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Abstract 

Liquid manure is a rich source of nutrients for crops, but when applied by traditional methods (broadcast) it causes loss of important 
nutrients such as nitrogen by evaporation and leaching simultaneously causes environmental and groundwater pollution. In this 
study, a high-performance liquid manure injection tool (prototype) was designed, developed and evaluated under actual field condi-
tions. The prototype injection system consists of a prototype liquid distributor wheel that injects the liquid subsurface at certain 
amounts and intervals without cultivating the soil. Since the liquid manure is injected subsurface, so does not remain on the soil sur-
face, it does not need to be mixed, and alternative to other methods in terms of nitrogen loss and availability to the plant. Laboratory 
and field studies were conducted to explore this system in liquid manure application. The range of slurry application rates was 4000-
20000 L ha-1, at the base of system pressure and forward speed. The trials to determine efficiency of system, image analysis methods 
were used to quantify the percentage of the surface area covered with manure, and ammonia emission rate were determined by 
employing a wind tunnel and a dynamic chamber. The results showed that injecting slurry reduced NH3 emissions most effectively 
to 70% compared to the traditional surface spreading method. No statistically significant effect of manure application depth on 
ammonia emission was observed. The manure cover decreased at used by injection system. The machine demonstrated its perfor-
mance by successfully injecting liquid manure into the soil and preventing nitrogen losses since the fertilizer had minimal contact 
with the air. 
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Introduction  
At the beginning of the twentieth century, a paramount global 

challenge emerged, namely the inadequacy of food provision in 
light of a growing world population. The major goal of all the agri-
cultural production is to obtain more efficiency from the unit area 
or mass by intensifying the use of inputs. Fertilization, as a critical 
component, plays a significant role in shaping the landscape of 
agricultural practices. In order to increase the plant’s utilization 
rate of animal manure, to prevent the loss of nitrogen by evapora-
tion, and to minimize some of its negative environmental effects, 
it is necessary to apply it under the soil in appropriate doses with 
suitable machines. This situation also creates an advantage for the 
widespread use of direct sowing methods, which are an important 
component of sustainable soil management and carried out without 
tillage. In Turkey, animal manure is largely applied either by spray-
ing on the soil or applying liquid manure through an on-farm irri-
gation system. According to the results of many studies, it was 
reported that in all these applications, liquid fertilizers turn into 
harmful greenhouse gases and accelerate climate change, cause 
environmental pollution, and threaten human and animal health 
(FAOSTAT, 2021). 

The cattle breeding and manure fertilization are activities lead-

ing to the emission of gases of environmental concern, such as 
ammonia (NH3), and greenhouse gases, such as methane (CH4) and 
nitrous oxide (N2O). Furthermore, it was determined that 55.5% of 
CH₄ emissions and 77.6% of N2O emissions, which are included 
in the total greenhouse gas emissions, originate from agricultural 
activities (Turkish Statistical Institute, 2016). Approximately 45% 
of the nitrogen applied in liquid manure is evaporated into the 
atmosphere (Phillips, 1998). Spreading of slurry on the surface can 
lead to high losses of ammonia (Smith et al., 2000). Many studies 
have focused on reducing ammonia loss in manure application, 
especially on liquid manure. It was reported that the odor emission 
was reduced by approximately 80% when the liquid manure was 
applied to the soil with a properly adjusted injection depth com-
pared to surface applications (Pain et al., 1991). Injecting liquid 
manure directly into the ground is an application that can serve the 
purposes of the direct sowing system, which is one of the main 
approaches of sustainable agriculture systems. However, suitable 
machinery is needed to inject this type of fertilizer into the soil. It 
was reported that fertilization management and application tech-
niques are among the most important problems of direct sowing 
methods (Baker and Saxton, 2007). Use of the fertilizer injection 
system was found to significantly improve mid-season lettuce 
plant growth and nitrogen uptake levels as compared to the con-
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ventional knife blade fertilizer applicator system. These results are 
thought to be due to more optimal placement of the fertilizer in the 
root zone (Siemens et al., 2011). The effect of using the injection 
method on the yield of no-till winter wheat showed an increase of 
around 12 percent in comparison with the knife fertilizer, and on 
the other hand, significant reductions in surface runoff nutrient 
losses have also been reported (Kushnak et al., 1992). According 
to Randall et al. (1997), the choice of N placement method 
markedly affected both yield and profitability. The point injection 
of urea ammonium nitrate (UAN) produced the greatest grain yield 
and returned the highest net profit per acre, while broadcast and 
band applications yielded lower returns. Furthermore, the injected 
application method demonstrated superior N uptake and recovery 
efficiency, indicating enhanced fertilizer utilization and reduced 
loss. The objective of this study was to design, construct, and eval-
uate the performance of a liquid manure (slurry) injection system 
for farmland applications. Specifically, the study aimed to assess 
the effectiveness of subsurface injection in minimizing ammonia 
(NH₃) emissions compared to conventional surface application 
methods, thereby contributing to improved nutrient retention, 
reduced environmental pollution, and enhanced compatibility with 
sustainable agricultural practices such as no-till farming. 

Methods and Materials 

Design injection wheel  
This study involved the design, construction, and performance 

evaluation of a prototype liquid manure injection system into the 
soil. The basic design of the liquid manure injector was given by 
Iowa State University (Cady, 1990). This system, based on a circu-
lar array of spokes, is a tractor-pulled wheel device designed to 
meter and inject homogeneous liquid manure into the ground. 
Consisting of 12 hollow spikes attached to a rotatable wheel, the 
liquid manure flows from these spokes as the wheel rotates. This 
system injects fluid below the ground surface to disperse it into the 
soil. The diameter of the wheel is approximately 400 mm, each 
spoke is 100 mm in length, and the distance between separated 
depots around it is about 148 mm (Figure 1 a,b). The spoked wheel 
assembly comprises a hub portion and twelve Tygon tubes extend-
ing radially outward from the hub. Each Tygon tube is connected to 
spikes. The wheel disposes of 12 hollow spikes, the so-called 
spokes. The spoke-hollow rods penetrate the soil as the wheel turns. 
The mechanical hub control, situated at the center of the wheel, 
manages the deposition of fertilizer into the suitable spokes. The 
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Figure 1. Liquid manure injector’s wheel (a,b), mechanical hub (c,d), spoke (e), inner port of the mechanical hub (f) and view of hub 
assembly (g).



hub portion is formed of a housing having a bearing that is secured 
to permit rotational movement of the housing with respect to the 
axle (Figure 1 c,d). The fixed inner part (bearing) with a single hole 
and one outer part designed for rotation featuring 12 holes - the hub 
operates using a rotary valve. When these holes align with each 
spoke, which occurs only when the spoke is perpendicular to the 
ground, the system allows for liquid discharge. Injection is complet-
ed as the liquid manure enters the soil through two slits on the sides 
of each spoke (Figure 1 e,f). All parts of hub are assembled as 
shown in Figure 1g and placed in the center of the wheel. 

 

Experimentation 

Laboratory tests 
For determination of injector wheel application rate and func-

tionality, test setup was prepared in laboratory conditions. 
Experimental unit and replicates. The experimental unit was a 
depletion run of the injector system. For each combination of pres-
sure (200, 300, 400, 500 kPa), simulated forward speed (1, 2, 3 
km·h–¹), we performed n=6 independent runs, resetting the tank 
and re-pressurizing between runs. This experiment was conducted 
for two materials (liquid manure and water), completely independ-
ently of each other. The assembled wheel was fixed to a pedestal 
base. To supply the required liquid volume for the experiments, a 
small 20-liter tank was positioned directly beside the wheel. An air 
pressure regulator set (STNC- TL2000-2, TW5000-10 Air Filter 
Regulator), an air compressor (Sarmak compressor-pump-
15/1005, 800 kPa) were used to control and maintain consistent air 
pressure within the tank during the trials. Forward speed was sim-
ulated using the 1.5 kW (2 hp) variable-speed DC Electric Motor. 
It was set to three different rotation speeds to conduct the experi-
ments. The revolution of electric motor was adjusted by changing 
the voltage, accomplished with the aid of a VFD 2.2 kW variable 
frequency drive (inverter). The revolution was determined by 
using an axial shaft to connect the wheel to the electric motor 

(Figure 2). The speed of a motor was normally measured as the 
number of revolutions per minute (Sunil, 2020). 

                                                                                                 

                                                         (Eq. 1) 
 
The model (Eq. 1) describes the relative electric motor speed 

and tractor forward speed. The assumed tractor speeds in km h-1 
were divided by 3.6 for converted to m s-1, where C is the wheel 
perimeter (m), V is the tractor forward speed (m s-1), N indicates 
revolutions per minute (rpm).  

In the first case, the tank was filled with 5 L of liquid material 
out of 20-liter tank. It was pressurized for all four pressures con-
sidered in the experiment. Simultaneously, the injector wheel was 
rotated at each speed determined during the test program by an 
electric motor. This process was repeated for each experimental 
material (water and liquid manure). The time taken for the known 
volume (5 L) of liquid material to empty from the tank at different 
speeds and pressures was measured. Experiments were conducted 
in six repetitions, and the time required for the injection of the 
known volume was recorded (Figure 3). The application rate was 
calculated using Eq. (2).  

                                                                                                 

                                                         (Eq. 2) 
 

where N is the application rate (L ha-1), Q is the flow (L min-1), V 
is the tractor forward speed (km h-1), and B is the working width 
(m). 

Soil bin tests  
The test was carried out on a soil bin channel with a length of 

20 meters and a width of 2 meters to determine the efficiency and 
application rate of the system. Experiment arranged in a completely 
randomized design (CRD) at four different pressures (200, 300, 400 
and 500 kPa) and at three different forward speeds (1, 2, and 3 km 
h-1) with four replications.; the same carriage and injector were 
reused across treatments. The liquid manure was used as material. 
The injection wheel is a tractor-pulled equipment. The moving car-
riage on the rail system in the soil channel provided the movement 
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Figure 2. A view of the system installation for measurement appli-
cation rate. 1, Tank; 2, pressure regulator; 3, injection wheel; 4, 
electric motor. Figure 3. System setup in laboratory condition.



of the wheel. The desired forward speed was set by an inverter that 
was located at the moving carriage’s main control console. An air 
pressure regulator set and air compressor were used to control and 
maintain air pressure consistency within the tank with a volume of 
20 liters was mounted on the moving. carriage (Figure 4). 
Application rate was calculated at different pressures and forward 
speeds. For each repetition of the test, the tank was completely 
filled with test material (liquid manure). The decrease in the amount 
of liquid in the tank was determined after traveling a distance of 18 
meters. This method was repeated for the desired speeds and pres-
sures. Statistical analyses of data were conducted using SPSS 22, 
ANOVA was conducted to evaluate between-subjects effects. 

Ammonia emission  
Small wind tunnels (Lockyer, 1984; Hesar et al., 2024), which 

are used for ammonia volatilization from field soils, offer advan-
tages of minimal environmental disturbance, study of several treat-
ments, replication, measurement over larger areas, and the ability 
to make relative comparisons among treatments. In this study, the 
design and manufactured small wind tunnel were restricted by the 
housing and canopy section (Figures 5 and 6). A housing part with 
a cylindrical shape contains a sampling device, a fan for flowing 
air inside the tunnel, and flow meters. The housing part joined the 
U-shaped polycarbonate section of the tunnel that encloses a 1 m² 
treatment area (0.5×2.0 m) as the canopy section. In this section of 
the experiments, three wind tunnels were used to determine the 
effects of injection depth on ammonia emission. Experiments 
arranged in a randomized complete block design (RCBD), with 
repeated measures over 48 h. Treatments consisting of three meth-
ods and depths of fertilizer application (surface broadcast, 50 mm 
injection, and 100 mm injection) were applied in the soil bin and 
then the three tunnels were placed on them simultaneously. 
Ammonia emission measured in three wind tunnels. Sampling was 
carried out over a 48-h period, with measurements in the same 
experimental units being repeated three times for 48 h. Bovine 
slurry was used as the material, collected from the barn using a 
scraper and passed through the separator. The application rate was 
set at 85 kg ha-1 of total N (Wagner et al., 2021). In the traditional 
method, liquid manure (slurry) was sprinkled on the surface in a 
certain ratio, while in subsurface methods, it was injected using a 
point injection liquid manure system. Experiments included two 
application depths and comprised a surface broadcast application 
treatment. After the treatment areas were ready, the wind tunnels 

were placed in such a way that the canopies section covered the 
prepared treatments area. For each wind tunnel, the electric fan, a 
25 cm diameter aluminum impeller with seven blades set at a 15 
pitch to draw air across the enclosed area by velocity in the middle 
of the canopy at 1 m s-1 (Thompson et al., 1990). The star sampler 
device with eight legs was mounted in the cylinder section. Each 
leg extends 9 cm from a hollow hub that served as a vacuum man-
ifold. The star sampler was connected to the gas scrubbing bottle. 
A small vacuum pump bubbled sampling air through this bottle 
(120 mL of boric acid) that traps the ammonia (Ozbek, 2017; 
Kumbul, 2023). The air flow rate through the acid traps was set at 
5 L/min. The volume of air passing through the gas scrubbing bot-
tles was measured with a gas-flow meter mounted in the entrance 
of the acid trap tube (Meisinger et al., 2001). Ammonia emission 
was quantified using an acid-trapping method in which volatilized 
NH₃ was absorbed in boric acid solution and subsequently quanti-
fied by titration. The experiments were conducted over a 48-h peri-
od, with air samples collected every 3 h. At each sampling interval, 
acid traps were replaced to maintain continuous collection effi-
ciency. For each sampling point, boric acid solution containing 
mixed indicators (bromocresol green and methyl red) was used to 
capture volatilized ammonia. The absorbed ammonia was then 
titrated with a standard 0.5 N H₂SO₂ solution to determine the con-
centration of NH3-N (Kumbul, 2023). The amount of ammonia 
emission was determined by quantifying the ammonia trapped in 
the acid and normalizing it to the surface area and exposure time. 
Accordingly, the daily ammonia volatilization flux (f, kg NH3-N 
ha-² day-¹) was calculated using Eq. (4), as described by Woodley 
et al. (2018): 
                                                                                                       

                                                        (Eq. 3) 
 

                                                        (Eq. 4) 
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Figure 4. Installed Point Injection Liquid Manure System with 
small tank and air compressor on soil bin channel’s moving car-
riage.

Figure 5. The side perspective of small wind tunnels. 1, Canopy 
covering; 2, air sampling section; 3, acid trap; 4, electric fan.

Figure 6. Small wind tunnel.



where ca (mg N.m-3) is the atmospheric concentration of NH3-N at 
the wind tunnel, cs (mg N L-1) is the measured concentration of 
NH3-N in the acid trap solution, vs (L) is the measured volume of 
acid trap solution, va (m3) is the measured volume of air passed 
through the acid trap solution, r (m3 day-1) is the air volumetric 
flow rate through the wind tunnel, and A (m2) is the soil area cov-
ered by the wind tunnel. Statistical analyses of data were conduct-
ed using ANOVA (mixed-effects) to evaluate the effects of depth 
of injection liquid manure on ammonia emission, and post-hoc 
pairwise comparisons (Tukey’s HSD) test were performed to 
examine the differences between the mean values.  

Field test 

Equipment 
Observing the performance of the prototype model of the liq-

uid manure applicator, an 8-row spoke wheel applicator prototype 
was designed and developed. The basic components of the 
machine were 8 sets of spoke wheels, a pump, a distributor, a fer-
tilizer tank, and a pressure gauge (Figure 7). 

The eight units of the spoke wheel liquid manure applicator, 
with a 5.6 m working width, were clamped on the toolbar at a uni-
form spacing of 700 mm between consecutive spoke wheels. A 
vacuum pump was used for the supply of liquid manure at constant 
pressure to the distribution hub. A control valve assembly was pro-
vided to regulate the pressure and bypass the extra quantity of liq-
uid to the fertilizer tank with a maximum capacity of 7200 L min-

1. A mild steel tank having a capacity of 2000 L was used to store 
the liquid manure solution. Uniform distribution of liquid manure 
across the toolbar is important for ensuring proper application of 
manure nutrients to farm fields. For this aim, a custom-made dis-
tributor designed 32-liter cylinder with 8 wings fixed on the coni-
cal part inside it. The system lifted by the three-point hitch of a 
tractor (New Holland TD95d-70 kW). 

Experimental design 
A field experiment was established to evaluate the efficiency 

of two liquid manure application methods in terms of ammonia 
losses and manure cover. The experimental site was divided into 
two whole plots, each measuring 5.6 m in width and 100 m in 
length. The whole-plot factor consisted of the manure application 
method, with one plot receiving liquid manure by injection and the 
other receiving manure by broadcast application. In the selected 
injection plot, the operating pressure of the pump was fixed at 200 
kPa, and the machine was operated at a forward speed of 4 km h-¹ 
in the field and 100 mm injection depth. At this operating pressure 
and forward speed, the machine delivers 4420 L·ha-¹ of liquid 
manure. In order to compare the effectiveness of injection systems 
with surface application methods, the same rate of slurry was 
applied to another plot by broadcast application method. The trac-
tor pulled the applicator that was fitted with flotation tires through 
a 100 m length for each of the plots (Figure 8). 

 

Ammonia emission  
The experimental design follows a split-plot structure, 

employed 12 sets of dynamic chambers for each experiment plot. 
Within each whole plot, ammonia emissions were assessed by col-
lecting twelve subsamples. After each test run, the amount of 
volatilized NH3 was assessed under constant and controlled envi-
ronmental conditions using dynamic chamber technique (Vandre 
and Kaupenjohann, 1998; Sommer et al., 2001). The closed cylin-
der method (dynamic chamber) utilized one-way open cylindrical 

plastic containers with a diameter of 200 mm and a height of 250 
mm. Airflow was provided through the side holes. A vacuum pump 
was applied to flow air at a rate of 5 L min-¹ to the 120 milliliters 
of boric acid trap (Figure 9). The trapped ammonia in boric acid 
samples was analyzed by acid titration using a predetermined sul-
furic acid solution (McGinn and Janzen, 1998; Schlossberg et al., 
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Figure 8. Test of injection machine function and efficiency.

Figure 9. Ammonia emission measurement.

Figure 7. Side perspective of the injection machine. 1, Shaft; 2, 
pump; 3, fertilizer tank; 4, three-point hitch; 5, distributor; 6, main 
frame; 7, spoke wheel. 



2017). The experiments ran for 6 hours, with samples collected 
every 2 h, and the ammonia emission flux was calculated in (mg 
m-² day-¹). Results are given in percentage of nitrogen lost as 
ammonia with regard to the amount of total nitrogen spread with 
the slurry.  

Liquid manure exposure  
A large connected surface area between the air and the manure 

will result in more odors and ammonia being released. Both infil-
tration rate and contact area affect volatilization (Thompson et al., 
1990).  Volatilization is increased when applying manure on a stub-
ble or on straw residues on arable land (Amberger et al., 1987). Due 
to decreased infiltration and an increased contact area. Following 
the manure injection, the image analysis (ImageJ) method was used 
to quantify the percentage of the surface area covered with manure 
(manure cover). To estimate the manure cover, a digital image 
(Figures 10 and 11) was quickly taken over the simple quadrants. 
The experimental design follows a split-plot structure. The experi-
mental site, that was divided into two whole plots and with one plot 
receiving liquid manure by injection and the other receiving manure 
by broadcast application. Within each whole plot twelve simple 
quadrants (700 mm wide by 915 mm long) were placed randomly 
immediately following the manure application subsamples. These 
subsamples represent the subplot level. Photo taken from simple 
quarters, the images were processed with the ImageJ software, and 
the percentage of the surface area covered with manure was deter-
mined. Statistical analyses of data were conducted using SPSS 
ANOVA/Duncan analysis was conducted to evaluate the effects of 
application method of liquid manure on ammonia emissions. 
Duncan’s multiple range tests were performed to examine the dif-
ferences between the mean values.  

 

Statistical analysis 
Data from all trials performed and averaged data were checked 

for normality and constant variance using SPSS (22). Data from 
each trial were then subjected to analysis of variance (ANOVA), to 
assess treatment effects. Treatments were determined to be signif-
icantly different at α critical =0.05 and 0.01 

 

Results and Discussions  

Application rate  
The application rate of liquid manure increased with higher 

operating pressure and decreased with increasing forward speed 
(Table 1). At 1 km h-¹ and 500 kPa, the maximum application rate 
(20,776 L ha-¹) was observed, while the lowest rate (4110 L ha-¹) 
occurred at 3 km h-¹ and 200 kPa. Factors affecting the amount of 
slurry to be applied are total N and nutrient value of slurry, method 
of liquid manure collection and storage, time and method of appli-
cation, soil characteristics, type of crop which the slurry was 
applied, and climate. Several studies have evaluated the applica-
tion rate of cattle slurry in farmland. In most European countries, 
recommendations on manure application rates are based on the 
total N applied per year the Code of Good Agricultural Practice 
applied in England recommends up to 250 kg N ha−1 yr−1 
(Department for Environment, Food and Rural Affairs, 2009). 
However, mismanagement, such as a high application rate or inap-
propriate application time during the year, can lead to nutrient loss-
es to the wider environment (Smith and Chambers,1993). The 
ANOVA confirmed that both forward speed and pressure had high-
ly significant effects on application rate (p<0.001), and their inter-
action was also significant. Effect sizes were large (Partial η² 
>0.96), indicating that variations in forward speed and pressure 
strongly determined the applied manure volume (Table 2).  

Effects of injection depth on ammonia emission 
The results demonstrated that, in comparison to surface appli-

cations, Point Injection Liquid Manure Machines decreased N 
losses (Table 3). Post-hoc pairwise comparisons (Tukey’s HSD) 
demonstrated that surface broadcast application resulted in signif-
icantly higher emissions than both 50 mm and 100 mm injection 
depths (p<0.001). However, emissions between the 50 mm and 
100 mm injection treatments did not differ significantly (p=0.176), 
suggesting that both injection methods substantially reduced 
ammonia losses compared to surface application. Comparable out-
comes were found in the literature. Given that injecting fertilizer 
would release ammonia (Baker et al., 1989), they used a point 
injection system to apply chemical fertilizer at rates of 227 kg ha-1 
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Table 1. Application rate (L ha-¹) at different forward speeds and operating pressures. 

Forward speed (km h-1)                                                                                Pressure 
                                                          200 kPa                              300 kPa                                    400 kPa                              500 kPa 

1                                                                12790.00                                   16360.00                                         18622.00                                  20776.00 
2                                                                 6074.00                                     8020.00                                           9304.00                                   10366.00 
3                                                                  4110.00                                     5384.00                                           6284.00                                    7194.00 

Table 2. Results of the ANOVA (Tests of Between-Subjects Effects), forward speed, operating pressure, and their interaction. 

Source                                         Square                               df                                 Sig.                                      F                       Partial η² 

Corrected Model                          2004046761.3*                             11                                    0.000                                     7120.06                         0.999 
Forward speed (fs)                        1701231566.3                               1                                     0.000                                    33243.14                        0.999 
Pressure (P)                                    259973099.1                                2                                     0.000                                     3386.69                         0.994 
Interaction (fs × P)                          42842095.9                                 6                                     0.000                                      279.05                          0.965 
 *Type III sum of squares. 



for irrigating and 272 kg ha-1 for dryland. The machine’s impact on 
nitrogen losses in comparison to surface application, which 
showed a loss of 3.63 kg ha-1 in the injected application and 26 kg 
ha-1 in the surface application. Another study found that ammonia 
losses were 16% and 27%, respectively, after medium-sized tubu-
lators injected manure at an 8 cm depth and used a double disc tine 
(Rodhe et al., 2004). The decreased NH3 volatilization, on the 

other hand, indicates that there is more total ammoniacal nitrogen 
(TAN) available for plant uptake. During a five-year study, they 
found that precision-injected sludge had an impact on the average 
whole crop yield, grain yield, percentage of grain, percentage of 
dry matter, and uptake of N and P (Hunt and Bittman, 2021). 

It is possible to draw the conclusion that NH3 volatilization can 
be considerably decreased by slurry injection in soil in the current 
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Table 4. Effect of manure application technique on manure cover and ammonia loss under the same soil moisture, application rate, and 
TAN content. 

Application technique       Soil moisture content     TAN content         Application rate       Manure cover               Volatilization 
                                                            (%)                         (g kg-1)                      (L ha-1)                        (%)                  (% of TAN applied) 

Broadcast                                                     28                                  3.5                                 4420                             40.7a                                    78.8a 
Injection                                                       28                                  3.5                                 4420                                2b                                        12b 
TAN, total ammoniacal nitrogen (NH4+ + NH3); a,bsignificantly different at p<0.05 according to Duncan’s multiple range test. 

  

Table 3. Mean ammonia emission and results of repeated measures ANOVA and Tukey’s HSD post-hoc test for different application 
depths.  

Applications                                                                                                                         Mean emission (kg NH3-N ha-1 day-1) 

Surface                                                                                                                                                             3.0056a 
50 mm-subsurface                                                                                                                                           1.4662b 
100 mm-subsurface                                                                                                                                         0.7438b 
Source                                                                                      df                                                                        F                                               Sig. (p) 

Depth (treatment)                                                                       2                                                                      38.78                                         <0.001 *** 
Tunnel (block)                                                                           2                                                                       0.01                                           0.988 (ns) 
Time                                                                                           1                                                                     145.19                                        <0.001 *** 
Depth × time                                                                             2                                                                      26.06                                         <0.001 *** 
Error                                                                                         136                                                                                                                                
Comparison                                                                Mean difference                                                      p-value                                                 

100 mm vs 50 mm                                                                 +0.72                                                                  0.176                                                ns 
100 mm vs  surface                                                               +2.26                                                                 <0.001                                              *** 
50 mm vs  surface                                                                  +1.54                                                                 <0.001                                              *** 
ns, not significant (p>0.05); ***p<0.001; a,bsignificant differences among treatments according to Tukey’s HSD (p<0.05); values with the same letter are not significantly dif-
ferent. 

Figure 10. Manure exposure by injection system (left) and manure 
exposure after image analysis (right).

Figure 11. Manure exposure by broadcast (left) and manure expo-
sure after image analysis (right).



study. The highest ammonia flux was recorded in the treatment 
area, especially in the first few hours after the application (Figure 
12). The results showed a highly significant main effect of appli-
cation depth (F=38.78, p<0.001) and time (F=145.19, p<0.001) on 
ammonia emission. The interaction between depth and time was 
also significant (F=26.06, p<0.001), indicating that emission pat-
terns differed depending on fertilizer application method. No sig-
nificant differences were observed between wind tunnels (p=0.99), 
confirming that the block effect was negligible. 

Notably, the surface application method recorded 12 kg NH3-
N ha-1 day-1 within the first three hours, whereas the 50 mm sub-
surface application and 100 mm subsurface application measured 
4.82 kg NH3-N ha-1 day-1 1 and 3.84 kg NH3-N ha-1 day-1, respec-
tively. Approximately 30% of ammonia emissions took place in the 
first three hours, 40% in the first six hours, and 50-60% in the first 
nine hours (Figure 12). Ammonia volatilization was measured 
using a small wind tunnel over a 14-day period in a nitrogen bal-
ance study on a urea-fertilized pasture. It was found that while 
emission rates were high for the first 24 h, they quickly dropped to 
relatively low rates in the following 3-4 days (Vallis et al., 1982). 
Over 90 hours after applying cattle slurry to grassland, accumulat-
ed nitrogen losses were noted in another study as ammonia (Rodhe 
et al., 2004). After applying cattle slurry to grassland with tines, 
losses as ammonia were found to be approximately 60% within the 
first ten hours (Huijsmans and De Mol, 1999). 

Field study 
The field experiment demonstrated a clear difference between 

manure application methods in terms of both manure cover and 
ammonia volatilization. Statistical analysis revealed that applica-
tion method had a significant effect on both manure cover and 
ammonia volatilization (p<0.001). Broadcast application resulted 
in a significantly greater manure cover 40.7% compared with 
injection 2.0% (Table 4). The manure cover was significantly 
affected by the application method. Reducing the manure surface 
area and minimized air circulation at the manure surface can be 
used to reduce emission (Doorn et al., 2002). The 22% manure 
cover was rated as poor injection tool performance by Hultgreen 
and Stock (1999). 

The effect of the application techniques was analyzed by the 
percentage of volatilization. In comparison with surface spreading, 
injection of slurry may improve nitrogen utilization due to reduced 
ammonia volatilization. The highest rate of NH3 fluxes were meas-
ured as broadcast application plot at first hours after applying. 

Similarly, ammonia volatilization losses were markedly higher 
under broadcast application (78.8% of TAN applied) than injection 
(12.0%). The application of liquid manure on the soil led to the 
highest recorded ammonia emission levels, marking an approxi-
mate 70% increase compared to the injection of manure at a depth 
of 100 mm. According to Duncan’s multiple range test, treatments 
were separated into two distinct groups (a, b), confirming the 
strong advantage of injection in reducing surface exposure and 
ammonia losses (Table 4). 

 
 
 

Conclusions 
The surface application of liquid manure typically results in up 

to 90% ammonia nitrogen loss by evaporation, which presents sig-
nificant environmental and financial difficulties. The results 
showed that injected manure has been found to result in signifi-
cantly less N losses. In this study a specialized liquid manure/fer-
tilizer system, called the point injection liquid manure system, was 
designed and constructed. It can effectively inject liquid fertilizer 
up to 100 mm deep below the soil surface at intervals of 140 mm 
and regulating fertilizer quantity, permitting application rates rang-
ing from 4000 to 20,000 L ha-1, adaptable to changes in working 
speeds and pressure. Further field studies demonstrated that the 
machine injected the necessary flow rate and that the speed and 
pressure of the machine could be adjusted to alter this rate. 

As a result of the data and observations obtained in the study, 
it was concluded that liquid fertilizer application machines with 
prototype injection wheels can minimize nitrogen losses by inject-
ing the liquid to the desired depth, facilitating the uptake of nutri-
ents in the fertilizer by the plant and help reduce environmental 
pollution. The substantial 70% decrease in nitrogen loss between 
the injected and surface application (broadcast) methods stands out 
as a crucial indicator of the increased soil nitrogen retention. By 
injecting the fertilizer into the soil without processing it and reduc-
ing its interaction with the air, this technology may be a strong con-
tender for sustainable agriculture, as studies have shown that the 
highest ammonia losses occur within the first hour following appli-
cation. Future studies should focus on the evaluation of economic 
and environmental benefits of point injection system, along with 
the other placement options such as precision agriculture, applica-
tions in row-based and distribution of pesticides or low-dosage 
chemical manures. 
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