviation; means followed by different letters are significantly different at 5%
probability level.
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In contrast to other tree species, there is some specific feature of the citrus-based agro-
forestry system concerning carbon-capturing ability to combat climate change. Because of
their particular physiological features, evergreen plants like citrus play an important role in
fixing atmospheric carbon [1], as earlier studies have demonstrated that citrus plants could
be a suitable option for combating climate change on a sustained basis [18,21,35]. Moreover,
trees are known as a vital part of biomass accumulation in agroforestry systems. Total
plant biomass and carbon accumulation showed little variation among all sites, highest in
Shahpur and Sargodha and lowest in Sahiwal. Total biomass in a citrus-based intercropping
system varied between 14.55 and 21.43 Mg ha−1 in the current study. This variation of
tree biomass between the sites is due to the difference between age, size, the density of
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trees along with management practices in the area as articulated by Ramachandran Nair,
Mohan Kumar, and Nair [14]; Liu et al. [36]; Dash and Behera [37]. For instance, Shahpur
has a greater biomass accumulation due to higher basal diameter and height than all
other sites. This might be endorsed to a slight difference in climatic conditions along with
awareness of agroforestry management practices across the study area. Similarly, Yadav,
Bisht, and Pandey [21] and Yadav, Gupta, Bhutia, Bisht, Pattanayak, Meena, Choudhary,
and Tiwari [10] have described similar differences in biomass accumulation in different
fruit-based agroforestry systems. Like biomass, carbon concentration in a system is directly
determined by several factors: environmental and socioeconomic and largely depends on
the structure and function of the system [9,38]. The establishment of trees on farmlands
enhances carbon sequestration ability both in soil and vegetation [39]. The above and below
ground carbon stock of the current studied system ranged from 5.51 to 7.97 Mg C ha−1

& 1.47 to 2.31 Mg C ha−1, respectively, among all sites of district Sargodha. Likewise,
biomass, these small variations among carbon stocks are again dependent on the quality
of the site, soil type, growth pattern of citrus trees on each site, age of trees, management
practices in the area in combination with their relation to below-ground components of
the system [37,40]. Similar trends of biomass carbon accumulation have been reported in
various fruit-based agroforestry systems, especially in Indian Himalaya, e.g., Yadav, Bisht,
and Pandey [21] have described the above-ground carbon accumulation (8.4 Mg C ha−1) in
the lemon + wheat system, a slightly greater than those presented in this study.

3.2. Soil Carbon Density

Organic carbon contents, bulk density, and soil carbon stock in the same soil depth
varied among all study sites of the citrus intercropping system, and this difference was
significant for both soil depths: 0–15 and 15–30 cm (Table 3). At surface soil: 0–15 cm, among
six study sites, the maximum soil carbon concentration (0.58%) was computed in Sargodha
and the lowest (0.44%) in Silanwali (p ≤ 0.05). At 15–30 cm soil depth, Shahpur (0.52%)
and Sargodha (0.49%) have significantly greater soil carbon contents than other study sites.
The maximum values of soil bulk density were computed in Silanwali (1.49 & 1.55 g cm−3),
followed by Shahpur (1.47 & 1.54 g cm−3) and Sargodha (1.42 &1.51 g cm−3), which were
significantly higher as compared to the other three sites: Bhalwal, Kot Momin and Sahiwal,
respectively (p ≤ 0.05). Due to soil pore space filled with eroded soil, porosity is reduced,
and bulk density increases. Similar to carbon concentration and soil bulk density, there
was some variation in the soil carbon stock between the study sites of district Sargodha.
A higher amount of soil carbon was recorded in surface soil (0–15 cm) for all study sites
than 15–30 cm soil layer. At 0–15 cm depth, soil carbon stock ranged from 9.42 Mg C ha−1 to
12.43 Mg C ha−1 across all study sites whereas, at 15–30 cm depth, higher soil carbon stock
(12.06 Mg C ha−1) was observed in Shahpur and was significantly different (p ≤ 0.05) from
all other sites. Overall, total soil carbon stock was greater in Shahpur (24.21 Mg C ha−1) and
Sargodha (23.65 Mg C ha−1) as compared to other study sites at 0–30 cm depth (Table 4).

Table 3. Biomass production estimation of a citrus-based intercropping system in district Sargodha.

Study Sites Above-Ground Biomass
(Mg ha−1)

Below-Ground Biomass
(Mg ha−1)

Total Biomass
(Mg ha−1)

Bhalwal 14.06 b ± 2.62 3.52 c ± 0.65 17.58 cd ± 3.27

Kot Momin 12.94 bc ± 3.51 3.27 c ± 0.87 16.21 cd ± 4.39

Sahiwal 11.48 c ± 1.35 3.07 c ± 0.35 14.55 d ± 1.70

Sargodha 16.14 a ± 2.61 4.04 b ± 0.66 20.18 ab ± 3.26

Shahpur 16.6 a ± 1.85 4.82 a ± 0.77 21.43 a ± 2.42

Silanwali 14.42 ab ± 1.76 3.60b c ± 0.44 18.02 bc ± 2.19

Values are means ± standard deviation; means followed by different letters are significantly different at 5%
probability level.
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Table 4. Soil organic carbon, bulk density, and soil carbon stock of citrus-based intercropping system in district Sargodha.

Study Sites
Organic Carbon (%) Bulk Density (g cm−3) Soil Carbon Stock (Mg ha−1)

0–15 cm 15–30 cm 0–15 cm 15–30 cm 0–15 cm 15–30 cm

Bhalwal 0.53 b ± 0.05 0.47 ab ± 0.04 1.39 cd ± 0.04 1.46 b ± 0.05 11.28 b ± 1.04 10.33 bc ± 1.03
Kot Momin 0.50 bc ± 0.04 0.42 bc ± 0.05 1.34 d ± 0.03 1.39 c ± 0.06 10.13 c ± 1.03 8.93 d ± 1.54

Sahiwal 0.46 cd ± 0.06 0.39 c ± 0.05 1.35 d ± 0.03 1.43 bc ± 0.05 9.42 c ± 1.11 8.60 d ± 1.19
Sargodha 0.58 a ± 0.05 0.49 a ± 0.07 1.42 bc ± 0.07 1.51 a ± 0.06 12.43 a ± 1.19 11.21 ab ± 1.74
Shahpur 0.54 ab ± 0.02 0.52 a ± 0.04 1.47 ab ± 0.07 1.54 a ± 0.09 12.14 ab ± 0.94 12.06 a ± 1.26
Silanwali 0.44 d ± 0.07 0.40 c ± 0.06 1.49 a ± 0.06 1.55 a ± 0.05 9.81 c ± 1.48 9.49 cd ± 1.35

Values are means ± standard deviation; means followed by different letters are significantly different at 5% probability level.

Soil carbon stock is considered an important carbon pool in measuring carbon balance
in different biomes throughout the globe [41]. The major factor of maximum total carbon
loss to the atmosphere from agroecosystems is soil respiration. Soil respiration is highly
variable in several plant species depending upon plant age, growth habits, and climatic
conditions [16]. The present study’s overall range of soil carbon stocks (0–30 cm) was 25.07
and 34.50 Mg C ha−1 between all study sites. The estimates of our study showed that
soil carbon stocks among sites were more or less similar to those estimated in other citrus-
based land-use systems [1,34]. However, Yadav, Gupta, Bhutia, Bisht, Pattanayak, Meena,
Choudhary, and Tiwari [10] estimated soil carbon density between 54.9 to 59.5 t C ha−1 in
four agroforestry-based land-use systems (agrisilviculture, agrihorticulture, agrihortisilvi-
culture, and agrisilvihorticulture, etc.) in Indian Himalaya was higher than our estimates.
These variations might be because of the differences with regard to space and time in
physical components of the plants and their management. The higher concentration of
soil carbon in various agroecosystems is associated with a greater amount of biomass re-
verted to soil resulting in higher soil organic matter stabilization and lower decomposition
rates [42]. Apart from this, other factors, such as soil type and age, greatly affect and adjust
the soil carbon amount in agroforestry land-use systems [43,44].

3.3. Total Carbon Stock (Biomass + Soil) of System

An overview of the findings (Table 5) indicates that the total carbon stock (biomass
carbon + soil carbon) of the citrus intercropping system varied significantly across the
study sites (p ≤ 0.05). The maximum total carbon density was computed in Shahpur
(34.50 Mg C ha−1), followed by Sargodha (33.34 Mg C ha−1), and was significantly higher
as compared to other sites, while minimum (25.07 Mg C ha−1) total carbon storage was
computed in Sahiwal (p ≤ 0.05). In Shahpur, the total carbon stock was 14.80%, 23.39%,
28.53% and 37.61% was higher when compared with Bhalwal, Silanwali, Kot Momin, and
Sahiwal, respectively. Our findings illustrated that the soil carbon pool was prominent in
the system’s total carbon stock. Similar findings regarding total carbon storage have also
been described [21,45] in different agroforestry systems. Likewise, Yasin, Nawaz, Siddiqui,
and Niazi [9] and Nawaz, Shah, Gul, Afzal, Ahmad and Ghaffar [30] reported a similar
range of total carbon stock in P. deltoides based bund planted agroforestry systems under
semi-arid conditions and E. camaldulensis based agroforestry system under arid conditions
on marginal lands. However, the total carbon stock in the agrisilvihorticulture system
in Indian Himalayas was much greater (93 t C ha−1) than our estimates [10]. Similarly,
the present estimates are far below the estimates (12–228 Mg C ha−1) of Krankina and
Harmon [46] for agrisilvicultre systems of humid tropical regions of Southeast Asia and
in different land uses varying from 51 to 448 t C ha−1 in Ethiopia [47]. However, the total
carbon stocks of the present study are greater than the estimates (15–18 Mg C ha−1) of
Winjum et al. [48] for silvopastoral systems of low humid tropical regions of northern Asia.
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Table 5. Total carbon stock (biomass + soil) of a citrus-based intercropping system in district Sargodha.

Sampling Sites Total Biomass Carbon
(Mg C ha−1)

Total Soil Carbon (Mg C
ha−1)

Total Carbon Stock
(Mg C ha−1)

Bhalwal 8.43 cd ± 1.57 21.61 b ± 1.64 30.05 b ± 1.62
Kot Momin 7.78 cd ± 2.10 19.06 c ± 1.62 26.84 cd ± 2.52

Sahiwal 6.98 d ± 0.76 18.02 c ± 1.78 25.07 d ± 1.37
Sargodha 9.68 ab ± 1.56 23.65 a ± 2.23 33.34 a ± 2.80
Shahpur 10.28 a ± 1.16 24.21 a ± 1.24 34.50 a ± 2.08
Silanwali 8.65 bc ± 1.05 19.31 c ± 1.97 27.96 c ± 2.02

Values are means ± standard deviation; means followed by different letters are significantly different at 5%
probability level.

4. Conclusions

Citrus reticulata is widely interplanted across district Sargodha on a commercial basis.
We concluded that the citrus-based planting showed a remarkable amount of carbon storage
in tree biomass and soil. The system total carbon stocks varied across study sites due to
differences among age, growth pattern of citrus trees, and their management across the
study area. Thus, the ability and potential of fruit-based agroforestry systems make them a
viable option to cope with climate change by sequestering a reasonable concentration of
CO2 from the atmosphere. Apart from this, these agroforestry systems provide livelihood
security to local dwellers, especially in underdeveloped countries. Our findings suggest
that the authorities promote such agroforestry systems to improve environmental services
and increase farmers’ income.
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