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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
summet, 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].

[ &
£ & Jan Feb Mar  Apr May Jun Jul Aug Sep Oct
% Months Hor L .

Figure 1. Illustration of (a) dry-bulb temperature, and (b) relative humidity variation (on hourly
basis) for the ambient conditions of Multan, Pakistan.
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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].
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Production changes
¢ increasing mortality
¢ decreasing quality
and quantity of eggs
e more feed intake
e reducing body weight
¢ poor feed conversion ratio

S i —

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].

——————————— Hleatandhumidity——-——————————

|

é . I

Behavioral changes Physiological changes :
e less feeding time e acid base imbalance |
« more drinking time * oxidative stress !
* wings lifted e respiratory alkalosis |
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' releasing factor (CRF)
" e decreasing gonadotrophin
releasing hormone (GnRH)

e increasing adrenocorticotrophic
hormone (ACTH)

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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Schematic diagram of typical poultry air-conditioning for thermal comfort.

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 THVL

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

5
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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



Sustainability 2021, 13, 2836

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].

Product air

h

~ Temperature and
. moisture sensor

Process air
_

Temperature and
moisture sensor

r

Water sump

A

Figure 5. Laboratory-scale models for direct evaporative cooling (DEC), indirect evaporative cooling (IEC), and Maisotsenko-

Cycle evaporative cooling (MEC) systems, reproduced from author’s work [43].

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.

7
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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 12.9186x — 0.24162x2) )
SE=0284K; 3<x<5
LHP = K(—42.961 4 27.415x — 2.84344x2) 3)

SE=029K;, 2<x<5
For temperature (t = 15.6 °C):

SHP = K(38.612 — 2.6224x — 0.072047x% — 0.00066x3) @)

8
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SE=0.045; 20 <x <41
LHP = K(22.285 — 0.78279x + 0.011503x2 — 0.000038x3> (5)

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

SHP = K(36, 070 — 2.1307x — 0.058862x% — 0.00051x3) ©)
SE=0110K; 20<x<39
LHP = K(n.zzl 1 0.40495x — 0.02727x2 — 0.000353x3> @)

SE=0.069K;, 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 + 0.015182x> — 0.000108x3) )

SE=0.022K;, 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].

THIproilers = 0.85tgp + 0.15ty (10)

THIjayers = 0.60tgp + 040t (11)

where, tgp, twp, 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 x V%% (02 <V <1.2) (12)

For 1 °C temperature rise

ET = (2 x 1029) « THVI~17:68 (13)
For 2.5 °C temperature rise

ET = (4 x 1013) x THVI~7-38 (14)
For 4 °C temperature rise

ET = (3 x 1011) x THVI 591 (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 = Tgp tan~! [0.151977 + (RH + 8.313659)%] + tan~1(Tg, + RH)
—tan~!(RH — 1.676331) (16)
+0.00391838 RH3 tan~1(0.023101RH) — 4.686035

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 Te’:‘n“l;:ri::‘:re Ambient RH DEC IEC MEC
AT  ARH ATHI AT  ARH ATHI AT  ARH ATHI
°O) (%) (°O) % °O) °O) % °O) °O) % °O)
Apr 36.5 395 10 485 9 65 23 65 12 375 10
May 375 36 10 49 85 65 205 5 115 42 95
Jun 38 44 7 8 85 5 195 7 95 39 10
Jul 375 66 55 21 35 45 125 3 7 305 55
Aug 385 62 7 26 45 45 155 3 75 315 55
Sep 35 55 65 36 5 35 165 35 7 345 6

A 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/m? 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
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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.
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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.
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Figure 10. Representation of Broiler age [days] as the function of sensible, latent, and total heat
production at all brooding temperatures.
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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.
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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 T, and THI to describe the increasing trend from

14
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the daily data of weather for broilers from daily weather conditions to calculate THI which
is a function of Ty, and RH.
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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 R? 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.
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Figure 15. Representation of dry-bulb temperature and THI as a correlating factor for (a) broiler chickens, and (b) egg-

laying chickens.
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Figure 16. Representation of wet-bulb temperature and THI as correlating factor for (a) broiler chickens, and (b) egg-
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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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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 (CO,), 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 CO, 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 NH; and H;,S 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 (PM;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 CO,
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 CO;, emissions, and the
atmospheric CO, 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 CO, 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]. NHj3 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 NH; and H,S 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 pum 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 CO; 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, H;S, 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 X 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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Heat-pump

Outlet e

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).

Air
<Heating system> Discharge pipe
|
Air Inhale
Heat Pump  chamber
(Heating)
Incubator Room of Pig Drain Bl Remote
line - control

Outdoor unit of
! @ anair-conditioner

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]:

L0
W

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,
CO;, emissions were determined in kgCOye (1 kWh = 0.483 kg CO, equivalent) [27] according to the
electricity consumption in both pig houses.

NHj; and H,S 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 NH; and 4LT (0.05-4 ppm, Gastec Corp., Kanagawa, Japan) for H,S. The NH3 gas
emission was expressed in ppm, and the H;S 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.

COP = (1)

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).

. External Control AHP Average
Periods Temp. (°C) ©0) ©0) SEM  p-Value COP
Weaning 4.5 24.7° 2612 1.84  <0.0001 3.86
Growing 6.1 20.4° 2282 1.88  <0.0001 3.98
Finishing 9.7 19.9b 2112 1.14  <0.0001 4.12
Average 7.1 21.3P 23.02 259  <0.0001 4.07

&b means that values with different superscripts within same row are significantly different (p < 0.05).

27



Sustainability 2020, 12, 9772

NN T =

»
)‘4':

A)

(B)

>

Temperature (°Q)
¥

©

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, CO, 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) CO; 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 3043 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 (CO;) emissions were evaluated based on
electricity consumption per day. The used conversion factor was 1 kWh = 0.483 kg CO, 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 CO, emission was decreased in the AHP-installed house, and the average
daily reduction was 63.49% compared to the control house.

3.3. NH3, H,S, Ultra-Fine Dust (PM; 5), and Formaldehyde Level

As listed in Table 3, NH; and H,S 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 H,S level was decreased by 45% in the AHP house.

Table 3. Effect of the air heat pump system on the NH; and H;S emissions in the pig house.

Item Periods Control AHP SEM p-Value
Weaning ~ 0.052 0.01° 0.02 <0.0001
NH; (ppm)  Growing  0.632 0.16° 0.33 <0.0001
Finishing ~ 2.272 0.97b 0.45 <0.0001
Average 1102 0.42° 0.78 <0.0001

Weaning 0.00 0.00 0.00 -

H,S (ppb)  Growing 0.00 0.00 0.00 -
Finishing ~ 5.14° 2.81° 0.56 <0.0001
Average 1.932 1.06 P 0.94 <0.0001

21 means that values with different superscripts within the same row are significantly different (p < 0.05).

Table 4 lists the ultra-fine dust concentration (PM; 5) and formaldehyde concentration due to the
air heat pump system. There were no significant differences in the PM; 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.
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Table 4. Effect of the air heat pump system on ultra-fine dust (PM; 5) and formaldehyde concentration

in the pig house.

Item Periods Control AHP SEM p-Value

Ultra-fine Weaning 28.39 2474 16.60 0.46

dust (PM5) Growing  29.03 26.33 23.71 0.64

(ng/m?3) Finishing 21.14 21.69 14.22 0.87

Average 25.84 24.14 18.80 0.54

Weaning 0.06 0.05 0.02 0.26

F ldehyd

Or(mam)e Y9 Growing 0082  0.05P 0.04 0.03

PP Finishing ~ 0222  0.13° 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 (04 weeks)

Initial weight (kg) 8.56 8.29 3.17 0.86
Final weight (kg) 25.81 2587  5.66 0.98
Weight gain (kg) 17.26 17.58  3.01 0.82
Feed intake (kg) 33.48 3379 745 0.93
FCR (Feed/gain) 1.95 2.01 0.60 0.83

Growing period (4-10 weeks)

Initial weight (kg) 25.81 2587  5.66 0.98
Final weight (kg) 70.77 66.10  7.80 0.22
Weight gain (kg) 40.23 4396  4.27 0.03
Feed intake (kg) 100.93 96.66  4.63 0.54
FCR (Feed/gain) 225 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 15148 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 10488 5.46 0.06
Feed intake (kg) 285.23 28193 3.23 0.82
FCR (Feed/gain) 271 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 41
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, CO, 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 CO, 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 CO, 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 NHj concentration is 20 ppm. In the livestock sector, pig growth
was slowed by 12% to 30% in intensive swine buildings because of the elevated NHj3 concentration [11].
An improper ventilation system and high concentrations of NHjz, H,S, and CO; lead to poor air quality
inside pig houses. In the present study, the concentrations of both NH3 and H,S 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 NH; and H,S 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/m?2. 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 CO, emissions by 19.32 kg was observed during the experimental period
in the AHP house. Furthermore, the NH3 and H,S 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/ m?2. The solar stills (SS) can be used for desalination and
generate a Zero Liquid Discharge (ZLD) model [59].

PV panels

Humidifie

Figure 1. Conceptual model of a naturally ventilated greenhouse (GH) in Egypt [60].

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.

41



Sustainability 2021, 13, 1446

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 580 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 2.88m
Length of the greenhouse 8.25m

Width of the internal vent 0.50 m

Height of the left-side internal wall 426 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

0.000 4.000 8.000(rn)

= =

2.000 6.000

Figure 2. Cross-sectional view of the greenhouse.

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~ at 25 °C [65], and the coefficient of thermal expansion of water was
0.000257 K1 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].

ANSYS

2019R3
ACADEMIC

Figure 3. Final discretised model of thethe GH.

Table 2. The material properties used in the simulation for glass and soil.

. Density Specific Heat Thermal Conductivity
Material (kg m~3) ( kg—1 K1) (W m-1K-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=310K
GH Roof Wall (glass) T=310K
GH Floor Wall (soil) T=320K
External Floor Wall (soil) T=300K
L U=2ms!,5ms™ 1,10 ms™?
Inlet Velocity inlet T=290K, 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 5¢,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, 290293 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 8¢,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 9¢,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 5m/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.

Author Contributions: Conceptualization, M.A., CD.M., AHS.,, HESFE, A AJ, RE, AN, method-
ology, M.A.,, C.D.M.,, M.D., AHS.,, HESF, A AJ,; software, M.A., C.D.M.; formal analysis, M.A.,
C.D.M,; investigation, M.A., A.A.J.,, AN,; resources, M.A., A.A],; data curation, M.A., C.D.M.;
writing—original draft preparation, M.A., C.D.M.; writing—review and editing, M.A., CD.M., M.D.,
AHS,HESFE,RHM., A.AJ,RFE, AN, visualization, C.D.M., M.A ; supervision, M.A., A.A].;
project administration, M.A.; funding acquisition, A.A.J., A.N., R.E. All authors have read and agreed
to the published version of the manuscript.

Funding: This paper is based on work supported by the British Council (BC) of UK, Grant No.
(332435306) and Science, Technology, and Innovation Funding Authority (STIFA) of Egypt, Grant
No. (30771), through the project titled “A Novel Standalone Solar-Driven Agriculture Greenhouse-
Desalination System: That Grows its Energy and Irrigation Water” via the Newton-Musharafa
funding scheme.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Abdrabbo, M.; Negm, A_; Fath, H.E; Javadi, A. Greenhouse management and best practice in Egypt. Int. Water Technol. Assoc.

2019, 9, 118-201.

2. Fath, H.E.-B.S. Desalination and Greenhouses. In Unconventional Water Resources and Agriculture in Egypt; Negm, AM., Ed.;
Springer International Publishing: Cham, Switzerland, 2019; pp. 455-483. [CrossRef]

3. Hassan, G.E,; Salah, A.H.; Fath, H.; Elhelw, M.; Hassan, A.; Saqr, K.M. Optimum operational performance of a new stand-alone
agricultural greenhouse with integrated-TPV solar panels. Sol. Energy 2016, 136, 303-316. [CrossRef]

4. Maraveas, C. Environmental Sustainability of Greenhouse Covering Materials. Sustainability 2019, 11, 6129. [CrossRef]

5. Rabbi, B.; Chen, Z.-H.; Sethuvenkatraman, S. Protected Cropping in Warm Climates: A Review of Humidity Control and Cooling
Methods. Energies 2019, 12, 2737. [CrossRef]

6. Abdel-Mawgoud, A.; El-Abd, S; Singer, S.; Abou-Hadid, A.; Hsiao, T. Effect of shade on the growth and yield of tomato plants.
Strateg. Mark. Oriented Greenh. Prod. 1995, 434, 313-320. [CrossRef]

56



Sustainability 2021, 13, 1446

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

Matsoukis, A.; Kamoutsis, A. Studies on the growth of Lantana camara L. subsp. camara in relation to glasshouse environment
and paclobutrazol. Adv. Hortic. Sci. 2003, 17, 153-158.

Gent, M.P. Effect of degree and duration of shade on quality of greenhouse tomato. HortScience 2007, 42, 514-520. [CrossRef]
Aroca-Delgado, R.; Pérez-Alonso, J.; Callején-Ferre, AJ; Velazquez-Marti, B. Compatibility between crops and solar panels: An
overview from shading systems. Sustainability 2018, 10, 743. [CrossRef]

Medany, M.; Abdrabbo, M.; Awny, A.; Hassanien, M.; Abou-Hadid, A. Growth and productivity of mango grown under
greenhouse conditions. Egypt. J. Hort 2009, 36, 373-382.

Hasanein, N.; Abdrabbo, M.; El-Khulaifi, Y. The effect of bio-fertilizers and amino acids on tomato production and water
productivity under net-house conditions. Arab Univ. J. Agric. Sci. 2014, 22, 43-54.

El Afandi, G.; Abdrabbo, M. Evaluation of reference evapotranspiration equations under current climate conditions of Egypt.
Turk. J. Agric. Food Sci. Technol. 2015, 3, 819-825. [CrossRef]

Abul-Soud, M.; Emam, M.; Abdrabbo, M. Intercropping of some brassica crops with mango trees under different net house color.
Res. J. Agric. Biol. Sci. 2014, 10, 70-79.

Lorenzo, P.; Maroto, C.; Castilla, N. Carbon dioxide air levels in plastic greenhouse in Almeria. Agricultura 1990, 697, 696—698.
Mistriotis, A.; Bot, G.P.A.; Picuno, P; Scarascia-Mugnozza, G. Analysis of the efficiency of greenhouse ventilation using
computational fluid dynamics. Agric. For. Meteorol. 1997, 85, 217-228. [CrossRef]

Papadakis, G.; Mermier, M.; Meneses, J.F,; Boulard, T. Measurement and Analysis of Air Exchange Rates in a Greenhouse with
Continuous Roof and Side Openings. ]. Agric. Eng. Res. 1996, 63, 219-227. [CrossRef]

Ganguly, A.; Ghosh, S. Model development and experimental validation of a floriculture greenhouse under natural ventilation.
Energy Build. 2009, 41, 521-527. [CrossRef]

Kittas, C.; Boulard, T.; Bartzanas, T.; Katsoulas, N.; Mermier, M. Influence of an Insect Screen on Greenhouse Ventilation. Trans.
ASAE 2002, 45, 1083. [CrossRef]

Demrati, H.; Boulard, T.; Bekkaoui, A.; Bouirden, L. SE—Structures and Environment: Natural Ventilation and Microclimatic
Performance of a Large-scale Banana Greenhouse. J. Agric. Eng. Res. 2001, 80, 261-271. [CrossRef]

Shukla, A.; Tiwari, G.; Sodha, M. Energy conservation potential of inner thermal curtain in an even span greenhouse. Trends Appl.
Sci. Res 2006, 1, 542-552.

Rico-Garcia, E.; Lopez-Cruz, I.; Herrera-Ruiz, G.; Soto-Zarazua, G.; Castaneda-Miranda, R. Effect of temperature on greenhouse
natural ventilation under hot conditions: Computational Fluid Dynamics simulations. J. Appl. Sci. 2008, 8, 4543—-4551. [CrossRef]
Esen, M.; Yuksel, T. Experimental evaluation of using various renewable energy sources for heating a greenhouse. Energy Build.
2013, 65, 340-351. [CrossRef]

Aljubury, LM.A; Ridha, H.D.a. Enhancement of evaporative cooling system in a greenhouse using geothermal energy. Renew.
Energy 2017, 111, 321-331. [CrossRef]

Von Elsner, B.; Briassoulis, D.; Waaijenberg, D.; Mistriotis, A.; von Zabeltitz, C.; Gratraud, J.; Russo, G.; Suay-Cortes, R. Review of
Structural and Functional Characteristics of Greenhouses in European Union Countries: Part I, Design Requirements. ]. Agric.
Eng. Res. 2000, 75, 1-16. [CrossRef]

Choab, N.; Allouhi, A.; El Maakoul, A.; Kousksou, T.; Saadeddine, S.; Jamil, A. Review on greenhouse microclimate and
application: Design parameters, thermal modeling and simulation, climate controlling technologies. Sol. Energy 2019, 191,
109-137. [CrossRef]

Abdel-Ghany, A.M.; Al-Helal, .M. Solar energy utilization by a greenhouse: General relations. Renew. Energy 2011, 36, 189-196.
[CrossRef]

Kittas, C.; Karamanis, M.; Katsoulas, N. Air temperature regime in a forced ventilated greenhouse with rose crop. Energy Build.
2005, 37, 807-812. [CrossRef]

Foster, M.P.; Down, M.]. Ventilation of livestock buildings by natural convection. J. Agric. Eng. Res. 1987, 37, 1-13. [CrossRef]
Lee, S.-Y.; Lee, I.-B.; Kim, R.-W. Evaluation of wind-driven natural ventilation of single-span greenhouses built on reclaimed
coastal land. Biosyst. Eng. 2018, 171, 120-142. [CrossRef]

Aich, W.; Kolsi, L.; Borjini, M.N.; Aissia, H.B.; C)ztop, H.; Abu-Hamdeh, N. Three-dimensional CFD Analysis of Buoyancy-driven
Natural Ventilation and Entropy Generation in a Prismatic Greenhouse. Therm. Sci. 2016, 52, 1-12.

Boulard, T.; Baille, A. Modelling of air exchange rate in a greenhouse equipped with continuous roof vents. J. Agric. Eng. Res.
1995, 61, 37-47. [CrossRef]

Teitel, M.; Ziskind, G.; Liran, O.; Dubovsky, V.; Letan, R. Effect of wind direction on greenhouse ventilation rate, airflow patterns
and temperature distributions. Biosyst. Eng. 2008, 101, 351-369. [CrossRef]

Pakari, A.; Ghani, S. Airflow assessment in a naturally ventilated greenhouse equipped with wind towers: Numerical simulation
and wind tunnel experiments. Energy Build. 2019, 199, 1-11. [CrossRef]

Majdoubi, H.; Boulard, T.; Fatnassi, H.; Bouirden, L. Airflow and microclimate patterns in a one-hectare Canary type greenhouse:
An experimental and CFD assisted study. Agric. For. Meteorol. 2009, 149, 1050-1062. [CrossRef]

Bournet, P.-E.; Boulard, T. Effect of ventilator configuration on the distributed climate of greenhouses: A review of experimental
and CFD studies. Comput. Electron. Agric. 2010, 74, 195-217. [CrossRef]

Campen, J.; Bot, G. Determination of greenhouse-specific aspects of ventilation using three-dimensional computational fluid
dynamics. Biosyst. Eng. 2003, 84, 69-77. [CrossRef]

57



Sustainability 2021, 13, 1446

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Shklyar, A.; Arbel, A. Numerical model of the three-dimensional isothermal flow patterns and mass fluxes in a pitched-roof
greenhouse. J. Wind Eng. Ind. Aerodyn. 2004, 92, 1039-1059. [CrossRef]

Kittas, C.; Katsoulas, N.; Bartzanas, T.; Mermier, M.; Boulard, T. The impact of insect screens and ventilation openings on the
greenhouse microclimate. Trans. ASABE 2008, 51, 2151-2165. [CrossRef]

Molina-Aiz, FD.; Fatnassi, H.; Boulard, T.; Roy, ].C.; Valera, D.L. Comparison of finite element and finite volume methods for
simulation of natural ventilation in greenhouses. Comput. Electron. Agric. 2010, 72, 69-86. [CrossRef]

Ayuga, F. Present and future of the numerical methods in buildings and infrastructures areas of biosystems engineering. J. Agric.
Eng. 2015, 46, 1-12. [CrossRef]

Teitel, M,; Liran, O.; Tanny, J.; Barak, M. Wind driven ventilation of a mono-span greenhouse with a rose crop and continuous
screened side vents and its effect on flow patterns and microclimate. Biosyst. Eng. 2008, 101, 111-122. [CrossRef]

Teitel, M.; Wenger, E. Air exchange and ventilation efficiencies of a monospan greenhouse with one inflow and one outflow
through longitudinal side openings. Biosyst. Eng. 2014, 119, 98-107. [CrossRef]

Lee, I.-B,; Bitog, ].PP.; Hong, S.-W.; Seo, I.-H.; Kwon, K.-S.; Bartzanas, T.; Kacira, M. The past, present and future of CFD for
agro-environmental applications. Comput. Electron. Agric. 2013, 93, 168-183. [CrossRef]

Tong, G.; Christopher, D.M.; Zhang, G. New insights on span selection for Chinese solar greenhouses using CFD analyses.
Comput. Electron. Agric. 2018, 149, 3-15. [CrossRef]

Benni, S.; Tassinari, P.; Bonora, F.; Barbaresi, A.; Torreggiani, D. Efficacy of greenhouse natural ventilation: Environmental
monitoring and CFD simulations of a study case. Energy Build. 2016, 125, 276-286. [CrossRef]

Afou, Y.E.; Msaad, A.A.; Kousksou, T.; Mahdaoui, M. Predictive control of temperature under greenhouse using LQG strategy. In
Proceedings of the 2015 3rd International Renewable and Sustainable Energy Conference (IRSEC), Ouarzazate, Morocco, 10-13
December 2015; pp. 1-5.

Bot, G.P. Physical modeling of greenhouse climate. IFAC Proc. Vol. 1991, 24, 7-12. [CrossRef]

Su, Y,; Xu, L. Towards discrete time model for greenhouse climate control. Eng. Agric. Environ. Food 2017, 10, 157-170. [CrossRef]
Iga, J.L.; Garcia, E.A.; Fuentes, H.R. Modeling and Validation of a Greenhouse Climate Model. IFAC Proc. Vol. 2005, 38, 173-178.
[CrossRef]

Paull, R. Effect of temperature and relative humidity on fresh commodity quality. Postharvest Biol. Technol. 1999, 15, 263-277.
[CrossRef]

Sharkey, T.D.; Loreto, F. Water stress, temperature, and light effects on the capacity for isoprene emission and photosynthesis of
kudzu leaves. Oecologia 1993, 95, 328-333. [CrossRef]

Kittas, C.; Katsoulas, N.; Bartzanas, T. Greenhouse climate control in mediterranean greenhouses. Cuad. Estud. Agroaliment. 2012,
3,89-114.

Yohannes, T.; Fath, H. Novel agriculture greenhouse that grows its water and power: Thermal analysis. In Proceedings of the
24th Canadian Congress of Applied Mechanics CANCAM, Saskatoon, SK, Canada, 2-6 June 2013.

Akrami, M.; Salah, A.H.; Javadi, A.A.; Fath, HE.S.; Hassanein, M.].; Farmani, R.; Dibaj, M.; Negm, A. Towards a Sustainable
Greenhouse: Review of Trends and Emerging Practices in Analysing Greenhouse Ventilation Requirements to Sustain Maximum
Agricultural Yield. Sustainability 2020, 12, 2794. [CrossRef]

Salah, A.H.; Hassan, G.E.; Fath, H.; Elhelw, M.; Elsherbiny, S. Analytical investigation of different operational scenarios of a novel
greenhouse combined with solar stills. Appl. Therm. Eng. 2017, 122, 297-310. [CrossRef]

Amarananwatana, P.; Sorapipatana, C. An assessment of the ASHRAE clear sky model for irradiance prediction in Thailand
Nuntiya. Asian J. Energy Env. 2007, 8, 523-532.

ASHRAE Handbook—Fundamentals; American Society of Heating, Refrigerating and Air-Conditioning Engineers, Inc.: Atlanta,
GA, USA, 2009.

Wu, W.-Y; Lan, C.-W.; Lo, M.-H.; Reager, ].T.; Famiglietti, ].S. Increases in the annual range of soil water storage at northern
middle and high latitudes under global warming. Geophys. Res. Lett. 2015, 42, 3903-3910. [CrossRef]

Akrami, M,; Salah, A.H.; Dibaj, M.; Porcheron, M.; Javadi, A.A.; Farmani, R.; Fath, H.E.S.; Negm, A. A Zero-Liquid Discharge
Model for a Transient Solar-Powered Desalination System for Greenhouse. Water 2020, 12, 1440. [CrossRef]

Salah, A ; Fath, H.; Negm, A.; Akrami, M.; Javadi, A. Simulation of agriculture greenhouse integrated with on-roof Photo-Voltaic
panels: Case study for a winter day. In Proceedings of the International Conference on Innovative Applied Energy (IAPE’20),
Cambridge, UK, 15-16 September 2020.

Mistriotis, A.; Arcidiacono, C.; Picuno, P.; Bot, G.P.A.; Scarascia-Mugnozza, G. Computational analysis of ventilation in green-
houses at zero- and low-wind-speeds. Agric. For. Meteorol. 1997, 88, 121-135. [CrossRef]

Okushima, L.; Sase, S.; Nara, M. A support system for natural ventilation design of greenhouses based on computational
aerodynamics. In Proceedings of the International Symposium on Models for Plant Growth, Environmental Control and Farm
Management in Protected Cultivation 248, Hanover Germany, 28 August—2 September 1988; pp. 129-136.

Sase, S.; Takakura, T.; Nara, M. Wind tunnel testing on airflow and temperature distribution of a naturally ventilated greenhouse.
In Proceedings of the III International Symposium on Energy in Protected Cultivation 148, Columbus, OH, USA, 21-26 August
1983; pp. 329-336.

Akrami, M.; Javadi, A.A.; Hassanein, M.].; Farmani, R.; Dibaj, M.; Tabor, G.R.; Negm, A. Study of the Effects of Vent Configuration
on Mono-Span Greenhouse Ventilation Using Computational Fluid Dynamics. Sustainability 2020, 12, 986. [CrossRef]

58



Sustainability 2021, 13, 1446

65.

66.

67.

68.

Hu, J.; Cai, W,; Li, C.; Gan, Y.; Chen, L. In situ X-ray diffraction study of the thermal expansion of silver nanoparticles in ambient
air and vacuum. Appl. Phys. Lett. 2005, 86, 151915. [CrossRef]

Tang, ].C; Lin, G.L.; Yang, H.C,; Jiang, G.]J.; Chen-Yang, Y.W. Polyimide-silica nanocomposites exhibiting low thermal expansion
coefficient and water absorption from surface-modified silica. J. Appl. Polym. Sci. 2007, 104, 4096—4105. [CrossRef]

Fernandez, M.; Bonachela, S.; Orgaz, F.; Thompson, R.; Lopez, J.; Granados, M.; Gallardo, M.; Fereres, E. Measurement and
estimation of plastic greenhouse reference evapotranspiration in a Mediterranean climate. Irrig. Sci. 2010, 28, 497-509. [CrossRef]
Bartzanas, T.; Boulard, T.; Kittas, C. Effect of Vent Arrangement on Windward Ventilation of a Tunnel Greenhouse. Biosyst. Eng.
2004, 88, 479-490. [CrossRef]

59






<@ sustainability

Article

Free Discharge of Subsurface Drainage Effluent: An Alternate
Design of the Surface Drain System in Pakistan

Muhammad Ali Imran 1@, Jinlan Xu !, Muhammad Sultan 2*©, Redmond R. Shamshiri 3*(, Naveed Ahmed 40,

Qaiser Javed °, Hafiz Muhammad Asfahan 2, Yasir Latif ¢, Muhammad Usman 7

check for

updates
Citation: Imran, M.A.; Xu, J.; Sultan,
M.; Shamshiri, R.R.; Ahmed, N.;
Javed, Q.; Asfahan, H.M.; Latif, Y.;
Usman, M.; Ahmad, R. Free
Discharge of Subsurface Drainage
Effluent: An Alternate Design of the
Surface Drain System in Pakistan.
Sustainability 2021, 13, 4080.
https:/ /doi.org/10.3390/su13074080

Academic Editor:

Mohammad Valipour

Received: 13 March 2021
Accepted: 1 April 2021
Published: 6 April 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Riaz Ahmad 8

School of Environmental and Municipal Engineering, Xi’an University of Architecture and Technology,
Xi’an 710055, China; maimran@xauat.edu.cn (M.A L); xujinlan@xauat.edu.cn (J.X.)

Department of Agricultural Engineering, Bahauddin Zakariya University, Multan 60800, Pakistan;
hmasfahan@gmail.com

Department of Engineering for Crop Production, Leibniz Institute for Agricultural Engineering and
Bioeconomy, 14469 Potsdam-Bornim, Germany

Key Laboratory of Mountain Surface Process and Ecological Regulations, Institute of Mountain Hazards
and Environment, Chinese Academy of Sciences, Chengdu 610041, China; naveedahmed@imde.ac.cn
School of the Environment and Safety Engineering, Jiangsu University, Zhenjiang 212013, China;
gjaved@uijs.edu.cn

Institute of Computer Sciences, Czech Academy of Sciences, 18200 Prague, Czech Republic; latif@cs.cas.cz
Institute for Water Resources and Water Supply, Hamburg University of Technology,

Am Schwarzenberg-Campus 3, 20173 Hamburg, Germany; muhammad.usman@tuhh.de

College of Engineering, Nanjing Agricultural University, Nanjing 210031, China; riaz@cau.edu.cn

*  Correspondence: muhammadsultan@bzu.edu.pk (M.S.); rshamshiri@atb-potsdam.de (R.R.S.);

Tel.: +92-333-6108888 (M.S.)

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
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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

62



Sustainability 2021, 13, 4080

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 km?. 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
(EL¢) is calculated as:

EL,=CL—- (D xS) 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:

WLpp = ELc — SF 2)

BLry = WLrr —drr 3)

where WL;r is low-flow water level (minimum level) in the surface drain; SF is the safe
margin (0.3 to 0.5 m); BLry is the revised drain bed level, and d; r 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 (WLgr) and low /minimum (WL;r) 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 S;:1 (H:V) to a smaller value S;:1 (S, > S1) by
such an extent that the requisite bed level was achieved over the selected distance D, as
shown in Figure 4.

D
ABLB - EBLB - m (4)
D
BLg = BL4 + 5_2 @)

where BL4 and BLp are bed levels at A and B, respectively, D is the distance from point
A to point B, EByp is the existing bed level at B, and ABLg 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.

Legends

NSL ~——

-7 . Existing water level ———

o - Desi _—
. - esign water level

.- Existing bed level ———-

Design bed level —_—

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 (S;). 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
195 Try. Drain
Karari Try. Drain
NIPALKE Try.
159 Try. Drain
Gojra Drain
Gunna Branch

28.91 178.5 178.2 180.6 180.6 179.7 179.2
37.21 181.7 180.4 183.1 182.7 182.0 181.2
39.81 181.6 180.7 183.2 183.1 181.9 181.7
43.31 181.5 181.1 183.8 183.5 182.3 182.0
50.57 184.0 182.8 184.8 183.5 184.5 183.6
50.57 184.0 182.8 184.7 184.5 184.3 183.6
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.

Jhang BC & ppdima disty. Sarangwila Sarangwala Kararitry  Hipalke try. 157 try. Gun_nabranch
190 Madhuana aquaduct drain outfall  disty. aguaduct dran outfall  drain outfall dralr} outfall drain outfall
aguaduct . 159 try drain
Masrana disty. 195 fry. & Goiradeain outfall
| aguaduct drain outfall pira gratn. ou
185 1 l |
5 .
c
2
= 180 1
i

175 1 —~—N3L —BLgy — Wiy
— Bl O Sump Level —Wlipp
@® Wlipg = BLg O Wlipg
170 - : . - . T . T T T T
0 5000 10,000 15,000 20,000 25,000 30,000 35,000 40,000 45,000 50,000 55,000 60,000

Reduced distance (m)

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

BS

Reach (km) B (m) dHF (m) v V (m/s) High Q (m?/s) dLF (m) Low Q (m3/s)
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 77 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
40.84-45.11 472 7.7 8000 0.36 6.96 0.91 122
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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Table 3. Features of design cross-section of the Paharang main drain.

RD Existing Bed  DesignBed =~ WLHFry =~ WLLFpy =~ WLHFgx ~ WLHFp  Additional ROW (m)
(km) NSL (m)
Level (m) Level (m) (m) (m) (m) (m) Left Right

7.62 18291 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
13.72 182.93 177.08 176.23 178.58 177.13 179.43 177.64 359 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
32.00 182.71 180.89 178.65 181.0 189.05 182.56 181.19 409 0
37.39 18391 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

’

1
1
1
hY

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 m® and 1030 m? 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).

/

1
1
1
1
1
1
1
1
1
|
i Foundation
1
1

Figure 7. Schematic diagram of the pad design (left) and the aqueduct with the proposed design (right).
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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/m? and 1.28-4.89 kg/m?
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/Kaotli 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.

Depth below Ground Surface

Physical and Chemical Properties of Soil

0-15 cm 16-30 cm

Clay (%) 10 10

Silt (%) 30 30

Sand (%) 60 60
Nitrogen (%) 0.8 2.0
Phosphorus (ppm) 5.0 34
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.

1l
wm
B

SOLING

B5mx 55m

Figure 1. Cont.
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Peach Plants

10m x 10 m

(d)

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 m®/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 (m?) Total Area under Crop (m?)
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 55 55 30 990
Peach (Early Grand) 6 years 6 6 36 1584
Citrus (Musambi) 6 years 10 10 100 3000
Motor
Sc:_lar Pump (0.004 (2hp) Sereen
m/s) filter

/

%

Pressure
W gauge
(@)

Fertigation tank
/‘ (0.5m0 5m=0.3m)

Hand
wvalve

1\—‘_\_\‘_\—‘_\_\—b Sub main

—— 6Tm

line (38

)

Dnppers
T (0.006 m*h)

Lateralline
(16 mm)

Figure 2. Schematic diagram of the low-cost drip irrigation system.

Table 3. Pressure and flow variation in the low-cost drip irrigation system.

v

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
(0.5m x 0.5m x 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].

y =36.66 — 0.444x
R>=0.920

40 -
35 -
S 30 -
‘525—
g 20 -
215_
E
2 10 -
=
5_
0
0

20 40 60 80 100
Matric potential (kPa)

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 (m?) 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 (m?)
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 (m?) were calculated
according to the formula: 0.536 x tree height x 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.

300 - = 2015

250 - 2016

200 -

150 -

100 -
0 I I
0 |- T. T T T T T T II TI I- T

Jan Feb Mar April May June July Aug Sep Oct Nov Dec

Total Rainfall (mm)

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 (m®) 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

Water Applied (m?) Yield (kg/ha) wa(t:\;l.llés)e(igzg)n v
WaterSaving (%) _ Yield Increase (%)
Drip Furrow Drip Furrow Drip Furrow

(m®)

Potato 1500
Onion 2000
Chilies 5040
Olive 5940
Peach 7370
Citrus 8480

280 1350 2440 45 10,930 7287 33 8.10 299
1060 1040 1880 45 13,832 9201 33 13.30 4.89
3550 1660 2980 44 13,049 9077 30 7.86 3.05
4790 1280 2870 55 5000 3667 27 3.91 1.28
4790 2780 6450 57 25,676 19,270 25 9.24 2.99
4790 4100 9220 56 35135 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/m?
and 1.28-4.89 kg/m?3, respectively. It was observed that water use efficiency was maximum
in onion under drip irrigation (13.30 kg/m?). 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).

45

33

Potato

B Water saving (%) ™ Yield increase (%)

55 57 56

Onion Chilies Olive Peach Citrus

Figure 5. Increase in yield (%) and water saving (%) under drip irrigation system, averaged over 2 years (2015 and 2016).
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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 (m?) 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 (m?), 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 (m?) Fruit Length (mm) Fruit Diameter (mm)
Drip 0.6 0.33 0.391 0.2241 88 55
Potato Furrow 0.52 0.36 0.348 0.2012 75 48
) Drip 0.51 0.27 0.136 0.0425 65.5 70.9
Onion Furrow 0.44 0.31 0.11 0.0385 59.2 62.4
. Drip 0.92 0.39 0.438 0.0475 55.5
Chilies Furrow 0.85 042 0.347 0.0398 50.4 444
) Drip 2.1 15 43 193 14.9 2.03
Olive Furrow 1.9 12 32 17.4 12.8 175
Drip 35 130 26.48 87 6.31 116
Peach Furrow 3.0 100 252 74 5.94 105.5
. Drip 2.0 95 9.7 66 77 120
Citrus 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 (%)
. Treatments Drip Furrow Drip Furrow Drip Furrow
Fruits
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.

Fixed Cost

Laser Leveling Cost + 8 Daily

Ridge Making through Tractor +

Depreciation Cost (Labor Involved
in Irrigation and Furrow Repairing)

Crops Pumping Cost Paid Labor @ 365 Rs/Day 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.
Total Cost of the System Life of the Drip System Pumping Cost of the System Life of the Solar Pum .
c (Rs/ha) Y (Yearsf Y ping (Rs/ha) Y (Years) P Fixed Cost [(A/B) + (C/D)]
rops
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.

100,000 - M Drip ® Furrow
:g 80,000 -
n
g 60,000 -
(/2]
B
S 40,000 -
e
4
s 20,000 -
0 -
Potato Onion Chilies Olive Peach Citrus

(a)
80,000 - M Drip W Furrow
70,000 -
60,000 -
50,000 -
40,000 -
30,000 -
20,000 -
10,000 -

Variable costs (Rs/ha)

Potato Onion Chilies Olive Peach Citrus

(b)

Figure 6. Cont.
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20,000.00 -
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140,000 -
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1,000,000.00
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500,000.00 - 33%
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Figure 6. (a) Comparison of fixed costs incurred in T1 and T2; (b) comparison of variable costs
incurred in T1 and T2; (c) comparison of depreciation costs incurred in T1 and T2; (d) comparison of
total costs incurred in T1 and T2; (e) comparison of total income received from T1 and T2.
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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

fl:eﬁtfg; concentration of macro, micro and heavy metals in cucumber irrigated with different resources (tap
Citation: Khan, M.M.; Al-Haddabi, water, greywater, dairy water and wastewater). The results showed that the use of different irrigation
M.H.; Akram, M.T.; Khan, M.A; resources has increased the level of macro (sodium (Na), potassium (K), calcium (Ca), magnesium
Farooque, A.A.; Siddiqi, S.A. (Mg)), microelements (zinc (Zn), iron (Fe), manganese (Mn)), and heavy metals (copper (Cu), barium
Assessment of Non-Conventional (Ba), lead (Pb) and cadmium (Cd)) in cucumber leaves and fruits. However, their levels were in the

Irrigation Water in Greenhouse 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 mgLfl). Based on
observations, it was also revealed that among different irrigation resources, the use of dairy water in

Cucumber (Cucumis sativus)
Production. Sustainability 2022, 14,
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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’l) 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 pmol), 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 x 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-53«,
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 ¢ 530 £90 ¢ 1500 & 80 b 5370 £90 a
K (mg/L) 190 £20b 310+90b 1430 £ 80 a 380 £50b
Ca (mg/L) 550 + 100 b 100 £40 ¢ 670 =90 b 1960 = 80 a
Mg (mg/L) 0.00 +0.00 ¢ 0.00 £ 0.00 ¢ 590 £20b 940 £ 20 a
Microelements
Zn (mg/L) 640 £04d 918 £09b 989 £09a 7.07£02c
Fe (mg/L) 295+01d 1297 £0.2b 17.63 £ 03 a 485+0.1c
Mn (mg/L) 0.20 £0.09 ¢ 0.61 £0.10 ab 0.81 £0.08 a 0.40 £0.10c
Heavy metals
Cu (mg/L) 1.60 £0.18 ¢ 3.16 £ 0.06 a 1.96 £0.01b 1.85 £+ 0.10 bc
Ba (mg/L) 4.62 +0.08a 371+£020b 3.76 £0.09b 500+0.20a
Cr (mg/L) 0.40 £0.09b 146+ 0.10a 1.33+0.18a 0.40 £0.04b
Pb (mg/L) 0.70+0.01 ¢ 425+0.10a 0.254+0.02d 120£0.20b
Cd (mg/L) 0.05+£0.01a 0.08£0.01a 0.05+0.01a 0.05+0.02a

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 £40b 450 + 50 b 530 £110b 690 =30 a
K (mg/L) 770+ 20 a 780 +30a 800 + 50 a 780 + 100 a
Ca (mg/L) 17,180 £ 170 ¢ 17,070 £ 120 ¢ 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£5d 62.00 £0.89b 9130 £20a 5155+ 17 ¢
Fe (mg/L) 727.00 £ 100 b 746.67 £40b 862.00 =30 a 728.67 £89b
Mn (mg/L) 38.82 £0.05d 41.96 +0.04 c 52.57 £0.03a 42.65 +0.09b
Heavy metals
Cu (mg/L) 16.26 £0.45d 1720+ 17a 59.77+£0.12b 20.77 £0.10 ¢
Ba (mg/L) 825+0.10a 771£020b 811+0.11a 8.15+£0.09a
Cr (mg/L) 1125+ 0.22a 11.53 £ 0.20 a 782+£03b 3.63 £0.27 c
Pb (mg/L) 783 +0.13b 1222 £0.18a 293 4+0.03d 746+ 08¢
Cd (mg/L) 1.31+0.10b 1.82+0.10a 1.01 +£0.09 ¢ 0.73 £0.09d
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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 £20c 690 £10c¢ 1220 90 b 1940 +80 a
K (mg/L) 6730 + 160 ¢ 7550 + 190 b 9470 +120 a 6130 £90d
Ca (mg/L) 42,830 £ 1000 ¢ 44,830 £900 a 45,080 £ 800 a 44,120 £700b
Mg (mg/L) 5460 £ 110 ¢ 5430 £70c 6580 £ 100 a 6030 £ 80 b
Microelements
Zn (mg/L) 38.05£0.10c 4458 £0.8b 4837 £09a 34.68 £0.78 d
Fe (mg/L) 7880 £1.78b 50.56 +1.09 ¢ 95.00 +3.00 a 76.18 £09b
Mn (mg/L) 23.70 £1.80b 31.10£09b 41.00£0.10a 31.16 £ 0.88 b
Heavy metals
Cu (mg/L) 5.07 +0.08 b 538+ 0.12a 4.06 +0.08d 4.63 +0.09 c
Ba (mg/L) 11.85+1.79a 740 £040b 8.38 £0.08 b 6.72 £0.09b
Cr (mg/L) 446 £0.04Db 528 £0.10a 3.86 £0.12¢ 428 £0.06 b
Pb (mg/L) 2.114+0.09 c 434+0.020a 1.81 +£0.09 ¢ 3.13+0.08 b
Cd (mg/L) 0.46 £0.04 c 0.78 £ 0.03 ab 0.73 £0.02b 0.81 £0.01a

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 ¢ 660 + 20 bc 790 +40b 1360 =80 a
K (mg/L) 14,330 + 100 b 13,770 4+ 160 ¢ 16,780 + 180 a 12,530 190 d
Ca (mg/L) 1400 =90 ¢ 1920 +30b 2420+ 17 a 1420 + 50 ¢
Mg (mg/L) 1090 +40 ¢ 1260 + 10 bc 1550 =90 a 1370 4+ 10 ab
Microelements
Zn (mg/L) 2411 +£0.11c¢ 25.27 + 0.07 b 2813+ 0.12a 20.18 £ 0.05d
Fe (mg/L) 33.88 £ 0.06 ¢ 61.20 + 3.58 b 67.96 + 0.25a 33.90 £ 0.11 ¢
Mn (mg/L) 10.35 £0.20 ¢ 13.95 £ 0.27b 15.68 £0.18 a 8.91 £0.04d
Heavy metals
Cu (mg/L) 531 +0.18a 5.68 = 0.16 a 4.67 +0.20b 5.26 +0.08 a
Ba (mg/L) 225+ 0.35a 2.62+0.51a 0.71 £0.10b 2.81 £0.09 a
Cr (mg/L) 3.00 = 0.08 b 5.02 £ 0.02 a 2.73 +£0.03 ¢ 3.03 £ 0.03b
Pb (mg/L) 0.86 £ 0.07 ¢ 1.80 £ 0.27 a 1.15 £+ 0.11 be 1.50 £ 0.09 ab
Cd (mg/L) 013 £0.18b 0.22 £0.02a 0.15 £ 0.03b 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.

Total yield per plant (g) Average diameter of fruit (mm) 3 Total soluble solids (°brix)
1500 75 .
a
1200 60 | = L i i
b a 2 b b
900 45
600 30 1
300 15
0 0 0
Fresh Grey water Dairy Waste Fresh  Grey Dairy  Waste Fresh Grey Dairy  Waste
water water water water  water  water  water water ~ water  water  water
(b) ©

Figure 1. Effect of irrigation resources on (a) cucumber yield, (b) fruit diameter and (c) total soluble
solids contents.
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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 NOj 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~ly~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~!yr~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
(>50t ha_lyr_l).

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 Gm? yr’l, out of which the Gomal river contributes
4.1% (0.974 Gm3 yr’l). 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.

(@) (b)

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 km?,
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~! 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 km?
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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Figure 2. Map of the Gomal river sub-catchment.
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The mean annual rainfall in the sub-catchment is 276 mm yr~!. 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 )

where A denotes average annual soil loss (tha~! y~!), R is rainfall-runoff erosivity factor
(MJ mm ha=! h™! yrfl), K is soil erodibility factor (Mg ha h ha=! MJ~! 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

2 R = 4.79MFI — 143 other locations Arnoldus (1980) [28]

3 R — 0.66MFI — 3 West Africa

4 R=05xp Africa Roose (1975) [27]
Fernandez et al. (2003)

5 R = -823.8+5.213p USA [29] originally developed

by the USDA-ARS
6 R = 0.1215 x MFI%2421 Turkey irvem et al. (2007) [30]
7 R = 839.1 x ¢0-0008p India Nakil (2014) [31]

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

12 52
MFI =) =L )
i-1 P

where p;j 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 x 10~*M"14(12 — a) +3.25(b — 2) +2.5(c — 3)]
B 100

®)
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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 cis a
code related to soil permeability (1 to 6, fast to very slow draining characteristics).

M = (mgjj; + mygs) X (100 - mclay) 4

where my,y is a fraction of clay contents with particle size <0.002 mm, mg;; is a fraction
of silt contents with particle size ranging from 0.002 to 0.05 mm, and my; 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.

u.m Sing.,

LS = (m+1)(z) (g

©)

where U is upslope contributing area per unit width (m?/m), Ly is the length of the unit
plot (m), Sy is the slope of the unit plot (%), 8 is the slope (%), m is a factor for sheet erosion
and 7 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]. Ly and Sy 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, I 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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Figure 3. Normalized difference vegetation index (NDVI) for the sub-catchment.

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 x 80 x 2 m®. 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 x 6 x 6 (792 cells) was used. Inflow
into the basin was taken as 24 m3 s~!; sediment discharge was considered as 10, 156, and
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151 kg s~! 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.

20,000 1
18,000 - . y =19.842x + 530.57
R2 = 0.4489
16,000 -
—~ 14,000 1
g .
&
£ 12,000 - -
g
@ 10,000 -
E 8,000 - .
@ L4 °
@ 6,000 - ;
4,000 A P .
e
)
2,000
.l L]
0 100 200 300 400 500 600 700 800

Discharge (m3s™)

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~!. 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.
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A few high sediment concentrations were also observed at high discharges, i.e.,
>100 m®s~!, 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—! h~! 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

2014 2015 2016 Average
Rainfall at Tank station (mm) 226 212 134 191
Rainfall-runoff erosivity factor R (M] mm ha “1p -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
Irvem (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).

Topographic factor LS Crop Management Factor C

Bl 0.31-0.76
i <2 I 0.77-0.83
[ 25 [ 10.84-0.86
&0 [ 0.87-0.9
. 1120 B 0511
I >20
0 25 5 10 15 20 0 25 5 10 15 20
O e s Kilometers e s Kilometers
(a) (b)

Figure 8. Revised universal soil loss equation (RUSLE) factors estimation in the sub-catchment; (a) topographic factor LS;
(b) crop management factor C.
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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~!) while 16% shows a catastrophic annual erosion rate
(>500 t ha™!). 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].

Erosion Rate

th-'yr' (%area) Erosion Rate
B <2 (29) th-'yr' (%area)
B 2-5 (0.1) I <2 (30)
[ 5-10 (0.2) I 2-5(12)
] 10-50 (3) [ 5-10 (2.1)
[150-100 (5) [ 10-50(25)
[ 100-500 (46) (£ 50-100 (25)
I >500 (16) [ 100-500 (17)

I >500 (1)
0 255 10 15 20 0 25 5 10 15 20
e s Kilometers e e s Kilometers

(@) (b)

Figure 9. Annual soil erosion rate with RUSLE; (a) with calculated parameters; (b) with improved C factor (scenario testing).

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.

Eros(i;)}ila:{ate Category ! RUSLE RUSLE gvli:talztl(ilproved Chzl:lrr;gpi (1)1‘1’ et:lleCA;r:; ::ith
Area (km?) Proportion (%)  Area (km?) Area (%) km? Percent
<2 Very slight 133.3 29.3 135.1 29.6 1.8 1.3
2-5 Slight 04 0.1 5.3 1.2 49 1247.8
5-10 Moderate 1.0 0.2 9.7 21 8.7 848.2
10-50 High 15.4 3.4 111.9 24.6 96.5 625.6
50-100 Severe 21.8 438 114.6 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 m® 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 km? (~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~!y~!), 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’ly’l), and 17% of the area showed a very severe erosion rate (100-500 t ha’ly’l).
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
I constant in Equation (6)
m exponent in Equation (5) representing sheet erosion
Mgy clay fraction content (<0.002 mm);
My silt fraction content (0.002-0.05 mm);
My very fine sand fraction content (0.05-0.1 mm)
n exponent in Equation (5) representing rill erosion
r constant in Equation (6)
B slope
Lo length of the unit plot
Sp slope of unit plot

1.  Renard, K; Foster, G.; Weesies, G.; McCool, D.; Yoder, D. Predicting Soil Erosion by Water: A Guide to Conservation Planning with the
Revised Universal Soil Loss Equation (RUSLE); United States Government Printing: Washington, DC, USA, 1997.

2. Boardman, J.; Poesen, J. Soil Erosion in Europe: Major Processes, Causes and Consequences. In Soil Erosion in Europe; John Wiley
& Sons, Ltd.: Hoboken, NJ, USA, 2006; pp. 477-487, ISBN 978-0-470-85920-9.

3.  Zokaib, S.; Naser, G. Impacts of Land Uses on Runoff and Soil Erosion A Case Study in Hilkot Watershed Pakistan. Int. |. Sediment
Res. 2011, 26, 343-352. [CrossRef]

4. National Research Council. Soil and Water Quality: An Agenda for Agriculture; National Academies Press: Washington, DC, USA,
1993; p. 2132, ISBN 978-0-309-04933-7.

123



Sustainability 2021, 13, 3547

10.

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Borrelli, P.; Robinson, D.A.; Fleischer, L.R.; Lugato, E.; Ballabio, C.; Alewell, C.; Meusburger, K.; Modugno, S.; Schiitt, B.; Ferro,
V.; et al. An Assessment of the Global Impact of 21st Century Land Use Change on Soil Erosion. Nat. Commun. 2017, 8, 2013.
[CrossRef]

Munir, S. Role of Sediment Transport in Operation and Maintenance of Supply and Demand Based Irrigation Canals: Application
to Machai Maira Branch Canals. Ph.D. Thesis, UNESCO-IHE Institute for Water Education, Delft, The Netherlands, January 2011.
Sarwar, M.K.; Anjum, M.N.; Mahmood, S. Impact of Silt Excluder on Sediment Management of an Irrigation Canal: A Case Study
of D.G. Khan Canal, Pakistan. Arab. . Sci. Eng. 2013, 38, 3301-3307. [CrossRef]

Allahyonesi, H.; Omid, M.H.; Haghiabi, A.H. A Study of the Effects of the Longitudinal Arrangement Sediment Behavior near
Intake Structures. |. Hydraul. Res. 2008, 46, 814-819. [CrossRef]

Atkinson, E. Vortex-Tube Sediment Extractors. I: Trapping Efficiency. . Hydraul. Eng. 1994, 120, 1110-1125. [CrossRef]

Melone, A.M. Canals and Waterways, Sediment Control. In General Geology; Springer: Boston, MA, USA, 1988; pp. 55-63,
ISBN 978-0-387-30844-9.

Jones, K.R.; Berney, O.; Carr, D.P.; Barrett, E.C. Arid Zone Hydrology for Agricultural Development; FAO Irrigation and Drainage
Paper 37; Food and Agriculture Organization of the United Nations: Rome, Italy, 1981; ISBN 92-5-101079-X.

Chang, T'J.; Zhou, H.; Guan, Y. Applications of Erosion Hotspots for Watershed Investigation in the Appalachian Hills of the
United States. J. Irrig. Drain Eng. 2016, 142, 4015057. [CrossRef]

Pham, T.G.; Degener, J.; Kappas, M. Integrated Universal Soil Loss Equation (USLE) and Geographical Information System (GIS)
for Soil Erosion Estimation in A Sap Basin: Central Vietnam. Int. Soil Water Conserv. Res. 2018, 6, 99-110. [CrossRef]

Hussain, F.; Nabi, G.; Wu, R.-S.; Hussain, B.; Abbas, T. Parameter Evaluation for Soil Erosion Estimation on Small Watersheds
Using SWAT Model. Int. ]. Agric. Biol. Eng. 2019, 12, 96-108. [CrossRef]

Chuenchum, P.; Xu, M.; Tang, W. Estimation of Soil Erosion and Sediment Yield in the Lancang-Mekong River Using the Modified
Revised Universal Soil Loss Equation and GIS Techniques. Water 2019, 12, 135. [CrossRef]

HALCROW. Gomal Zam Irrigation Project-Siltation Rapid Assessment Overview; Halcrow Pakistan (Pvt) Limited: Islamabad, Pakistan, 2017.
Pakistani and, U.S. Experts Conserve Water in Gomal Zam Dam Area. Available online: https://pk.usembassy.gov/pakistani-
and-u-s-experts-conserve-water-in-gomal-zam-dam-area/ (accessed on 12 July 2020).

Wischmeier, W.H.; Smith, D.D. Predicting Rainfall-Erosion Losses from Cropland East of the Rocky Mountains: Guide for Selection
of Practices for Soil and Water Conservation; USDA Agriculture Handbooks; Agricultural Research Service, U.S. Department of
Agriculture in Cooperation with Purdue Agricultural Experiment Station: Washington, DC, USA, 1965; p. 47.

Lee, G.-S.; Lee, K.-H. Scaling Effect for Estimating Soil Loss in the RUSLE Model Using Remotely Sensed Geospatial Data in
Korea. Hydrol. Earth Syst. Sci. Discuss. 2006, 3, 135-157. [CrossRef]

Panditharathne, D.L.D.; Abeysingha, N.S.; Nirmanee, K.G.S.; Mallawatantri, A. Application of Revised Universal Soil Loss
Equation (RUSLE) Model to Assess Soil Erosion in “Kalu Ganga” River Basin in Sri Lanka. Available online: https://www.
hindawi.com/journals/aess/2019/4037379/ (accessed on 6 January 2020).

Ganasri, B.P; Ramesh, H. Assessment of Soil Erosion by RUSLE Model Using Remote Sensing and GIS—A Case Study of
Nethravathi Basin. Geosci. Front. 2016, 7, 953-961. [CrossRef]

Terranova, O.; Antronico, L.; Coscarelli, R.; laquinta, P. Soil Erosion Risk Scenarios in the Mediterranean Environment Using
RUSLE and GIS: An Application Model for Calabria (Southern Italy). Geomorphology 2009, 112, 228-245. [CrossRef]

Alewell, C.; Borrelli, P.; Meusburger, K.; Panagos, P. Using the USLE: Chances, Challenges and Limitations of Soil Erosion
Modelling. Int. Soil Water Conserv. Res. 2019, 7, 203-225. [CrossRef]

Trimble, S.W.; Crosson, P.U.S. Soil Erosion Rates—Myth and Reality. Science 2000, 289, 248-250. [CrossRef] [PubMed]
Benavidez, R.; Jackson, B.; Maxwell, D.; Norton, K. A Review of the (Revised) Universal Soil Loss Equation ((R)USLE): With
a View to Increasing Its Global Applicability and Improving Soil Loss Estimates. Hydrol. Earth Syst. Sci. 2018, 22, 6059-6086.
[CrossRef]

Morgan, R.P.C. Soil Erosion and Conservation, 3rd ed.; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2005; ISBN 978-1-4051-4467-4.
Roose, E.J. Erosion et Ruissellement En Afrique de I'Ouest: Vingt Années de Mesures En Petites Parcelles Expérimentales; Laboratoire de
Pédologie de I'ORSTOM: Abidjan, Ivory Coast, 1975.

Arnoldus, HM.]J. An Approximation of the Rainfall Factor in the Universal Soil Loss Equation; John Wiley and Sons Ltd: Hoboken, NJ,
USA, 1980.

Fernandez, C.; Wu, ].Q.; McCool, D.K,; Stockle, C.O. Estimating Water Erosion and Sediment Yield with GIs, RUSLE, and SEDD.
J. Soil Water Conserv. 2003, 58, 128-136.

Irvem, A.; Topalogly, F; Uygur, V. Estimating Spatial Distribution of Soil Loss over Seyhan River Basin in Turkey. J. Hydrol. 2007,
336, 30-37. [CrossRef]

Nakil, M. Analysis of Parameters Causing Water Induced Soil Erosion; Fifth Annual Progress Seminar; Indian Institute of Technology:
Bombay, India, 2014; unpublished.

Wischmeier, W.H.; Smith, D.D. Predicting Rainfall Erosion Losses: A Guide to Conservation Planning; Department of Agriculture,
Science and Education Administration: Washington, DC, USA, 1978.

Panagos, P.; Meusburger, K.; Ballabio, C.; Borrelli, P.; Alewell, C. Soil Erodibility in Europe: A High-Resolution Dataset Based on
LUCAS. Sci. Total Environ. 2014, 479—480, 189-200. [CrossRef] [PubMed]

124



Sustainability 2021, 13, 3547

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Ullah, S.; Ali, A.; Igbal, M.; Javid, M.; Imran, M. Geospatial Assessment of Soil Erosion Intensity and Sediment Yield: A Case
Study of Potohar Region, Pakistan. Environ. Earth Sci. 2018, 77, 705. [CrossRef]

Desmet, PJ.J.; Govers, G. A GIS Procedure for Automatically Calculating the USLE LS Factor on Topographically Complex
Landscape Units. ]. Soil Water Conserv. 1996, 51, 427—433.

Moore, 1.D.; Burch, G.J. Physical Basis of the Length-Slope Factor in the Universal Soil Loss Equation 1. Soil Sci. Soc. Am. ]. 1986,
50, 1294-1298. [CrossRef]

Wilson, J.P; Gallant, ].C. (Eds.) Terrain Analysis: Principles and Applications; Wiley: New York, NY, USA, 2000; ISBN 978-0-471-32188-0.
Kinnell, PI.A. Event Soil Loss, Runoff and the Universal Soil Loss Equation Family of Models: A Review. ]. Hydrol. 2010,
385, 384-397. [CrossRef]

Lanorte, A; Cillis, G.; Calamita, G.; Nole, G.; Pilogallo, A.; Tucci, B.; De Santis, F. Integrated Approach of RUSLE, GIS and ESA
Sentinel-2 Satellite Data for Post-Fire Soil Erosion Assessment in Basilicata Region (Southern Italy). Geomat. Nat. Hazards Risk
2019, 10, 1563-1595. [CrossRef]

Borrelli, P.; Mérker, M.; Panagos, P; Schiitt, B. Modeling Soil Erosion and River Sediment Yield for an Intermountain Drainage
Basin of the Central Apennines, Italy. CATENA 2014, 114, 45-58. [CrossRef]

Karydas, C.G.; Sekuloska, T.; Silleos, G.N. Quantification and Site-Specification of the Support Practice Factor When Mapping
Soil Erosion Risk Associated with Olive Plantations in the Mediterranean Island of Crete. Environ. Monit. Assess. 2009, 149, 19-28.
[CrossRef]

Lazzari, M.; Gioia, D.; Piccarreta, M.; Danese, M.; Lanorte, A. Sediment Yield and Erosion Rate Estimation in the Mountain
Catchments of the Camastra Artificial Reservoir (Southern Italy): A Comparison between Different Empirical Methods. CATENA
2015, 127, 323-339. [CrossRef]

Vatandaslar, C.; Yavuz, M. Modeling Cover Management Factor of RUSLE Using Very High-Resolution Satellite Imagery in a
Semiarid Watershed. Environ. Earth Sci. 2017, 76, 65. [CrossRef]

Durigon, V.L.; Carvalho, D.F,; Antunes, M.A.H.; Oliveira, P.T.S.; Fernandes, M.M. NDVI Time Series for Monitoring RUSLE Cover
Management Factor in a Tropical Watershed. Int. |. Remote Sens. 2014, 35, 441-453. [CrossRef]

Van der Knijff, ].M.; Jones, R.J.A.; Montanarella, L. Soil Erosion Risk Assessment in Europe; European Commission: Brussels,
Belgium, 2000.

Ma, H.L.; Wang, Z.L.; Zhou, X. Estimation of Soil Loss Based on RUSLE in Zengcheng, Guangdong Province. Yangtze River 2010,
41, 90-93.

Olsen, N.R.B. SSIIM User’s Manual; The Norwegian University of Science and Technology: Trondheim, Norway, 2018.

Ali, K.E; De Boer, D.H. Spatial Patterns and Variation of Suspended Sediment Yield in the Upper Indus River Basin, Northern
Pakistan. . Hydrol. 2007, 334, 368-387. [CrossRef]

Ashraf, M.; Bhatti, M.T.; Shakir, A.S.; Tahir, A.A.; Ahmad, A. Sediment Control Interventions and River Flow Dynamics: Impact
on Sediment Entry into the Large Canals. Environ. Earth Sci. 2015, 74, 5465-5474. [CrossRef]

Sinha, D.; Joshi, V.U. Application of Universal Soil Loss Equation (USLE) to Recently Reclaimed Badlands along the Adula and
Mahalungi Rivers, Pravara Basin, Maharashtra. J. Geol. Soc. India 2012, 80, 341-350. [CrossRef]

Sholagberu, A.T.; Mustafa, M.R.U.; Yusof, K.W.; Ahmad, M.H. Evaluation of rainfall-runoff erosivity factor for Cameron highland,
Pahang, Malaysia. J. Ecol. Eng. 2016, 17, 1-8. [CrossRef]

Panagos, P.; Borrelli, P.; Meusburger, K.; Yu, B.; Klik, A.; Jae Lim, K.; Yang, J.E.; Ni, J.; Miao, C.; Chattopadhyay, N.; et al. Global
Rainfall Erosivity Assessment Based on High-Temporal Resolution Rainfall Records. Sci. Rep. 2017, 7, 4175. [CrossRef] [PubMed]
Kouli, M.; Soupios, P; Vallianatos, F. Soil Erosion Prediction Using the Revised Universal Soil Loss Equation (RUSLE) in a GIS
Framework, Chania, Northwestern Crete, Greece. Environ. Geol. 2009, 57, 483-497. [CrossRef]

Patriche, C.V,; Pirnau, R.; Grozavu, A.; Rosca, B. A Comparative Analysis of Binary Logistic Regression and Analytical Hierarchy
Process for Landslide Susceptibility Assessment in the Dobrov River Basin, Romania. Pedosphere 2016, 26, 335-350. [CrossRef]
Marques, V.S.; Ceddia, M.B.; Antunes, M.A.H.; Carvalho, D.E; Anache, ].A.A ; Rodrigues, D.B.B.; Oliveira, P.T.S. USLE K-Factor
Method Selection for a Tropical Catchment. Sustainability 2019, 11, 1840. [CrossRef]

Tesfaye, G.; Debebe, Y.; Fikirie, K. Soil Erosion Risk Assessment Using GIS Based USLE Model for Soil and Water Conservation
Planning in Somodo Watershed, South West Ethiopia. JOEAR 2018, 4, 9.

Sujatha, E.R.; Sridhar, V. Spatial Prediction of Erosion Risk of a Small Mountainous Watershed Using RUSLE: A Case-Study of the
Palar Sub-Watershed in Kodaikanal, South India. Water 2018, 10, 1608. [CrossRef]

Abuzar, M.K; Shakir, U.; Ashraf, M.A ; Khan, S.; Shaista, S.; Pasha, A.R. GIS Based Risk Modeling of Soil Erosion under Different
Scenarios of Land Use Change in Simly Watershed of Pakistan. J. Himal. Earth Sci. 2018, 51, 132-143.

Bashir, S.; Baig, M.A.; Ashraf, M.; Anwar, M.M.; Bhalli, M.N.; Munawar, S. Risk Assessment of Soil Erosion in Rawal Watershed
Using Geoinformatics Techniques. Sci.Int. 2013, 25, 583-588.

Koirala, P.; Thakuri, S.; Joshi, S.; Chauhan, R. Estimation of Soil Erosion in Nepal Using a RUSLE Modeling and Geospatial Tool.
Geosciences 2019, 9, 147. [CrossRef]

Lencha, B.K.; Moges, A. Identification of Soil Erosion Hotspots in Jimma Zone (Ethiopia) Using GIS Based Approach. Ethiop. |.
Environ. Stud. Manag. 2016, 8, 926. [CrossRef]

Panagos, P.; Borrelli, P.; Meusburger, K.; Alewell, C.; Lugato, E.; Montanarella, L. Estimating the Soil Erosion Cover-Management
Factor at the European Scale. Land Use Policy 2015, 48, 38-50. [CrossRef]

125



Sustainability 2021, 13, 3547

63.

64.

65.

66.

Butt, M.].; Mahmood, R.; Waqas, A. Sediments Deposition Due to Soil Erosion in the Watershed Region of Mangla Dam. Environ.
Monit. Assess. 2011, 181, 419-429. [CrossRef] [PubMed]

Boix-Fayos, C.; de Vente, ]J.; Martinez-Mena, M.; Barbera, G.G.; Castillo, V. The Impact of Land Use Change and Check-Dams on
Catchment Sediment Yield. Hydrol. Process. 2008, 22, 4922-4935. [CrossRef]

Xiang-Zhou, X.; Hong-Wu, Z.; Ouyang, Z. Development of Check-Dam Systems in Gullies on the Loess Plateau, China. Environ.
Sci. Policy 2004, 7, 79-86. [CrossRef]

Castillo, V.M.; Mosch, W.M.; Garcia, C.C.; Barbera, G.G.; Cano, J].A.N.; Lépez-Bermudez, F. Effectiveness and Geomorphological
Impacts of Check Dams for Soil Erosion Control in a Semiarid Mediterranean Catchment: El Carcavo (Murcia, Spain). CATENA
2007, 70, 416-427. [CrossRef]

126



<@ sustainability

Article

Biogas Production Potential from Livestock Manure in Pakistan

Muhammad U. Khan *, Muhammad Ahmad 2, Muhammad Sultan 3*®, Thsanullah Sohoo %*
Prakash C. Ghimire °, Azlan Zahid %7, Abid Sarwar 8, Muhammad Farooq (7, Uzair Sajjad 1°,
Peyman Abdeshahian 1! and Maryam Yousaf 212

check for

updates
Citation: Khan, M.U.; Ahmad, M.;
Sultan, M.; Sohoo, I.; Ghimire, P.C.;
Zahid, A.; Sarwar, A.; Farooq, M.;
Sajjad, U.; Abdeshahian, P,; et al.
Biogas Production Potential from
Livestock Manure in Pakistan.
Sustainability 2021, 13, 6751. https://
doi.org/10.3390/5u13126751

Academic Editor: Alessio Siciliano

Received: 3 May 2021
Accepted: 26 May 2021
Published: 15 June 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Energy Systems Engineering, Faculty of Agricultural Engineering and Technology,
University of Agriculture, Faisalabad 38040, Pakistan

School of Chemistry and Chemical Engineering, Beijing Institute of Technology, Beijing 102488, China;
engineer_nust@yahoo.com (M.A.); maryamyousaf79@yahoo.com (M.Y.)

Department of Agricultural Engineering, Bahauddin Zakariya University, Multan 60800, Pakistan
Institute of Environmental Technology and Energy Economics, Hamburg University of Technology,
Blohmstr. 15, 21073 Hamburg, Germany

5 Energy Sector Leader at S.N.V. Netherlands Development Organization, 2514 JG Den Haag, The Netherlands;
prakashchgh@gmail.com

Department of Agricultural and Biological Engineering, Penn State University,

University Park, PA 16802, USA; axz264@psu.edu

Department of Farm Machinery and Power, University of Agriculture, Faisalabad 38040, Pakistan
Department of Irrigation and Drainage, University of Agriculture Faisalabad, Punjab 38040, Pakistan;
abidsarwar@uaf.edu.pk

Department of Mechanical Engineering (New Campus-KSK), University of Engineering and Technology,
Lahore 54890, Pakistan; engr.farooq@uet.edu.pk

10 Mechanical Engineering Department, National Chiao Tung University, Hsinchu 30010, Taiwan;
energyengineer01@gmail.com

Department of Microbiology, Masjed Soleiman Branch, Islamic Azad University, Masjed Soleiman, Iran;
peyman_137@yahoo.com

Department of Chemistry, Faculty of Sciences, University of Agriculture Faisalabad, Punjab 38040, Pakistan
*  Correspondence: usman.khan@uaf.edu.pk (M.U.K.); muhammadsultan@bzu.edu.pk (M.S.);
sohoo.ihsanullah@tuhh.de (L.S.); Tel.: +92-311-730-2162 (M.U.K.)

11

12

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 20162018 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
(1020 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 m® of biogas could be generated—with
a production potential of 492.6 petajoules (P]) 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].

400 0

0008 ~10008

Electricity Defleit(MW)

10,000 -3000

Electricityy Supply smd Demand (MW)

2011 012 2013 2004 03 2016 017 018 2009 220
Year

Supply wsmDemand ~—Ddicit
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).

BY
TPB—MxACxTSxkg—TS 1

where TPB is the theoretical potential of biogas (million m® year~!), M is the quantity of
livestock manure/year/province (million kg year—!), 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].

. Manure Yield Manure Availabilit Biogas Yield . o

Species (kg/Day) Coefficient (%) y (m3i %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 m? kg’1 TS, respectively, for cattle, buffaloes, camels, horses, asses, and mules. More-
over, AC and BY values of 33% and 0.30 m® kg~! TS were considered for sheep/goats,
whereas for poultry, 99% and 0.15 m® kg~! 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 M]/m3. The annual electricity generation potential
using biogas was determined by Equation (2):

Chiogas — Ebiogus ! ()

where ey;50,s = amount of electricity generated using biogas (kWh year~1), Epiogas = total
amount of energy in biogas which has not been converted, and n = 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):

Ebiogus = C'Vbiogas X Mpiogas 3)

where C.Vpjggqs = caloric value of the biogas, ~6 kWh m 3 [45], and Mpiogas = 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].

A;;g‘:l 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 54,508 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 2 2 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

1960 1972 1976 1986 1996 2006 2016 2017 2018
Type
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 3.09 493 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 4.08 412
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 3.42 211 493 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 2.25 227 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 8.11 791 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 1.16 191 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 Mm? 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 Mm? /year), followed by Iran (16,146.35 Mm? / year), Malaysia
(4589.5 Mm? /year), and Turkey (2180 Mm? /year), as shown in Figure 2 [25,39,46-48].
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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 Mm>. 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 Mm? year !, 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).

A;;g‘:l 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 4297 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 24555 290.99 311.80 453.60 533.26 611.01 674.79 681.63 688.48
Mules 6.29 547 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 27813 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 3.8 5.47 6.02 6.02 6.29
Poultry 1.96 431 9.89 13.82 18.15 2221 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 244924 2541.22
Buffaloes 17821 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 4147 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 2217 22.72 23.26
Asses 83.76 111.69 104.29 122.09 146.18 1533 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 14330 139.20 156.03 156.03 156.03 156.03
Horses 273 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 14536
Mules 0.10 0.27 0.27 1.09 1.64 1.64 1.64 1.64 1.91
Poultry 0.71 1.85 3.07 517 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).

A;;g‘:l 1960 1972 1976 1986 1996 2006 2016 2017 2018
Punjab
Cattle 1588.79 1351.12 1331.73 144819 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 1326 171.98 22557 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 14733 174.59 187.08 272.16 319.95 366.60 404.87 408.98 413.08
Mules 3.77 3.28 4.76 591 9.36 10.34 10.34 10.34 10.34
Poultry 5.06 6.82 10.83 21.88 19.26 2036 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 48223 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 7.8 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 0.98 215 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 274157 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 42557 43821 45135
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 5.58 771 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 3.12 525 459 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 22025 370.21 534.96 555.00 575.69
Buffaloes 427 3.61 5.42 10.34 26.44 52.56 70.62 72.59 74.89
Sheep 2223 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 14152
Camels 21.18 4557 52.23 85.98 83.52 93.62 93.62 93.62 93.62
Horses 1.64 3.12 3.77 476 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 035 0.92 1.53 258 3.64 4.64 9.13 9.77 10.46
Total 185.47 22221 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 Enerqy 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 P]. 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 P]/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].
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Figure 3. Potential of heat energy obtained from the methane produced by livestock manure in
different provinces of Pakistan.
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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~!, 448 MW year~!, and 3317 MW year !, respectively [25,39,46-48].
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Figure 6. Share of selected livestock species in biogas-based electricity.
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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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No. of cattle (buffalo and cows in particular)
Technical Total dung production
factors <+———| Feed stock available (Total dung production minus wastage)

Access to water sources
Geographical location

Access to technology
Availability of technical manpower
Availability and accessibility of construction materials

Cost of construction (material and labour costs) and O&M
Land holding and agricultural practices
Household income sources (agricultural and off-farm

activities)
Capacity to pay (affordability)
Access to financing (credit and subsidy)

Financial
factors

Cost of substitutes (firewood, kerosene, charcoal, electricity
etc.)

Cost of fertilizers

Opportunity for employment/wage labouring

v Valuation of time saving

Cost-benefit analysis

Effective Potential of
Biogas Plants

Social and cultural constraints

Performance of existing plants
Goodwill of actors/stakeholders
Willingness to install biogas plants

Acceptance of the technology

Social factors Knowiedge on non-financial costs and benefits of biogas
Level of awareness on environment, health and sanitation
Willingness to enhance quality of life

Exposure to RETs
Role of women in decision-making
Migration pattems

Absorptive capacity and institutional set-up of different
stakeholders

Trustworthiness of stakeholders

Institutional responses

Government policy on RET and use of energy

Sector co-ordination

Institutional factors <

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 1
. . . 1 2 million

not feasible for installing biodigesters

Households having no potential for biodigesters due to various -

. . 3 million
factors such as temperature and competitiveness of biogas

Total number of households having potential for 5 million

biodigester installation

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 m> 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.

Author Contributions: Conceptualization, M.U.K. and M.S.; data curation, M.UK., M.A,, and A.Z,;
formal analysis, M.U.K., M.A,, LS., and P.C.G.; funding acquisition, M.S. and LS.; investigation,
PCG.,AZ,AS,MF,US, and M.Y,; methodology, M.UK., M.A, M.S,, 1S, A.Z, US, and PA;
project administration, M.U.K. and M.S,; resources, M.U K., P.C.G., M.E, U.S,, and P.A; software,
MUK, M.A, AS., ME, and M.Y,; supervision, M.U.K. and M.S,; validation, M.U. K., M.A., M.S,,
LS., and A.Z; visualization, 1.S., PC.G., A.Z.,, AS., PA., and M.Y,; writing—original draft, M.U.K.;
writing—review and editing, M.A., M.S,, 1S, PC.G., A.Z,, AS, M.F,US,, PA., and M.Y. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This study was conducted according to the guidelines of
the Declaration of Helsinki and approved by the Institutional Review Board of the University of
Agriculture, Faisalabad, Pakistan.

Data Availability Statement: Not applicable.

Acknowledgments: This work was supported by the Higher Education Commission (HEC), Pakistan
[No:21-1830/SRGP/R&D/HEC/2018]. Publishing fees were supported by the funding program
*Open Access Publishing* of Hamburg University of Technology (TUHH), Hamburg, Germany.
Moreover, the authors express their gratitude towards Washington State University, Peking University,
China, and the University of Agriculture Faisalabad, Pakistan, for providing all opportunities to
conduct this research.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Uddin, W,; Zeb, K.; Haider, A.; Khan, B.; Islam, S.U.; Ishfaq, M.; Khan, I.; Adil, M.; Kim, H.J. Current and future prospects of
small hydro power in Pakistan: A survey. Energy Strat. Rev. 2019, 24, 166-177. [CrossRef]

2. Shakeel, S.R.; Takala, J.; Shakeel, W. Renewable energy sources in power generation in Pakistan. Renew. Sustain. Energy Rev. 2016,
64,421-434. [CrossRef]

3. Younas, U,; Khan, B.; Ali, S.; Arshad, C.; Farid, U.; Zeb, K.; Rehman, F; Mehmood, C.A.; Vaccaro, A. Pakistan geothermal
renewable energy potential for electric power generation: A survey. Renew. Sustain. Energy Rev. 2016, 63, 398-413. [CrossRef]

4. Kessides, LN. Chaos in power: Pakistan’s electricity crisis. Energy Policy 2013, 55, 271-285. [CrossRef]

5. Grainger, C.A.; Zhang, F. Electricity shortages and manufacturing productivity in Pakistan. Energy Policy 2019, 132, 1000-1008.
[CrossRef]

6. Baloch, M.H.; Chauhdary, S.T.; Ishak, D.; Kaloi, G.S.; Nadeem, M.H.; Wattoo, W.A.; Younas, T.; Hamid, H.T. Hybrid energy
sources status of Pakistan: An optimal technical proposal to solve the power crises issues. Energy Strat. Rev. 2019, 24, 132-153.
[CrossRef]

7. Arshad, N.; Ali, U. An analysis of the effects of residential uninterpretable power supply systems on Pakistan’s power sector.
Energy Sustain. Dev. 2017, 36, 16-21. [CrossRef]

8. Hou, Y;; Igbal, W.; Shaikh, G.M.; Igbal, N; Solangi, Y.A.; Fatima, A. Measuring Energy Efficiency and Environmental Performance:
A Case of South Asia. Processes 2019, 7, 325. [CrossRef]

9.  Aslam, W,; Soban, M.; Akhtar, F.; Zaffar, N.A. Smart meters for industrial energy conservation and efficiency optimization in
Pakistan: Scope, technology and applications. Renew. Sustain. Energy Rev. 2015, 44, 933-943. [CrossRef]

10. Nagqvi, S.R.; Jamshaid, S.; Naqvi, M.R.; Farooq, W.; Niazi, M.B.; Aman, Z.; Zubair, M.; Ali, M.; Shahbaz, M.; Inayat, A.; et al.
Potential of biomass for bioenergy in Pakistan based on present case and future perspectives. Renew. Sustain. Energy Rev. 2018, 81,
1247-1258. [CrossRef]

11.  Khan, M.A.; Abbas, F. The dynamics of electricity demand in Pakistan: A panel cointegration analysis. Renew. Sustain. Energy Rev.
2016, 65, 1159-1178. [CrossRef]

12.  Shahzad, K.; Bajwa, S.U.; Ansted, R.B.; Mamoon, D.; Rehman, K.-U. Evaluating human resource management capacity for

effective implementation of advanced metering infrastructure by electricity distribution companies in Pakistan. Util. Policy 2016,
41,107-117. [CrossRef]

141



Sustainability 2021, 13, 6751

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Sher, H.; Murtaza, A.F.; Addoweesh, K.E.; Chiaberge, M. Pakistan’s progress in solar PV based energy generation. Renew. Sustain.
Energy Rev. 2015, 47,213-217. [CrossRef]

Wasti, S. Economic Survey of Pakistan 2014-2015; Government of Pakistan: Islamabad, Pakistan, 2015.

Rehman, S.A.U.; Cai, Y.; Fazal, R.; Das Walasai, G.; Mirjat, N.H. An integrated modeling approach for forecasting long-term
energy demand in Pakistan. Energies 2017, 10, 1868. [CrossRef]

Qazi, U.; Jahanzaib, M.; Ahmad, W.; Hussain, S. An institutional framework for the development of sustainable and competitive
power market in Pakistan. Renew. Sustain. Energy Rev. 2017, 70, 83-95. [CrossRef]

Zuberi, M.].S.; Torkmahalleh, M.A.; Ali, S.H. A comparative study of biomass resources utilization for power generation and
transportation in Pakistan. Int. . Hydrogen Energy 2015, 40, 11154-11160. [CrossRef]

Kamran, M. Current status and future success of renewable energy in Pakistan. Renew. Sustain. Energy Rev. 2018, 82, 609-617.
[CrossRef]

Uddin, W.; Khan, B.; Shaukat, N.; Majid, M.; Mujtaba, G.; Mehmood, C.A.; Alj, S.; Younas, U.; Anwar, M.; Almeshal, A.M. Biogas
potential for electric power generation in Pakistan: A survey. Renew. Sustain. Energy Rev. 2016, 54, 25-33. [CrossRef]

Rahut, D.B.; Ali, A.; Mottaleb, K.A.; Aryal, J.P. Wealth, education and cooking-fuel choices among rural households in Pakistan.
Energy Strat. Rev. 2019, 24, 236-243. [CrossRef]

Malik, S.N.; Sukhera, O.R. Management of natural gas resources and search for alternative renewable energy resources: A case
study of Pakistan. Renew. Sustain. Energy Rev. 2012, 16, 1282-1290. [CrossRef]

Imran, M.; Ozcatalbas, O.; Bakhsh, K. Rural household preferences for cleaner energy sources in Pakistan. Environ. Sci. Pollut.
Res. 2019, 26, 22783-22793. [CrossRef]

Yasmin, N.; Grundmann, P. Adoption and diffusion of renewable energy—The case of biogas as alternative fuel for cooking in
Pakistan. Renew. Sustain. Energy Rev. 2019, 101, 255-264. [CrossRef]

Ashraf, S.; Lugman, M.; Hassan, Z.Y.; Yaqoob, A. Determinants of Biogas Technology Adoption in Pakistan. Pak. J. Sci. Ind. Res.
Ser. A Phys. Sci. 2019, 62, 113-123. [CrossRef]

Levin, D.B.; Zhu, H.; Beland, M.; Cicek, N.; Holbein, B.E. Potential for hydrogen and methane production from biomass residues
in Canada. Bioresour. Technol. 2007, 98, 654—-660. [CrossRef]

Kafle, GK.; Kim, S.H. Effects of chemical compositions and ensiling on the biogas productivity and degradation rates of
agricultural and food processing by-products. Bioresour. Technol. 2013, 142, 553-561. [CrossRef]

TR, Y.S.S.; Kohli, S.; Rana, V. Enhancement of biogas production from solid substrates using different techniques. J. Bioresour.
Technol. 2004, 95, 1-10. [CrossRef]

Mushtaq, K.; Zaidi, A.A.; Askari, S.J. Design and performance analysis of floating dome type portable biogas plant for domestic
use in Pakistan. Sustain. Energy Technol. Assess. 2016, 14, 21-25. [CrossRef]

Khan, M.U.; Ahring, B.K. Improving the biogas yield of manure: Effect of pretreatment on anaerobic digestion of the recalcitrant
fraction of manure. Bioresour. Technol. 2021, 321, 124427. [CrossRef]

Khan, M.U.; Ahring, B.K. Anaerobic Digestion of Digested Manure Fibers: Influence of Thermal and Alkaline Thermal Pretreat-
ment on the Biogas Yield. BioEnergy Res. 2020, 1-10. [CrossRef]

Lee, J.T.; Khan, M.U,; Dai, Y.; Tong, Y.W.; Ahring, B.K. Influence of wet oxidation pretreatment with hydrogen peroxide and
addition of clarified manure on anaerobic digestion of oil palm empty fruit bunches. Bioresour. Technol. 2021, 332, 125033.
[CrossRef] [PubMed]

Khan, M.U.; Ahring, B.K. Anaerobic digestion of biorefinery lignin: Effect of different wet explosion pretreatment conditions.
Bioresour. Technol. 2020, 298, 122537. [CrossRef]

Amijid, S.S.; Bilal, M.Q.; Nazir, M.S.; Hussain, A. Biogas, renewable energy resource for Pakistan. Renew. Sustain. Energy Rev. 2011,
15, 2833-2837. [CrossRef]

Raheem, A.; Hassan, M.Y.; Shakoor, R. Bioenergy from anaerobic digestion in Pakistan: Potential, development and prospects.
Renew. Sustain. Energy Rev. 2016, 59, 264-275. [CrossRef]

Shaukat, N.; Khan, B.; Khan, T.; Younis, M.N.; ul Faris, N.; Javed, A.; Igbal, M.N. A comprehensive review of biogas sector for
electric power generation in Pakistan. PSM Biol. Res. 2016, 1, 43—48.

Pakistan Livestock Census. Pakistan Bureau of Statistics, Government of Pakistan. 2006. Available online: https://www.pbs.gov.
pk/content/pakistan-livestock-census-2006 (accessed on 10 June 2019).

Livestock Census Report 2006, Ministry of National Food Security & Research, Ismamabad. 2006. Available online: https:
/ /phkh.nhsrc.pk/sites/default/files /2019-06 / All%20Pakistan%20Report%20Livestock %20Census%2006.pdf (accessed on 9
June 2019).

Ministry of Finance, Government of Pakistan. Pakistan Economic Survey 2016-2017. Available online: http://www.finance.gov.
pk/survey_1617 html (accessed on 10 June 2019).

Avcioglu, A.O,; Tiirker, U. Status and potential of biogas energy from animal wastes in Turkey. Renew. Sustain. Energy Rev. 2012,
16, 1557-1561. [CrossRef]

Vedrenne, E; Béline, F.; Dabert, P.; Bernet, N. The effect of incubation conditions on the laboratory measurement of the methane
producing capacity of livestock wastes. Bioresour. Technol. 2008, 99, 146-155. [CrossRef]

Liu, G.; Zhang, R.; El-Mashad, H.M.; Dong, R. Effect of feed to inoculum ratios on biogas yields of food and green wastes.
Bioresour. Technol. 2009, 100, 5103-5108. [CrossRef]

142



Sustainability 2021, 13, 6751

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Cornejo, C.; Wilkie, A.C. Greenhouse gas emissions and biogas potential from livestock in Ecuador. Energy Sustain. Dev. 2010, 14,
256-266. [CrossRef]

Nasir, LM.; Ghazi, T.LM.; Omar, R.; Idris, A. Anaerobic digestion of cattle manure: Influence of inoculums concentration. Int. J.
Eng. Technol. 2013, 10, 22-26.

Iglinski, B.; Buczkowski, R.; Cichosz, M. Biogas production in Poland—Current state, potential and perspectives. Renew. Sustain.
Energy Rev. 2015, 50, 686—695. [CrossRef]

Rahimnejad, M.; Adhami, A.; Darvari, S.; Zirepour, A.; Oh, S.-E. Microbial fuel cell as new technology for bioelectricity generation:
A review. Alex. Eng. |. 2015, 54, 745-756. [CrossRef]

Maghanaki, M.M.; Ghobadian, B.; Najafi, G.; Galogah, R.J. Potential of biogas production in Iran. Renew. Sustain. Energy Rev.
2013, 28, 702-714. [CrossRef]

Abdeshahian, P; Lim, ].S.; Ho, W.S.; Hashim, H.; Lee, C.T. Potential of biogas production from farm animal waste in Malaysia.
Renew. Sustain. Energy Rev. 2016, 60, 714-723. [CrossRef]

Khalil, M.; Berawi, M.A.; Heryanto, R.; Rizalie, A. Waste to energy technology: The potential of sustainable biogas production
from animal waste in Indonesia. Renew. Sustain. Energy Rev. 2019, 105, 323-331. [CrossRef]

Saidmamatov, O.; Rudenko, I; Baier, U.; Khodjaniyazov, E. Challenges and Solutions for Biogas Production from Agriculture
Waste in the Aral Sea Basin. Processes 2021, 9, 199. [CrossRef]

Cheng, S.; Li, Z.; Mang, H.-P.; Huba, E.-M. A review of prefabricated biogas digesters in China. Renew. Sustain. Energy Rev. 2013,
28,738-748. [CrossRef]

Coimbra-Aratjo, C.H.; Mariane, L.; Junior, C.B.; Frigo, E.P; Frigo, M.S.; Aradjo, I.R.C.; Alves, H.J. Brazilian case study for biogas
energy: Production of electric power, heat and automotive energy in condominiums of agroenergy. Renew. Sustain. Energy Rev.
2014, 40, 826-839. [CrossRef]

Cvetkovic, S.; Radoici¢, TK.; Vukadinovi¢, B.; Kijev€anin, M. Potentials and status of biogas as energy source in the Republic of
Serbia. Renew. Sustain. Energy Rev. 2014, 31, 407-416. [CrossRef]

Katuwal, H.; Bohara, A K. Biogas: A promising renewable technology and its impact on rural households in Nepal. Renew.
Sustain. Energy Rev. 2009, 13, 2668-2674. [CrossRef]

Putra, A.; Liu, Z.; Lund, M. The impact of biogas technology adoption for farm households—Empirical evidence from mixed crop
and livestock farming systems in Indonesia. Renew. Sustain. Energy Rev. 2017, 74, 1371-1378. [CrossRef]

Mengistu, M.; Simane, B.; Eshete, G.; Workneh, T. A review on biogas technology and its contributions to sustainable rural
livelihood in Ethiopia. Renew. Sustain. Energy Rev. 2015, 48, 306-316. [CrossRef]

Ghimire, P.C. Final Report on Technical Study of Biogas Plants Installed in Pakistan; Prepared by: Asia/Africa Biogas Programme,
Netherlands Development Organisation (SNV). 2007, pp. 1-74. Available online: https://bibalex.org/baifa/Attachment/
Documents/172360.pdf (accessed on 14 June 2021).

Farooq, M.K,; Kumar, S. An assessment of renewable energy potential for electricity generation in Pakistan. Renew. Sustain.
Energy Rev. 2013, 20, 240-254. [CrossRef]

143






<@ sustainability

Article

Development of a Low-Cost Biomass Furnace for
Greenhouse Heating

Asif Ali 12, Tahir Igbal "%*(, Muhammad Jehanzeb Masud Cheema ">{, Arslan Afzal 1, Muhammad Yasin !,

Zia ul Haq !, Arshad Mahmood Malik 2

check for

updates
Citation: Ali, A,; Igbal, T.; Cheema,
M.J.M; Afzal, A.; Yasin, M.; Haq, Z.u.;
Malik, A.M.; Khan, K.S. Development
of a Low-Cost Biomass Furnace for
Greenhouse Heating. Sustainability
2021, 13,5152. https://doi.org/
10.3390/5u13095152

Academic Editors:
Muhammad Sultan, Yuguang Zhou,
Redmond R. Shamshiri and Aitazaz

A. Farooque

Received: 18 March 2021
Accepted: 27 April 2021
Published: 5 May 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Khalid Saifullah Khan 3

Faculty of Agricultural Engineering and Technology, PMAS-Arid Agriculture University,

Shamsabad 46000, Pakistan; miraniabei@yahoo.com (A.A.); mjm.cheema@gmail.com or

mjm.cheema@uaar.edu.pk (M.].M.C.); arslanafzal@uaar.edu.pk (A.A.); yasindga@gmail.com (M.Y.);

ziaulhaquaf@gmail.com (Z.u.H.)

National Center of Industrial Biotechnology, PMAS-Arid Agriculture University, Rawalpindi,

Shamsabad 46000, Pakistan; arshadmm@uaar.edu.pk

3 Institute of Soil Science, PMAS-Arid Agriculture University, Shamsabad 46000, Pakistan;
khalidsaifullah@uaar.edu.pk

*  Correspondence: tahirigbal@uaar.edu.pk; Tel.: +92-51-9292163

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 Estimated Crop Production C1:op Estimated Biomass Production Estimated Surplus
Type (000 tons/year) R R.e sidue (000 tons/year) Biomass (000 ton/year)
atio (CRR)
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 x 12.19 m? 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. Itshould be simple, light weight, portable, and easy to operate.
2. It can be manufactured using indigenous material and local technology.
3. Itshould 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 x Width x Height 1)
2.1.2. Equation (2): Energy Required to Heat the Targeted Tunnel

Q=m x C, x At )

where m = mass of air in the tunnel, Cp = specific heat of air (1.008 k] kg~! K~1), and
At = 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

Heat Required
Calorific value of biamass

®)

Biomass required =
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2.1.4. Heat Exchanger Design
Equations (4) and (5): The heating surface required is computed by:

_ 9
A_U><Atm @)
Q=UXx A X Aty (5)

where A = heat transfer area (m?), Q = heat transfer rate, k] h™!, U = overall heat transfer
coefficient, k] h™! m? °C (for air 28.58 k] h™! m? °C), Aty = Log mean temperature
difference (°C), which is given by Equation (6):

(T1—12) — (T2 — t1)
(T1-12) ©)
(T2—11)

Atm =
In

where T; = inlet fire tube temperature (°C), T, = outlet fire tube temperature (°C), t; = inlet
shell side air temperature (°C), and t, = outlet shell side air temperature (°C).
Equation (7): The heat transfer rate can be measured as:

Q=m x C, X At )

where m = mass flow rate of air (kg hr~!), and Cp, and At 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 m?
Cross-sectional area of exhaust 0.0046 m?
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.

Hot Air Outlet|

‘Combustion

[Chamber Door

Ash Chamber
Door

Feeding Duct

=

' > =
} ——————— [ Hot Air Outlet

[Main Frame|] — |

Heat Echanger |—]
[y Axial Flow Fan
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[Ash Chamber]

Figure 1. Schematic diagram of biomass furnace (a) back view (b) front view, and (c) cross-sectional view.
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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 X (kg) x Cp. x AT 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); AT = temperature difference (T, — T;); Tz = final temperature;
T = initial temperature.

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

Biomass i
Type and Amb. Air Furnace Exhaust He;::;cll Alr Tunnel OlgzaltRI;Iteeat E;;:f::lcal
Feeding Rate =~ Temp. (°C) Temp. (°C) Temp. (°C) o P Temp. (°C) o yn
(W) (kW) (%)
(kg/h)
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 4391
Wood 12 9.5 318.8 2294 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, H,S and SO; [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 x 12.19 m x 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.

B10mas§ Type and Amb. Air Furnace Exhaust Heated Air Tunnel Output Heat Th‘e?mal
Feeding Rate Temp. (°C) Temp. °C) Temp. (°C) Temp. °C) Temp. (°C) Flow Rate Efficiency
(kg/h) P P P P p- (kW) n (%)
Wood 8 6.0 3714 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 6.3 388.9 158.9 178.7 153 26.46 52.33
Cow Dung 23 54 364.2 161.3 169.8 14.1 25.21 50.42
Diesel fuel 4 L/h 7.1 4774 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.
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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.

Biomass Feeding

Net Seasonal

Fuel Source Unit Calorific ~ Estimated Unit Rates Operational Opeée(l)tsi:)nal Saving over

Value MJ/kg Cost (USD) qulivalent t(? 4L  Cost (USD/h) (USD/Season) ]?iesel
Diesel Heating Heating (USD)
Diesel 45.00 0.63 4.0 lit 4.67 2799.64 NIL

Wood 15.00 0.06 12.0kg 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 22.5kg 2.00 1198.43 1601.21
Rice husk 15.00 0.05 12.0kg 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 (5O;), nitrogen dioxide (NO,), and
carbon dioxide (CO;)) 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, SO,, and NO,, respectively, whereas such a limit is not specified for
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CO (ppm)

CO,. Nevertheless, the provision of a water scrubber smoke filter significantly reduced the
concentrations of the emitting flue gases into the atmosphere (Figure 8).
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Figure 8. Flue gas concentrations of different biomass fuels before and after the water scrubber. (a) Carbon monoxide (CO).
(b) Sulphur dioxide (SO;). (c) Nitrogen dioxide (NO,). (d) Carbon dioxide (CO;).

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 SO, 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 NO, 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 CO5;
rather its concentration was slightly increased due to the reaction of CO with water to form
COs,. 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).

vili.  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~! (N; and Nj, respectively)
with four levels of biochar (By=0g,B; =35g,B,=70g, B3 =105g,B; =140 g pot_l), 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 By and N, combinedly. The grain yield,
total biomass production, protein content from biochar’s By, and nitrogen—phosphorus—potassium
treatments were not significantly different from each other. The application of 140 g biochar pot ™!
(By) 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
(NO3z 7) 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 NHy
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 NoO form and reducing the leaching of
N [44-46]. Hence, to overcome N losses, Nls are distinguished in cropping systems [45,47]
for enhancing crop production and decreasing the N,O 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 NHy 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 N,O 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 Nls 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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Figure 1. Daily temperature and rainfall data of experimental site during the growing season.

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 ~™!) 0.35 0.04

Total phosphorous (g kg ') 1.34 6.5
Total potassium (g kgfl) 9.40 14.0
Electrical conductivity (dSm~1) — 1.41
pH 8.8 7.5

Ash content (g kgfl) 120 —
Moisture (%) 31 —

Cation exchange capacity (cmolc kg‘l) 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 (Bp =0g, By =35 g, B, =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™!, respectively)
and one control treatment were used to make the experimental treatments. A treatment
of one selected NI (neem extract solution; Ny = 5 mL, N = 10 mL pot~!) 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 = N1Bg (control): 5 mL neam + 0 g biochar

T2 =N;NPK: 5 mL neam + N, P, and K added @ 250, 125 and 100 kg ha™1, respectively
T3 = N;1By: 5 mL neam + 35 g biochar

T4 = N1Bp: 5 mL neam + 70 g biochar

T5 = N1Bs: 5 mL neam + 105 g biochar

T6 = N1 B4: 5 mL neam + 140 g biochar

T7 = NBg (control): 10 mL neam + 0 g biochar

T8 = NoNPK: 5 mL neam + N, P, and K added @ 250, 125 and 100 kg ha-1, respectively
T9 = N, By: 10 mL neam + 35 g biochar

T10 = N; By: 10 mL neam + 70 g biochar

T11 = N B3: 10 mL neam + 105 g biochar

T12 = N 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™! 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 X 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 ! to Ton ha~! 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 NlIs
and biochar levels were non-significant, the results were presented individually for each
treatment. For example, the interaction of NlIs 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 4
Root Length
Replication 2 12.77 6.384
NI 1 81.60 81.601 42.2 0.0229
Error Replication x NI 2 3.87 1.934
Biochar 5 2547.1 509.420 61.39 0.0000
NI xBiochar 5 10.42 2.084 0.25 0.9343
Error Replication x NI x 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 x NI 2 21.06 10.53
Biochar 5 6050.56 1210.11 89.45 0.0000
NIx Biochar 5 358.22 71.64 5.3 0.0029
Error Replication x NIx 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 x NI 2 0.7 0.36
Biochar 5 34,868.3 6973.65 124.04 0.0000
NI xBiochar 5 1477.1 295.43 5.25 0.0031
Error Replication x NIx Biochar 20 11244 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 x NI 2 0.017 0.0086
Biochar 5 280.939 56.1878 213.55 0.0000
NIxBiochar 5 6.922 1.3844 5.26 0.0030
Error Replication x NI x 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 Ny treatment of NI (Table 3). The soil organic matter increased with increase of biochar
application levels. The application of biochar level By (140 g pot~!) resulted in soil organic

166



Sustainability 2021, 13, 2599

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

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.

Treatments Soil Organic Soil pH Soil EC N in the Soil P in the Soil K in the Soil
Matter (%) P (dSm-1) (mgg1) (mgkg~1) (mg kg1)

Ny 1.02a 7.61a 158 a 0.046 b 6.96 a 15.60 b

Ny 1.03 a 759 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 074 c 751a 141b 0.045b 6.48 ¢ 13.97Db

NPK 0.83 ¢ 7.65a 1.54 ab 0.045b 446a 16.73 a

(Recommended)

By 0.92 be 751a 1.50 ab 0.046 ab 6.68 bc 14.96 ab

B, 0.98 b 7.61a 1.59 ab 0.046 ab 6.82 abc 15.18 ab

Bs 126a 7.63 a 1.66 a 0.047 ab 7.05 abc 16.27 a

By 130 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, N; and N are neem extract solutions (5 mL, 10 mL potfl, respectively) B; =35, B, =70, B3 =105,B; =140 g

biochar pot™!.

The maximum soil pH (7.59) was observed in the N, 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 By at the rate of 140 g pot~! 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 N of NI which was 1.58 dSm~!. 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~!) was
observed in control treatment.

The result showed that the maximum N in the soil was observed at the N level of NI
which was 0.049 mg N g~! (Table 3) and it increased with increase in biochar application
reaching to its higest value of 0.049 mg g~! in B, 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’l) was deternined in the soil of N, 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™! (level By) resulted in the highest P (7.26 mg kg~!)
concentration in the soil of B4 treatment and the lowest concentration of P (6.48 mg kg’l)
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 N level of NI (15.83 mg kg~ !). 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 ') was from the biochar application at the 140 g pot~! (B,) and the lowest
value was (13.97 mg kg ') 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 N, 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 By treatment (140 g biochar pot™!) 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_l) was observed for N; level that was significantly different from N
treatment (p < 0.01).

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

Treatments Roo:CI;s)n sth Root (gﬂght Days to Tasseling (Day) Days to Silking (Day)
N 52.34b 38.51b 45 a 51a
N, 55.35a 4213 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 40.70d 30.60 d 42 c 47 ¢
NPK (Recommended) 61.36 ab 41.83b 47 ab 53 ab
B 47.15c¢ 35.25 cd 44 bc 49 be
B, 51.40 ¢ 39.90 bc 46 ab 52 abc
B3 57.01b 44.13Db 48 a 54 a
By 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
Ccv 5.35 7.62 478 523

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

Similarly, maize treated with N, took non-significantly lesser days (47 days) for
tasselling and silking (52 days) as compared to Nj 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 Ny, crop maturity
occured after 102 days and maturity during N; and N, 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 B, reached
maturity after 108 days which was 11 days later than that in By (97 days). Maturity in By
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~!) and biomass (266.67 g
plant 1) were resulted from the application of recommended NPK with the combination of
N,. However, the application of biochar level By with N resulted in grain yield of 76.67 g
plant~! and total biomass of 256 g plant . The highest grain yield (43.00 g plant ') and
the lowest total biomass (172. 33 g plant_l) were observed in N, By. In the case of total
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biomass, N1B4 and N;B, 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 Nj. 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 NyNPK treatment (12.97%). The lowest protein
content was observed in the N, B treatment (4.90%).

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

Treatments Grain Yield Total Biomass Protein Content
(g Plant~1) (g Plant~1) (%)
N1 By (control) 43.33 f 183.33 de 5.67¢g
N;NPK 73.33b 252.67 a 12.97 ab
N1B; 44.67 £ 181.00 de 6.27 fg
N1 B, 51.33 e 198.00 cd 7.77 ef
N;B3 59.67 cd 221.33b 9.80 cd
N; By 76.67 b 256.00 a 10.30 ¢
N, By (control) 43.00 f 172.33 e 490¢g
N>NPK 84.00 a 266.67 a 14.30 a
N»B; 53.00 de 193.67 cde 7.53 ef
N,B, 61.33 ¢ 214.67 bc 8.43 de
N,B3 72.67 b 245.00 a 10.37 ¢
N, By 72.33b 248.33 a 12.37b
Mean 61.27 219.42 9.22
Significance (P) <0.003 <0.003 <0.003
LSD 5% 6.26 22.45 1.54
Ccv 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, N; and N, are
Neem extract solutions (5 mL, 10 mL pot~!, respectively) and By: 35, By: 70, B3: 105, and By: 140 g biochar pot ™.

3.4. Economic Analysis Results

The highest net returns were calculated for NoNPK treatment ($759.4 ha~1) followed
by N,B; ($664.7 ha~!) and N1By ($587.7 ha~!) 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.

Adjusted Gross
Yield after Income Biochar Cost .
Considering Based on Based on Fertilizer Fixed
T Total Yield, o e . . . per Hectare Variable Net Benefit,
reatment - 10% Yield Lost Maize Grain Biochar - Cost, -
Ton ha—1 . . L. . Cost, $ Cost, $ ha—1 - $ha1
during Field Price in Price ton-1 $ha1
Harvest, Pakistan ($140 ton—1)
Ton ha—! ($360 ton—1)
NoBo 2.389 2.15 773.9 — — 0 415 358.9
N;NPK 4.889 44 1583.9 — 694.0 640.0 415 528.9
N;B; 2.978 2.68 964.9 163.3 — 163.33 415 386.5
N;B; 3.422 3.08 1108.7 326.7 — 326.66 415 367.1
N;B3 3.978 3.58 1288.9 490.0 — 490.0 415 383.7
N1By 5.111 4.60 1656.1 653.3 — 653.33 415 587.7
NoBo 2.367 2.13 766.8 — — 0 415 351.8
N,NPK 5.600 5.04 18144 — 694.0 640.0 415 759.4
N;B; 3.533 3.18 1144.8 163.3 — 163.33 415 566.5
N, B, 4.089 3.68 1324.7 326.7 — 326.66 415 583.1
N;B3 4.845 4.36 1569.7 490.0 — 490 415 664.7
N, By 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 NlIs 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~! 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~! 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~!, 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.

)

a
iﬁ\
9 - 10

o L
= |
r 7 \

1. Diversion channel; 2. Metering plate; 3. Seed cleaning device in inner dircle; 4. Seed cleaning
device in outer circle; 5. Stirring wheel; 6. Anti-blocking channel; 7. Diversion tube; 8. Sprocket
wheel; 9. Seed box; 10. Negative pressure outlet

Figure 1. Integral structure of seed metering device: (a) Front view; (b) Side view.

2.2. Physical Properties of Brassica Chinensis

“Shanghai Ai [i” 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 [ 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=VI1-w-h 1)
VI-w-h
p=—5—"

g

x 100% )

where [ is the average length of the seeds, in mm;  is the average width of the seeds, in
mm; /1 is the average thickness of the seeds, in mm; De is the average equivalent diameter
of the seeds, in mm; and § 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):

dy = (0.64 ~ 0.66)De 3)

where d, 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): dy = (1.07~1.10 mm). For this design, the diameter (d;) 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 (d,) of the outer circle hole was larger than the diameter (d;) 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:
- 60'0,1

N nl

4)
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where N is the number of holes; v, is the forward speed of the planter, in m/s; n is the
rotation speed of the double-row metering plate, in r/min; / is the planting space of the
seeds, in mm.
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Notes: 1. The side in contact with the seed; II. The side in contact with the NP; O. The center of
metering plate; E. The center of outer circle hole; F. The center of outer circle adjacent hole.

0 is the cone angle of the suction hole, °; 01 is the angle between two adjacent holes in the inner
circle, °; 62 is the angle between two adjacent holes in the outer circle, °; D is the diameter of the
metering plate, mm; L is the distance between point E and point F, mm; R: is the radius of the
center of outer circle hole, mm.

Figure 2. Integral structure and key dimensions of metering plate of the seed metering device in front view and side

view planes.

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
I <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/2nR), 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 (v; > 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 = N = 60.

Since the number of holes (N1, Np) in the inner and outer circles was 60, the angle between
the two adjacent holes in the inner and outer circles is as follows: 81 = 6, =360°/60 = 6°. As
shown in Figure 2, three points (OEF) constitute an isosceles triangle. The distance L satisfies the
following: L > dp + 2lmax = 1.1 mm + 2 X 2.04 mm = 5.18 mm, where I,y is the maximum length
of seeds, mm. From the cosine theorem of isosceles triangle OEEF, the equation for calculating R,
is as follows:

L2

Ra = 2(1 — cos(67))

©)

It can be calculated from the above equation that R, > 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 (R, = 75 mm). The design of the metering plate diameter
should be greater than 2R, 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.

Metering plate

Seeds

Notes: A. The center of outer circle hole; B. The center of inner circle hole; C. The center of inner
circle adjacent hole; D. The center of arc length BC; O. The center of the metering plate

Figure 3. Geometry relationship of holes of inner and outer circles.

According to Figure 3, the following geometric relationships are determined:

Pythagorean theorem : ZIZA.D + Z%D = [124 c ©
Restrictions on length AC : [ 4¢ > # +2De

lcp = Rysin( &

CcD 1 ( 5 ) ”

Ri =Ry —1Iap

where R is the radius of the center of the inner circle hole, in mm.
The spacing (I4p) between the inner and outer holes can be obtained from Equations (6)

and (7):
di+dy o\’ _(01\]°
ZAD > ( > +2D€> - |:(R2—ZAD)SII’1(2>:| (8)

The spacing between the inner and outer holes can be obtained ([4p > 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 (I4p) 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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«a is the diversion angle, °; § is the angle between diversion tube and horizontal plane, °.

Figure 4. The structure of diversion tube.

After analyzing the process of seed-dropping, the diversion angle « 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 IMAGES8000) was 18.95°.
When B is greater than the static friction angle, the relative movement occur between the
solid surfaces. The angle 8 can be calculated as: = (180° — «)/2 = 60°. The seeds can fall
smoothly in the diversion tube and form double-row seed flows at § > 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.

Note: fis the friction resistance of air and seed population to adsorbed seed, N; G is gravity, N; |
is the centrifugal force of the seed; Fnxis the support of the suction hole to the seed in the x axis
direction, N; Fxyis the support of the suction hole to the seed in the y axis direction, N; Fx:is the
support of the suction hole to the seed in the z axis direction, N; Fnxy is the resultant force of Fnx
and Fny, N; Fris the adsorption force on the seed, N; F is the resultant force of ], G, and f, N; « is
the seed-filling zone; 8 is the angle between G and x axis, °; 0 is the angle between G and y axis,
°; b is the distance between F and o, m; r2 is the distance between Fr and o, m;

Figure 5. Force analysis of seeds on suction holes.

A suction hole adsorbs a single seed, which must meet the following moment equilib-
rium conditions:
Fy < Fpra ©)
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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 + Gcos(B) = Fyy (10)

yaxis: ]+ Gcos(0) = Fny

The resultant force Fny, of Fny and Fyy on the xy plane are obtained according to
Equation (10):

FNxy = \/Fﬁx + FI%]y = \/(f—|- Gcos(ﬁ))2 +(J+ Gcos(()))2 (11)

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

Ep> \/(f+ Gcos(B))* + (J + G cos(6))%b )
)

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

\/(f+G cos(B))*+(J+G cos(6))%b

F,
P = ?p Z rzS (13)
> \/(f+Gcos(ﬂ))er(IJchos(G))zb
= s

where P is the adsorption pressure of the suction hole, in Pa; S is the area of suction hole, in
mm?; f = mgA, A = (6~10)tan(e), ¢ is the angle of repose of seeds, in °; | = mv? /Ry, vy, 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 x 1070 kg (m = 2.41 x 10~ kg). The angle 6 = 60° and
B = 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° (¢ = 25.46°), so the value
of A can be calculated as 3.809 (A = 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.

1. Conveyor belt; 2. Digital display governor; 3. Vacuum tube; 4. Bench; 5. Piezometric tube; 6.
Positive pressure tube

Figure 6. Experimental object and devices: (a) Seeds of “Shanghai Ai Ji”; (b) Experimental devices used for seeding performance.
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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 PR.C (GB/T 6973-2005 Testing Methods of Single
Seed Dirills (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 c¢m), 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 @] x;, kPa AV [Pl y, rad-s—1 CA el x5 ©
-1 0.5 15 45
0 1.5 25 60
1 2.5 35 75

Note: [2l NP = Negative pressure; [Pl AV = Angular velocity; [l 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 (Qp) reached the maximum value
(Qomax = 95.45%) and the qualified index of the inner circle (Qy) reached the maximum
value (Qrmax = 94.58%) when the NP was 1.71 and 1.63 kPa, respectively.
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Figure 7. Effect of NP on seeding performance at AV of 2.5 rad /s and CA of 60°.

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 Q; was higher
than the Qp. 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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Figure 8. Effect of AV on seeding performance at NP of 1.5 kPa and CA of 60°.
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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 Qp was
higher than the Q;. When the AV of the metering plate gradually increased, the QI of inner
and outer circles first increased and reached the peak (Qrmax = 94.58%, Q0max = 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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anter fng: RN QI —— 0=53.42+1.349x,-0.011: RN M —— M=-34.99+1.315x,-0.011x2
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927891.679223 g5 4572 94,4402 2293.33
§ - 80
80 |-
X —
=3
x 460 &
T 60 | 3
[}
£ °
- £
@
1 [2]
,._; - 40 2
S 40 | =
g
20 | - 20
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Figure 9. Effect of CA on seeding performance at NP of 1.5 kPa and AV of 2.5 rad/s.

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 (Qmax = 94.78%,
Q0max = 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.

[d] o [e] o o, o,
NO. NPUlx kPa AV iy rads 1 CAllyg, e 2 7% MI%% QL R ML%

oc ! IC 8!
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: 2] NP = Negative pressure; [Pl AV = Angular velocity; [ CA = Cone angle; [ QI = Qualified index; (¢! MI =
Miss index; [l OC = Outer circle; [8! 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 + 19.622x; + 1.951x; — 0.893x3 + 1.875x1x, + 0.005x7x3

— 0.014x7x3 — 6.567x7% — 1.287x52 + 0.008x32 (14)
Mo =10.811 — 19.610x1 — 1.740362 + 0.397X3 — 2.503X1X2 + 0.0ZBX1X3 (15)
+0.037xpx3 + 5.935x12 + 1.210xp%2 — 0.004x52
Qr =93.042 + 12.154x; — 1.755x — 0.151x3 + 4.028x7x, — 0.028x7x3 (16)
+1.591 x 10~ Bxpx3 — 6.036x12 — 1.591x,2 + 0.002x32
M; = —15.778 — 15.550x; + 1.872x5 + 0.961x3 — 3.683x1x, — 0.014x7x3 a7)

—0.014xpx3 + 6.288x72 + 1.843x52 — 0.008x32

From Table 4, it can be seen that the P-value of each evaluation indicator (Qp, Mo,
Qj, M) 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 (R?) 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 + 19.036x; — 5.314x, + 1.875x1xy — 6.278x;2 (18)
Mo = 15.121 — 16.804x; + 2.373x5 — 2.503x1x2 + 5.557%;2 + 0.832x,2 (19)
Q) =97.688 + 12.710x; — 9.709x, + 4.028x1 x5 — 6.778x12 (20)

M =9.248 — 14.478x1 + 4.202x; — 3.683x1x; + 5.654x12 + 1.209x,2 — 0.0003x3%  (21)
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Table 4. ANOVA for response surface quadratic model.

EI [ Source ss ! DF [ F Value p-Value Significance
Model 538.09 9 30.60 <0.0001 **
x1-NP 239.02 1 122.33 <0.0001 **
Xp-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
Qo [ XpX3 0.34 1 0.18 0.6835
% x12 118.59 1 60.69 <0.0001 **
xp2 4.55 1 2.33 0.1578
x32 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
Model 728.02 9 109.13 <0.0001 **
x1-NP 408.32 1 550.86 <0.0001 **
Xp-AV 77.23 1 104.19 <0.0001 w*
x3-CA 0.12 1 0.17 0.6921
X1 50.10 1 67.59 <0.0001 **
X1X3 1.39 1 1.88 0.2002
M, el XpX3 2.46 1 3.32 0.0982
B x12 96.88 1 130.70 <0.0001 o
xp2 403 1 5.44 0.0419 *
x32 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
Model 562.37 9 19.84 <0.0001 **
x1-NP 59.78 1 18.98 0.0014 **
Xp-AV 134.54 1 42.71 <0.0001 **
x3-CA 0.03 1 0.01 0.9239
XX 129.77 1 41.19 <0.0001 **
X1X3 1.39 1 0.44 0.5209
0,1 XpX3 1.14E-13 1 3.61E-14 1.0000
1 x12 100.19 1 31.80 0.0002 **
X2 6.96 1 2.21 0.1680
x32 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
Model 1000.81 9 120.17 <0.0001 **
x1-NP 451.99 1 488.43 <0.0001 **
Xp-AV 22297 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
M lg] XpX3 0.35 1 0.38 0.5507
I x12 108.72 1 117.49 <0.0001 **
X2 9.34 1 10.09 0.0099 ki
x32 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; [P] S = Sum of Squares; [ DF = Degree of Freedom; [dl 95 = Qualified index

of outer circle; ¢! My = Miss index of outer circle; [l Q; = Qualified index of inner circle; [8] M; = 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 Qy of
the inner and outer circles are NP (x7), AV (x,), the interaction term of NP and AV (x1x»,),
and the quadratic term of NP (x12). The significant factors affecting the MI of the inner and
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outer circles are NP (x1), AV (x), the interaction term of NP and AV (x1x;), the quadratic
term of NP (x12), and the quadratic term of AV (x,?). In addition to the above, other factors
affecting the miss index of the inner circle (M;) include quadratic term of the CA (x32).

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.

Miss index/%

Miss index/%

Qg g »
Ular velocityr, der ;s\i;-,gﬁe
(c) Qo (x1, x2, 0) (e) Mo (x1, 0, x3) (f) Mo (x1, x2, 0)

Figure 10. Effect of interaction factors on seeding performance of outer circle when NP = 1.5 kPa, AV = 2.5 rad/s, and

CA =60°, respectively
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Figure 11. Effect of interaction factors on seeding performance of inner circle when NP = 1.5 kPa, AV = 2.5 rad/s, and

CA =60°, respectively.
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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 Qp 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 Qp increased with the increase in NP, and then decreased,
while the Mp 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 QL. 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 Qg 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 Qp. 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 M 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 Qj, while the M first increased and then
decreased with the increase in CA. Under the condition of similar CA, Q; decreased with
the increase in AV, but the trend for M 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 Q; and M;. Under the condition of
similar CA, when the NP was in the range of 0.5-1.7 kPa, Q; increased with the increase
in NP, but the M| decreased sharply with the increase in NP. When NP was greater than
1.7 kPa, Q; decreased with the increase in NP. From Figure 11¢, it is evident that when
CA was 60°, under the condition of similar AV, the Qy 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 Q; and M was significant. Q; decreased with the
increase in AV, while the trend for Mj was the opposite. When NP was large (NP > 1.4 kPa),
the effect of AV on Q; and M; was not significant. Overall, it was determined from the
figure that Q; was high (Q; > 92%) and M; was low (M < 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 PR.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,%2,x3), Q1(x1, %2, x3)) < 100%

0< (Mo(xlleI X3),M[(x1,x2, X3)) < 25%

0.5 kPa < x; < 2.5kPa (22)
st.d 15rad/s < xy, <3.5rad/s
X3 = 60°
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Figure 12. Parameter optimization area.

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, Qr) < 100%, 0 < (Mo, M) < 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, Qr) > 94%, (Mo, Mj)
<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
NO.1 NO.2 NO.3 Error
QL % ocC 94.58 94.17 95.42 94.72 0.52
! IC 94.17 94.58 94.58 94.44 0.19
M. % ocC 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.

Number of Experiments
Experiment Indices P Mean TsMla  RE®! o cvid g, CV of Tota})
NO1 NO2 NO3 NO4 NOS5 Seed Mass, %
Seedmassofouter o35 1808 1760 1824 1816 1.811 2.068 12.43
circle, g
Seed mass of inner 515 8.60
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; [P] RE = Relative error; €] 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 (%)
Ccv Coefficient of variation (%)
BC Brassica chinensis
MTI Multiple index (%)
Qo Qualified index of outer circle (%)
Qr 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
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shown in Figure 2.
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Figure 1. Flow diagram of the experimental procedure.
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Figure 2. Forces acting on single track shoe.
The vertical load was measured by the following Equation:

W = q1ALB 4 q2(1 — A)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 A
is the ratio of grouser plate thickness to the length of single track shoe. Whereas ¢; is
the contact pressure of the top surface of the grouser and g, is the pressure at the bottom
surface of single track shoe, was expressed as follows:

71 = K(h+ Zy)" ()

g2 = KZy" 3)

where K is the modulus of soil deformation, 7 is soil deformation index or sinkage exponent,
h is grouser height and Z is soil sinkage. Furthermore, K was determined by Equation (4) as:

ke
K= B +kgo 4)
where k. is soil cohesion within the deformation modulus, k¢ 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= (l;f+ke>LB{(h+ZO)”A+ZG’(1—A)} ©

The pressure and soil sinkage were computed according to Bekker’s pressure-sinkage

relationship as:

p= (% 1k ©

Soil sinkage is accountable for the increase in running resistance. The running resis-
tance of a single-track shoe was found by Equation (7):

ke + Bkg

e A zo) A gV (- A )

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 (Fy), the shearing force of
the grouser shoe’s lateral sides (F3), and the shearing force on the bottom surface of soil
beneath the spacing surface (F3). The F; was measured by Equation (8):

F = )LLB(CH + lhtan(S) (8)

where C, is soil adhesion, 0 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, Fsgz, and Fss. Moreover,
they could be shown by the following relationships:

F2:2(Fsgl +Fsg2+Fss) (9)

Yt(2Zo + h)

Fsq1 = ARL[C, + g1tandtang (45 — f) { 5

. tan (45 - %) - 2c}] (10)

where Fq1 is the shearing force at grouser’s lateral side, ¢ is the internal friction angle of
soil, ¢ 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:
_ A NG AN
Fsgo = ZoL[Cy + qltanétango(45 > ){ 7 tan (45 2) 2C}} (11)
If Z >t then:

Fygo = tL[Cs + Q1tan(5tango(45 - %) {W tan (45 - %) - ZC}] (12)
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Fss = (1= A)KLIC+ {gq2 +

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):

vi(h+2Zp) 204z P B 9
—— } tan (45 2) tang — 2Ctan (45 z)tango} (13)

Furthermore, the shearing force on the bottom surface of soil beneath the spacing
surface (F3) was calculated as:

F3 = (1—A)LB(C + g3tane) (14)
The total soil thrust is the addition of all thrusts including F;, F» and F3 as following:
F=Hh+h+HK (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, PR 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, i 60, 55, 45
Grouser thickness ratio, AL 6
The thickness of the shoe plate, ¢ 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 (Z] 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 (7), internal friction angle (¢), and cohesion (C) of the soil
were determined by Coulomb’s law (Equation (17)).

T = C + otang (17)

Digital display
unit

Shear Box

Proven ring
frame

Weight lever

Different
weights

Figure 3. Strain controlled direct shear test apparatus ZJ type.

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 x 500 x 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 x 30 x 40 and 10 x 25 x 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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DAQ device

Laptop
s, Displacement
sensor

AC gear motor
with spur rod

Penetration
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“——» Soil bin

Figure 5. Original picture of the designed penetration device

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% muoisture 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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3.2. Soil Cohesion Modulus (K.), Friction Modulus (K¢), and Sinkage Exponent (n) at
Moisture Contents

The Bekker’s pressure sinkage model parameters, including soil cohesion modulus
(K¢), soil friction modulus (K¢), and sinkage exponent (1) 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/m™! and 0.242 mN/m™+2
recorded at 30.7% soil moisture content. Similarly, the minimum Kc was 0.042 mN/ mn+l
at 38% and K¢ were 0.110 mN/m™*? 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

205



Sustainability 2021, 13, 1156

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 (K.) and friction modulus (K¢) at moisture contents (7.5-38%).
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Figure 11. Soil sinkage exponent (1) at moisture contents (7.5-38%).
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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 (C,) 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 R? 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 R?> 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 (Fy),
lateral sides of grouser and spacing, the surface of spacing (F,), and the bottom surface of
grouser (F3). Figure 16 shows the results of thrust at the tip of grouser (FF;) 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. F,
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% muoisture 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%).
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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].

5.0 : T ; ' ' ' ' '
4.5 ® 60 mm
® 55mm
. 4.0 - A 45mm T
> ] Linear fit line
[z Linear fit line
= 3.5 Linear fit line
q_) 4
O
C 3.0 i
8 |
2]
‘» 2.5
[0} ]
o
o 2.0 |
L 1
E 151
é .
104 3 |
0.5 1
o777 T
5 10 5 20 25 30 35 40

Moisture Content (%)

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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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~! in all possible combinations with three
Zn fertilizer doses, i.e., 0, 16 and 24 kg ha~!. 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 (CaCQOj3), 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~! 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~ !) and K (75.0 mg kg~ !). 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
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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™!) and three levels of Zn (0, 16 and 24 kg ha~!). Approximately, 20 kg
soil was added to each pot having 38 cm height, 27 cm diameter, 0.0572 m? surface area
and 0.02175 m3 volume. The pots were maintained at an adequate distance from each
other, they were at (25 cm x 75 cm) row X 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 dSm™! 0.72
CaCOs % 4.67
Bulk density Mg m—3 1.30
Organic matter % 0.57
AB-DTPA Extractable Zn mg kg ! 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 P,Os 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 (KCI) fertilizer also termed as Muriate of potash (MOP; 60% K,O; manufactured
by FFC, Pakistan) and zinc sulfate monohydrate (ZnSO4-H;O; 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 HCIO4:HNOj in 1:2 ratio (72% and 69% pure) [29]. For digestion, ground
plant samples and HNO; 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 HCIO,4 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
CO; 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) x 100
Membrane stability index (MSI) was calculated by the formula [30] as given below:
MSI = {I — (C1/C2)} x 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: HClOy, 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 (ZnSO,
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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.

Treatment

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; KO, 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 (1 = 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 ZnSOj4 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~!, respectively. The presented data are the means + SD (1 = 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 CO, 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 ZnSOy4 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~?, respectively; Z0, Z16 and
Z24 represent 0, 16 and 24 kg Zn ha~1, respectively. The presented data are the means + SD (1 = 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 CO, 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 ZnSO* 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=?, respectively; Z0, Z16 and Z24 represent 0,
16 and 24 kg Zn ha~!, respectively. The presented data are the means 4 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~!) 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 ZnSO, 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~!, respectively; Z0, Z16 and Z24
represent 0, 16 and 24 kg Zn ha~!, respectively. The presented data are the means =+ SD (1 = 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 ZnSOy on (A) stomatal conductance and (B) internal CO, 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™!, respectively; Z0, Z16 and
Z24 represent 0, 16 and 24 kg Zn ha~!, respectively. The presented data are the means =+ SD (1 = 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%).

226



Sustainability 2021, 13, 13440

350

1000 Grain Weight (g)

450
2 ab
400 cde of def

18

bed

350
300
250
200
150
100

50

Grain Yield (g plot-')

KO, Zn24 | K60, Zn0 | K60, Zn16 | K60, Zn24 | K100, Zn0 |K100, Zn16{K100, Zn2
Treatment

CK KO, Zn16

Figure 7. Effect of MOP and ZnSOy on (A) 1000 grain weight and (B) grain yield (g pot~!) of hybrid (G1) and non-hybrid
(G2) genotypes of a maize plant; K0, K60 and K100 represent 0, 60 and 100 kg K ha~!, respectively; Z0, Z16 and Z24
represent 0, 16 and 24 kg Zn ha~!, respectively. The presented data are the means + SD (1 = 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 ZnSOy4 + MOP, a significant increase (p < 0.05)
was observed in the Zn concentration in the straw (mg kg~ !) and grain (mg kg ') of maize
compared to the control (Figure 9). The zinc concentration in straw improved in G1
significantly with the application of KO, 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~!), G1 showed
better results with the application of KO, 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 ZnSOy on (A) straw K and (B) grain K of hybrid (G1) and non-hybrid (G2) genotypes of a
maize plant; KO, K60 and K100 represent 0, 60 and 100 kg K ha~1, respectively; Z0, Z16 and Z24 represent 0, 16 and 24 kg
Znha~!, respectively. The presented data are the means + SD (1 = 3). The lowercase letters indicate statistically significant

differences according to the LSD test.
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Figure 9. Effect of MOP and ZnSOy on (A) straw Zn and (B) grain Zn of hybrid (G1) and non-hybrid (G2) genotypes of a
maize plant; K0, K60 and K100 represent 0, 60 and 100 kg K ha™!, respectively; Z0, Z16 and Z24 represent 0, 16 and 24 kg
Zn ha~!, respectively. The presented data are the means + SD (1 = 3). The lowercase letters indicate statistically significant

differences according to the LSD test.

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 ZnSOy 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 CO, 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 (CH,) emissions [3]. Globally,
methane (CHy4) emissions from paddy rice account for more than 10% of the total amount
of CHy 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

235



Sustainability 2021, 13, 503

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.

Figure 1. The example of paddy rice growth stages.

In previous research, some scholars summarized and analyzed the content related
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 Ressl;?:;lon I;l"ee :;El (E.ZL Free or Charge Lﬁi:ﬁ:’uerre
MSS+TM
Landsat ET&E?S;Z:; +7) 30m 16 days Free 16
OLI (Landsat-8)
Terra/Aqua MODIS 250-1000 m 1-2 days Free 22
HJ-1A/B CCD1/2 30m 2-4 days Free 3
HRYV (SPOT1~3)
SPOT H\I/;C(?;SII:SO/{;AQT 1 km 1day Charge 2
(SPOT-5)
Sentinel-2 MSI 10-20 m 5day Free 7
Sentinel-1 SAR 5-40m 12 days Free 14
COSMO-SkyMed SAR 3-15m 16 days Charge 1
TerraSAR-X SAR 3-10m 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 25m 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 Intelgrated spatial Integrated.Time Ref.
esolution Resolution

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 10m 16 days [16]

Table 3. Indices used in paddy rice mapping methods.

Index Abbreviation Formula Literature Number
Normalized Difference Vegetation Index NDVI % 27
Enhanced Vegetation Index EVI 2.5 x P gzj;”gdx eS| 14
Two-band Enhanced Vegetation Index EVI2 2.5 x % 1
Land Surface Water Index LSWI % 16
Normalized Difference Snow Index NDSI % 3
Normalized Difference Water Index NDWI % 1
Normalized Difference Flood Index NDFI % 1

Note: Surface reflectance values from the blue (op1,.), green (0green), red (0,.7), Near Infrared (NIR) (p,,;;) and Shortwave Infrared(SWIR)

(Pswir) 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.
Machine learning [13,17-23]
Optical Remote Time series similarity method [24,25]
Sensing-Based Mapping Methods Vegetation index feature-based method [10-12,14,26-41]
Object-based image analysis [42-44]
. o . Empirical model [45-48]
Microwave Remote Sensing-Based Mapping Methods Machine learning [49-58]
Integration of Optical and Complementary method [16,59-65]
Microwave Remote Sensing-Based Mapping Methods 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., Sy (t) = {si,s},- -+ ,sL,},Sa(t) = {s3,63,- - - ,s2}, withre-
spective lengths of m and n. Construct an m x n matrix A, x, and define the distance

/ 2
between each element as ajj = d (s}, 5]2) = (sl.l, 5]2) . In the matrix A, x,, a winding path

is set by a group of adjacent matrix elements, and notes for W = {w_1,w_2,- - - ,w_k} and the
ki, element in W are defined as wy = (a i]-) . this path meets the following conditions:

Monotonicity constraint: wy = a;j, Wi 1 = al-/]-/,i’ >i,j >,

Continuity constraint: wy = a;j, w41 = a4y, i<i+1,j<j+1,

Endpoint constraint: wy = ayq, wx = amn.

This element satisfies the condition 0 < i—i,0 < j—j < 1, and thus,
DTW(Sy,S2) = min4 YX | W;. 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(l,l) = a1 (1)
D(i,j) = ajj + min{D(i—1,j—1),D(i,j—1),D(i —1,j)}

wherei=23... m,j=23... 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 (R?> = 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(p, 012) and L2~N(u2, ?),
then the intersection between L1 and L2 is calculated by Formula (3).

Vinean — (nS) < x1 < Vigean + (nS), 2)
_ T2 + o1 3)
e %)

where Viyean, 1, S, 4, 0, x1, and x, 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 xp is outside of [u — o, u + o]

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 MCD12Q]1 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

242



Sustainability 2021, 13, 503

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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(MYDI11A2)
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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.

o0(dB)

Time(DOY)
* » Triple-cropped rice backscatter — Harmonic fitting function

Figure 3. SAR backscatter behavior with triple-cropped rice growing stages based on a multiyear ASAR WSM time series [49].

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/VYV, 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].
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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 Sentinell 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.

Simple
classification
method,
?'egemuou Multi-source Cloud Deep learning, Multi-source and
index, etc. Radar data 4 ! computing Machine multi-method
ata fusion ere . . X
GEE learning fusion comparison
. 2010 2011 2012 2014 2015 2016 2017 2018 2019 2020
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algorithm image analysis phenology T data area and
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Figure 4. Evolution of methods.

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 km?, of which arable land comprises 840 km?. 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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Figure 1. Research area: (a) Shandong Province; (b) Qihe County.

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).

Spectral Range  Spatial Resolution Swath Width

Parameters (am) (m) (km)
B1 (Blue) 450-520
B2 (Green) 520-590
B3 (Red) 630-690
B4 (Near Infrared) 770-890
WEV B5 (Red-edge 1) 690-730 16 800
B6 (Red-edge 2) 730-770
B7 (Purple) 400450
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 5m x 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.

258



Sustainability 2021, 13, 4603

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/WEFV.

Table 2. Classification schemes with different band combinations.

Schemes Operating Bands
S1 B1, B2, B3, B4
52 B1, B2, B3, B4, B5
S3 B1, B2, B3, B4, B6
54 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:
n
Pr=) D;- A (1)
i=1

where: Pr is the theoretical total quantity of straw (t); 7 is the number of different crop
straws, and the maize straw was counted in this study, thus, i = 1; D; indicates the straw
resource density of the ith crop (t/km?), and 4; is the plantation area of the ith crop (km?).

n
D; = 1000 x 2 ?] 2)

where: j is a different sampling region; C;; is the theoretical total quantity of straw resources
of the i crop in area j (kg); S; j is the plantation area of i crop in area j (m?).

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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Figure 2. Spectral curves of different land cover types.

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 52, 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 52, 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 52, 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 54 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
™ TD ™ TD ™ TD ™ TD ™ D
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 2.00 191 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
RE OA 85.57% 93.24% 87.38% 93.15% 94.18%
KC 0.82 091 0.84 091 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; R?=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 54 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 54 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 (R? = 0.986; Figure 3b), and B8
was significantly correlated with B2 and B3 (R2 =0.982 and R? = 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 BS;
(d) B3 and BS.

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

263



Sustainability 2021, 13, 4603

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 52 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 I?lther Water Wasteland Road Maize
ants
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
S1 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
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
S2 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
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
S3 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
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
54 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
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
S5 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

264



Sustainability 2021, 13, 4603

Table 6. Difference analysis results for each land cover type between different band combinations.

Contrast of Bands Different

No. 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 S3to S2 0.0234
6 S4 to S2 0.6875
7 S5 to S2 0.3828
8 S4toS3 0.0078
9 S5 to S3 0.0156
10 S5 to S4 0.3828

Significance levels: 0.05.

B Maizc .Building P woodland [Plant  [lWater Wasteland [l Road

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;
(h-1) Classification results of S1-S5 in area B.

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 54, 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)1), 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 km?. According to agricultural statistics, the
maize planting area in Qihe County in 2018 was 757.73 km?, 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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Figure 5. Land cover types in Qihe County based on the RF model in 2018.
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Figure 6. Land cover type proportions based on the RF model in 2018.

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 x 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 x m) No. of Plants ~ Weight of Straw (kg)  Density of Straw (t/km?)

1 10 x 5 336 40.24 804.8
2 10 x 5 308 35.63 712.6
3 10 x 5 322 37.46 749.2
Average 755.53
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Figure 7. Spatial distribution of maize straw in Qihe County in 2018.

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 Liugiao 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/ km? and 525.58 t/km?, 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 380470 t/ km?, 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.
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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/WEFYV, 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;

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;

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;

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 lijima [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 lijima, 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 lijima 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 lijima [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 sp?
and sp? 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 (SWCNT5s)
2. Multi-walled carbon nanotubes (MWCNTs).

wri ¢'0-70

A
v

2-100nm
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 # m) [53,54].
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chiral (11,4)

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/cm? 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 1055/cm
Electron mobility About 105 cm?2/(V s) Ranging from 104 to 105 cm?/(V s)
Thermal conductivity About 6000 W/ (m K) About 2000 W/ (m K)
Coefficient of thermal expansion Greater than 1.1 x 1073 K1 About —1.37 x 1073 K~!
Thermal stability in air Ranging from 600 to 800 °C Ranging from 600 to 800 °C

Resistivity

Ranging from 50 to 500 u) cm
Specific Surface Area

Ranging from 50 to 500 uQ) cm
Ranging from 400 to 900 m? /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) Arcdischarge
(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 H, and CHy 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 HCI 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 HCI) can show same results
as by the HNOj3, 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
N; 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 7
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  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, m—m 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.
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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 7—m 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 (m?/g)
Pristine 1.1 82.2
H,0, oxidized 2.6 130.0
HNOj3 oxidized 5.1 84.3
KMnO, oxidized 11.0 128.
NaOCl oxidized 47.4 949

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 Pb?* and Zn?* 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 Intrinsic characteristics are damaged
: o Highly stable bonds are formed Structural defects CNTs
functionalization .
Aggregation of CNTs

Simple and easy procedure
CNTs structure is maintained with minimum defects Stability of bonds is weak
Electronic characteristics of CNTs are not affected

Non-covalent
functionalization

Oxidation of raw CNTs with HNO3, H,S0O4, HCI, H,O,, KMnOy, and NaOClI, 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 Al,O3 [148], MnO; [149], and Fe304 [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.
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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 mulffle
furnace. Average length of the tubes was 70 um 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 sp?, sp?, and carboxyl groups (284.3, 285, and 288.5 eV, respectively)
were associated with Cls 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].

(002)

* Catalyst

Intensity (a.u.)

15 20 25 30 35 40 45 50 55 60 65 70 75 80 85
20 (degrees)

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 ™! associated with aromatic rings (C=C bond) of
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rolled graphene layers. Sometimes, the peaks of 3800 to 3200 cm~! (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 ! was also detected for CNTs,
which is related to the vibration of C-H stretching methylene (CHy) [185]. The FTIR spectra
can also suggest surface modification of CNTs. For example, in Figure 8b, a new peak near
1450 cm ! appeared that was assigned to asymmetric CH, bending. This peak is typically
interpreted as evidence of defects in the structure of CNTs. In Figure 8c, a new peak near
1735 cm~! suggested a carbonyl stretch of the carboxylic acid group. In addition, a double
peak at approximately 2900 cm ! 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 N, or He with poor oxygen atmosphere
(1% to 5% O,) 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 CO,, 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 (m; — mjy)/mj, where m; is the weight of the
sample before oxidation and m; is the weight of the sample after the oxidation [11].

(c) CNT-Ac

(a) CNT-WT

Transmittance (arb. units.)

4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm)

Figure 8. FT-IR spectra of CNTs: (a) pristine CNTs (CNTs-WT), (b) CNTs treated with HCI (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].

G
2D

|
*‘ |
|g-MWCNTs
MWW \ \\rm

MWCNTs

Intensity (a.u.)

500 1000 1500 2000 2500 3000
Raman shift (cm™)

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 Zn?* 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 (Fe30;), maghemite (y-Fe;O3), hematite (x-Fe;O3), and
goethite (x-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 