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Abstract

:

This study was first conducted to comprehensively investigate the potential of yak manure as a raw material to prepare fuel pellets. The effect of different parameters such as binder, pressure, and moisture content on pellet density and diametric compressing strength was investigated using a laboratory single pelleting press unit. Results showed that increasing the pressure can help to obtain high-quality fuel pellets. The pellet properties (density and diametric compressing strength) initially increased and then decreased with moisture content increase. By contrast, binder was not identified to promote density and diametric compressing strength. The parameters were optimized using the response surface method with central composite design to obtain high-quality pellets. In conclusion, the use of yak manure as a raw material to make fuels can be considered a sustainable approach and can effectively be used to fulfill the energy and heating requirements of rural areas.
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1. Introduction


Energy is an important pillar for the sustainable socio-economic development of a country, coupling with an important basis for the survival and development of the human economy and society [1]. Presently, the use of energy in the world is still based on fossil energy such as coal, oil, and natural gas. However, global energy demand is increasing rapidly due to development, resulting in some disadvantages. On the one hand, the global energy reserves are decreasing day by day. Statistics show that oil, coal, and natural gas can be produced for 50, 132, and 50.9 years, respectively, within the current production levels [2,3]. On the other hand, climate change issues such as the greenhouse effect brought about by the continued use of traditional fossil energy sources have made the conflict between energy and the environment increasingly prominent. These issues have made the awareness of the development of alternative energy sources an urgent matter. Biomass, as the fourth energy source after coal, oil, and gas, is the most attractive resource for its renewable, huge resources, low cost, and low emissions [4,5,6]. However, the low density, high costs of handling, transportation, and storage inhibit its use [7,8,9].



Densification is considered to be an effective way to improve these issues. It is a process of the dried and crushed biomass raw materials (for, e.g., agriculture and forestry residues, livestock manure, municipal solid waste, sewage, etc.) rearranged into specific shapes and sizes under a certain temperature, pressure, and moisture content [10]. The pellets with higher density, heating values, and low emissions can be used as feedstocks for cooking and heating [11]. Lots of studies concerning densification have been reported in previous literature. It was found that the properties of raw materials (e.g., types, particle size, moisture content, and composition), processing parameters (e.g., pressure and temperature), and additives/binders have a direct effect on the pellet quality (e.g., density, heating values, and durability) [12,13,14,15,16,17,18]. Among various parameters, pellets with high moisture result in dry matter loss during storage and transportation and also subject to early decomposition, according to Pradhan [8]. In addition, findings suggested an interaction between pressure and moisture content which could help improve the densification process, and therefore would need to be optimized in some feedstocks to ensure pellet quality [7].



The yak, an ancient and primitive species, is the only subfamily of bovids that thrives in the alpine pastures of the Tibetan Plateau. China is the country with the largest number and breeds of yak in the world, with more than 15 million in total, accounting for 95 percent. Among them, 93 percent of the yaks are distributed in the Tibetan Plateau. In previous literature, Degen et al. estimated that each yak would produce 786 kg of manure per year [19]. Due to economic reasons, most Tibetan families use yak manure for cooking and heating [20]. However, as with biomass such as straw, yak manure is irregular in shape, making it inconvenient to store and utilize.



With respect to the above introduction, this paper was first conducted using yak manure as the material to prepare fuel pellets. The effect of moisture content, pressure, and binders on pellet quality, which was exemplified by density and diametric compressing strength, was investigated. Meanwhile, the parameters were optimized using the response surface method with central composite design. The purpose of this study may be helpful for further efficient application of yak manure.




2. Materials and Methods


2.1. Materials


Yak manure was used as the raw material and two binders, namely calcium lignosulphonate (CL) and potato starch (PS), were used to prepare fuel pellets.



Yak manure was manually collected from the pastoral area located in Rikaze city, Tibet, China. The fresh manure was air-dried for 7 days and then crushed and sieved to sizes between 0.15 and 2 mm. Subsequently, it was placed in a drying cabinet under 105 ± 2 °C for 12 h to achieve a constant weight. After that, all the raw materials were stored in sealed plastic bags for further use.



Two binders, calcium lignosulphonate and potato starch were purchased from Shanghai Macklin Biochemical Co., Ltd., Shanghai, China.




2.2. Properties of Yak Manure


The proximate analysis of yak manure, including moisture content (MC), volatile matter (VM), and fixed carbon (FC), was carried out according to a Chinese standard namely Proximate Analysis of Solid Biofuels (GB/T 28731-2012) using a SDTGA-8000 thermogravimetric analyzer (proximate analyzer) (SUNDY, China) [21]. The ultimate analysis of carbon (C), hydrogen (H), nitrogen (N), and sulfur (S) was determined by the elemental analyzer (Vario EL Cube). In addition, the weight percentage of oxygen (O) was estimated by applying the following formula:


   O %  = 100 % −   C + H + N + S   %  



(1)







All the above results have been shown in Table 1.




2.3. Testing Equipment


As illustrated in Figure 1, pellets were prepared in a single pelleting press unit consisting of a plunger with 19.8 mm in diameter and 40 mm in height and a cylinder die with a diameter of 20 mm and a length of 30 mm. The plunger, connected to a computerized electronic universal testing machine (WDW-10G, Tianchen Testing Machine Manufacturing Co., Ltd., Jinan, China), provides the necessary compression load on the sample.




2.4. Experimental Design


2.4.1. Single Factor Test


In the present study, the effects of various parameters, i.e., pressure, moisture content, binder types, and binder addition were considered. Meanwhile, the levels of pressure were 50, 100, 150, 200, and 250 MPa, moisture content of 0.5, 5.5, 10.5, 15.5, and 20.5%, and the addition of binder was 0, 1.5, 3, and 4.5%, respectively. Firstly, the influence of pressure was considered under the condition of raw material with initial moisture content (0.5%) and no binder added. Subsequently, the effect of moisture content was considered, again without the addition of binder, based on the previously obtained best pressure. Finally, the effect of binder species and addition was studied based on the best pressure and moisture content.




2.4.2. Response Surface Methodology Analysis


Response surface analysis is a statistical method that uses reasonable experimental design methods and obtains certain data through experiments, uses multiple quadratic regression equations to fit the functional relationship between factors and response values, and seeks optimal process parameters through the analysis of regression equations to solve multivariate problems [22]. In the present study, the parameters (pressure, moisture content, and binder addition) were optimized by using central composite design (CCD).



The data were analyzed using a second-order polynomial model with the following equations [23]:


   Y i  =  β 0  +   ∑   i − 1  n   β i   X i  +   ∑   i − 1  n   β  ii    X i 2  +   ∑   i − 1   n − 1     ∑   j = i + 1  n   β  ij    X i   X j   



(2)




where,      Y   i    is the response variable representing, i.e., density or diametric compressing strength.    β 0    is the regression coefficient of intercept,    β i    is the linear coefficients,    β  ii     is the quadratic coefficients,    β  ij     is the interaction coefficients, and    X i    and    X j    are the independent control variables.





2.5. Methods


2.5.1. Adjustment of Moisture Content


In the preparation stage, ultrapure water was sprayed evenly on the yak manure with a spray bottle based on the previously determined moisture content to prepare three different moisture contents. The mass of ultrapure water to be added was calculated according to the following formula:


   m  add   =  m  ini      K 2  −  K 1    1 −  K 2     



(3)




where,    m  add     is the mass of the added ultrapure water (g),    m  ini     is the initial mass of raw material (g),    K 1    is the initial moisture content (%), and    K 2    is the targeted moisture content (%), i.e., 5.5, 10.5, 15.5, and 20.5%.



In order to mix the ultrapure water added with the raw yak manure evenly, the raw materials after being adjusted were placed in sealed plastic bags.




2.5.2. Preparation of Fuel Pellets


Approximately 2–3 g of the weighed material was filled in the mold. The plunger moved down with the moving platform on the computerized electronic universal testing machine and then the material was compressed. Meanwhile, the working pressure rose gradually with the plunger’s downward movement. Then, when the working pressure reached the desired pressure, i.e., 50, 100, 150, 200, and 250 MPa, the plunger stopped going down and held at constant pressure for 15 s. Subsequently, the fuel pellet in the mold was removed. Then, the pellets were kept in a sealed plastic bag to prevent them from being affected by ambient moisture. After 1 d, the weight and dimensions of the pellets were measured to calculate the density. After that, the durability test was conducted.





2.6. Determination of Quality Properties


2.6.1. Density


The density was calculated using the following Equation (4). For this purpose, the mass was measured with a digital balance. The lengths and diameters were measured by vernier caliper.


   ρ =     4 m       π D   2  L    



(4)




where,  ρ  is pellet density (kg/m3), m is the mass (kg),  D  is the diameter (m), and L is the length (m).




2.6.2. Durability


Durability is a measure of the relative ability of the fuel pellet to resist breaking during transport and handling, which is an important characteristic to determine the usability and storage performance of the fuel pellet [18,24,25]. Lower durability indicates that there are various problems in the structural integrity of the fuel pellet during handling, transportation, use, and storage. In other words, it means that the pellet has a higher tendency of breakage. Normally, durability consists of compressing strength and drop resistance and so on. Herein, compressing strength was used as the remarkable index to characterize durability for the present study.



During the preparation process, the pressure acts on yak manure come from the axial direction, resulting in the axial stress resistance being significantly higher than diametric stress resistance. Hence, the maximum compressive strength that the pellet can bear in the diametric direction is taken as the compressing strength. During the experiments, pellets were randomly selected for investigation. At least three replicates were conducted each time. The pellet was placed in a horizontal direction in a testing machine with a compression rate of 5 mm/min until the pellet was crushed [26].






3. Results and Discussion


3.1. Yak Manure Characteristics


Identification of raw material compounds is essential for the production of fuel pellets. As a result of specific geographical areas, the yak manure probably had different characteristics in comparison to others. Table 1 shows the summary of physicochemical characteristics of yak manure. It can be found that the moisture content was 7.89%. Volatile matter content was 47.43%, generally considered acceptable for ignition and combustion processes [4,27]. Different from other biomasses, yak manure had a higher ash content (34.36%) [28,29,30]. A higher ash content has the potential tendency to reduce the heating value. Fixed carbon content (10.32%) indicated that yak manure possessed a rich C content. The results were also confirmed by the ultimate analysis where C content measured 31.9%. Moreover, the results of the ultimate analysis showed that O was the first element present in yak manure. The ratios of O/C and H/C are vital parameters to qualify fuel composition and are usually used to compare different biofuels, which were found to be 1.95 and 0.14, respectively. These lower ratios are a side reflection of the greater energy content of the biomass [31]. Whereas the S and N were found to be in lower proportion, i.e., 0.00% and 1.37%, reflecting low NOx and SOx emissions during combustion. These results also indicated that the fuel pellets made by yak manure are valuable fuel for thermal utilization.




3.2. Analysis of Single-Factor Test Results


3.2.1. Effect of Pressure


The effect of pressure on pellet density and diametric compressing strength is shown in Figure 2. As depicted in Figure 2, the density and diametric compressing strength increased continuously with the increase of pressure. It was noteworthy that the density increased rapidly with the lower pressure, while slower growth was observed when the pressure was beyond 150 MPa. At the same time, during the experimental process, the compression and removal of pellets from the mold became difficult. Nevertheless, the density of all of the pellets met the requirement of commercial pellets [32,33]. Different from the density, the magnitude of the increase in diametric compressing strength remained nearly unchanged. Additionally, generally, higher pressure gave a more durable fuel pellet. In addition, the trends also confirmed that the pellet density increased exponentially with the pressure.



During pellet production, pressure is regarded as a causing factor. Macroscopically, the essence of pelletization is the process of changing the arrangement structure of adjacent molecules and making them entangled and glued. Hence, the higher the pressure, the smaller the gap between adjacent molecules. To put it differently, it means that there is more raw material to accommodate per unit volume, thus resulting in higher density. However, as the pressure was further increased, the filling degree of the gap between molecules became higher, and the closer they were in contact with each other, resulting in a more stable movement of molecules. This is also why, as shown in Figure 2, when the pressure continued to increase from 150 MPa, the amplitude of density increasement gradually decreased, or even stayed stable. For diametric compressing strength, particles can interlock or fold about each other during the compressing process, resulting in interlocking bonds [34]. Hence, an increased pressure promotes the effect of interlocking, leading to a higher diametric compressing strength.




3.2.2. Effect of Moisture Content


One of the important factors affecting the density is the moisture content. To obtain fuel pellets of reasonably high quality, pelletizing was performed at predetermined moisture content levels, 0.5, 5.5, 10.5, 15.5, and 20.5% under the optimal pressure (250 MPa) based on the previous section. Figure 3 shows the effect of moisture content on density and diametric compressing strength. It can be found that yak manure fuel pellets had a higher density at all moisture content levels compared to the requirement of commercial pellets [32,33]. These trends revealed that both the pellet density and diametric compressing strength increased originally with the moisture content from 0.5% to 5.5%, and then decreased when the moisture content was beyond 5.5%. Thus, the appropriate moisture content for the yak manure pellet was chosen to be 5.5%. This result seemed inconsistent with previous studies which showed that the density and diametric compressing strength of the fuel pellet had an optimum within the moisture content range of 10% to 15% [35].



It is well known that moisture acts as a binder and lubricant during the pellet production. On the one hand, water is needed for the softening of lignin and other binders. It can be clearly seen from Figure 3 that the density and diametric compressing strength were poor at lower moisture content. On the other hand, at lower moisture content, water filled the interstices of the particles and acted as a binder to strengthen, as well as promote bonding by increasing the contact area of particles. However, once the moisture content was increased beyond optimal conditions, it had a negative effect on the density and diametric compressing strength. The water surrounded the particle and prevented the release of its natural binders. The interpretation was also consistent with the trend shown in Figure 3, in which the density of the pellets was poor in lower/higher moisture content.




3.2.3. Effect of Binders


Various studies of binder addition for improving the quality of pellets have been reported [36,37,38,39]. A binder can form a bridge or cause a chemical reaction with particles, resulting in strong inter-particle bonding, leading to better strength and durability values of pellets. Note that the binder must be selected with adequate consideration of its cost and environmental friendliness.



Figure 4 and Figure 5 present the effect of PS and CL binders on the density and diametric compressing strength. The results obtained seemed to be inconsistent with those reported in the previous literature [40,41]. The data revealed that both two binders had an inconsiderable effect on the density and diametric compressing strength. For the PS binder, the maximum increase in diametric compressing strength was 28% with 1.5% addition. However, the density showed a slightly decreasing trend with the increase of addition. Likewise, the other binder material CL showed little improvement in density. Although the increase in CL binder addition increased the diametric compressing strength, the maximum increase was only 9% with 4.5% addition.



With Figure 4 and Figure 5, the difference between CL and PS binders on density was less than 1%. This behavior was different from the diametric compressing strength. A prominent effect on diametric compressing strength could be seen with PS binder addition as compared to CL binder addition.



Based on the above results, the fact that the binder addition could not improve the fuel pellet quality might be related to the characteristics of yak manure, that is to say, there might be a chemical layer on the surface of yak manure, which hindered the formation of a bridge or chemical reaction between binder and particles [10].





3.3. Response Surface Methodology Analysis


3.3.1. Statistical Analysis and Model Fitting


The levels of each independent variable were determined based on the results of the single-factor test. The intermediate levels of moisture content were the better parameters obtained from the single-factor test, and then the adjacent high level and low level were taken to form three levels, i.e., 0.5, 5.5, and 10.5%. In addition, the single-factor test showed that the higher the pressure, the better the molding quality of the pellet fuel. However, the higher the pressure, the higher the energy consumption and time needed for pellet preparation, which increased the production cost of pellet fuel to some extent. Therefore, the pressure levels of 150, 200, and 250 MPa were chosen. As for the binder and binder addition, it was clear from the aforementioned single-factor experiments that there was no significant difference between the two binders. In consideration of cost and accessibility, PS was selected as the binder and the addition levels were taken as 1.5, 3, and 4.5%.



The preparation of the fuel pellet was carried out according to the experimental design matrix, and the obtained results of responses (density and diametric compressing strength) have been listed in Table 2. Meanwhile, each group of tests were repeated three times and the mean value was taken as the test result.



Subsequently, the above results of the responses were fitted with the Quadratic model. Additionally, the equations in terms of code factors are presented as follows:


   Y 1  = 945.6024 + 3.1235  X 1  + 55.5529  X 2  + 3.3890  X 3  − 0.0987  X 1   X 2  − 0.0349  X 1   X 3  − 1.7164  X 2   X 3  − 0.0052  X 1 2  − 2.6688  X 2 2  + 3.9146  X 3 2   



(5)






   Y 2  = − 1.0959 + 0.0126  X 1  + 0.1002  X 2  − 0.0739  X 3  − 0.0002  X 1   X 2  + 0.00002  X 1   X 3  − 0.0034  X 2   X 3  − 0.000026  X 1 2  − 0.003432  X 2 2  + 0.016840  X 3 2   



(6)




where Y1 is the density of pellet (kg/m3), Y2 is the diametric compressing strength (kN), X1 is the pressure (MPa), X2 is the moisture content (%), and X3 is the binder addition (%).



To examine the accuracy and significance of the model, as well as the interactions between the process variables, the analysis of variance, ANOVA, was adopted. The complete results have been summarized in Table 3 and Table 4. The obtained results revealed a low p-value, i.e., <0.0001 and 0.0025, showing the high significance of the selected model. From Table 3 and Table 4, it can be seen that the factors X1, X3, X1X2, X2X3, and    X 2 2    had a p-value less than 0.05, indicating model terms were significant for density. It also can be found that X1, X2, X1X2,    X 1 2   , and    X 2 2    represented significant model terms for diametric compressing strength.



It can be seen from the data in Table 5 that the values of coefficient of determination (R2) were 94.39% and 86.58%, respectively, demonstrating that the response values predicted from the data analysis software were reasonably close to the experimentally recorded values. It also indirectly revealed that the fitted equations had a high degree of confidence. Adequate precision measures the signal to noise ratio. Normally, a ratio greater than 4 is desirable [12]. The values of adequate precision in this paper were 16.8177 and 10.8856, indicating an adequate signal. To sum up the above, the model could be used to navigate the design space.




3.3.2. Three-D (3D) Surface Plot


The 3D surface plot can intuitively reflect the strength of the interaction between factors (pressure, moisture content, and binder addition) and response values (density, diametric compressing strength), that is, the circular outline indicates that the interaction between the parameters in the response surface map is insignificant, while the oval or saddle outline indicates that the interaction is strong [22].



Figure 6a–c present the effect of pressure and moisture content on density under constant binder addition of 3%, the effect of pressure and binder addition on density under constant moisture content of 5.5%, and the effect of moisture content and binder addition on density at a constant pressure of 200 MPa, respectively. Likewise, Figure 7 depicts the effect of the interaction between each two parameters on the diametric compressing strength.



It can be seen from Figure 6a and Figure 7a that the interaction between pressure and moisture content was much stronger, both in terms of density and diametric compressing strength. Figure 6b,c revealed a stronger interaction of moisture content with the binder compared to the interaction of pressure with the binder. Nevertheless, the presence of binder did not have a contributory effect in terms of density improvement. This was also consistent with the results obtained in Section 3.2.3. Likewise, as mentioned above, the binder added was more effective in enhancing diametric compressing strength than density. The combination of Figure 6b,c and Figure 7b,c also confirmed these conclusions.




3.3.3. Optimization of Process Variables and Validation of Result


For a high-quality fuel pellet, optimization experiments were settled by setting the parameters (pressure, moisture content, and binder addition) in the range of previously described conditions for the selected model, for maximum density and diametric compressing strength. Under the circumstances, various solutions were generated. Only a partial solution was listed, for the sake of convenience. Table 6 and Table 7 present the constraints and solutions, respectively.



As can be seen from Table 7, the optimal solution selected implies that approximately a pressure of 229.47 MPa, moisture content of 6.00%, and binder addition of 4.44% were capable of producing high-quality fuel pellets with a density of 1500.88 kg/m3 and a diametric compressing strength of 0.54 kN. Considering the maneuverability of the experimental parameters, the optimal parameters were modified to 230 MPa of pressure, 6% of moisture content, and 4.5% of binder addition. Under this, the density and diametric compressing strength can be reached at 1502.02 kg/m3 and 0.57 kN. For verifying the accuracy of the prediction results, a validation test was conducted using the modified parameters, and the test results and errors were summarized in Table 8. The data presented in Table 8 show that there was virtually no difference between the predicted and actual experimental values, and the error in the results under all three trials was within 5%. Hence, it also proved the reliability of the model for density and diametric compressing strength.






4. Conclusions


This paper was first conducted to comprehensively investigate the potential of yak manure as a raw material to prepare fuel pellets. Increasing the pressure can help obtain high-quality fuel pellets, but maintaining a balance between continuous growth pressure, quality, and cost is equally essential. The pellet properties initially increased and then decreased with moisture content. The binder had a slightly different effect on properties improvement. Optimum density and diametric compressing strength of 1502.02 kg/m3 and 0.57 kN were recorded at 230 MPa pressure, 6% moisture content, and binder addition of 4.5%. In conclusion, pellets made from yak manure can be considered an option to meet energy demands.
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Figure 1. Schematic illustration of pelleting, 1; Computer, 2; Control bar, 3 and 4; Movement platform, 5; Pelleting unit, 6; Balance device. 
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Figure 2. Density and diametric compressive strength of the pellet under different pressures. 
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Figure 3. Density and diametric compressive strength of the pellet under different moisture contents. 
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Figure 4. Effect of PS binder on the density and diametric compressing strength. 
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Figure 5. Effect of CL binder on the density and diametric compressing strength. 
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Figure 6. Three-dimensional surface plot and interactions of process variables on density. (a) Effect of pressure and moisture content at binder addition of 3%; (b) Effect of pressure and binder addition at moisture content of 5.5%; (c) Effect of moisture content and binder addition at pressure of 200 MPa. 
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Figure 7. Three-dimensional surface plot and interaction of process variables on diametric compressing strength. (a) Effect of pressure and moisture content at binder addition of 3%; (b) Effect of pressure and binder addition at moisture content of 5.5%; (c) Effect of moisture content and binder addition at pressure of 200 MPa. 
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Table 1. Properties of yak manure.
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Ultimate Analysis (%)

	
Proximate Analysis (%)






	
C

	
H

	
O

	
N

	
S

	
MC

	
VM

	
FC

	
AC




	
31.88

	
4.43

	
62.32

	
1.37

	
0.00

	
7.89

	
47.43

	
10.32

	
34.36








MC: moisture content; VM: volatile matter; FC: fixed carbon; AC: ash content.
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Table 2. Experimental design and results.
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Parameters

	

	
Responses




	
Run

	
Pressure

(MPa)

	
Moisture

Content

(%)

	
Binder Addition (%)

	
Density (kg/m3)

	
Diametric Compressing Strength (kN)






	
1

	
200

	
5.5

	
4.5

	
1479.86

	
0.46




	
2

	
250

	
10.5

	
4.5

	
1423.43

	
0.40




	
3

	
250

	
0.5

	
1.5

	
1417.06

	
0.35




	
4

	
150

	
0.5

	
4.5

	
1391.21

	
0.29




	
5

	
200

	
5.5

	
3

	
1466.89

	
0.49




	
6

	
150

	
10.5

	
1.5

	
1413.47

	
0.43




	
7

	
250

	
5.5

	
3

	
1474.40

	
0.52




	
8

	
200

	
5.5

	
3

	
1470.93

	
0.46




	
9

	
200

	
10.5

	
3

	
1402.34

	
0.41




	
10

	
250

	
10.5

	
1.5

	
1397.60

	
0.38




	
11

	
250

	
0.5

	
4.5

	
1463.56

	
0.46




	
12

	
200

	
5.5

	
3

	
1475.65

	
0.48




	
13

	
150

	
0.5

	
1.5

	
1303.40

	
0.17




	
14

	
200

	
5.5

	
3

	
1474.28

	
0.50




	
15

	
200

	
5.5

	
3

	
1473.86

	
0.48




	
16

	
150

	
10.5

	
4.5

	
1418.97

	
0.44




	
17

	
200

	
5.5

	
3

	
1483.22

	
0.48




	
18

	
200

	
0.5

	
3

	
1415.33

	
0.34




	
19

	
150

	
5.5

	
3

	
1450.73

	
0.28




	
20

	
200

	
5.5

	
1.5

	
1488.87

	
0.53
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Table 3. ANOVA for model and respective model term: Density.
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	Source
	Sum of Squares
	df
	Mean Square
	F Value
	p Value
	





	Model
	37540.96
	9
	4171.22
	18.71
	<0.0001
	Significant



	    X 1    
	3930.39
	1
	3930.39
	17.76
	0.0018
	



	    X 2    
	425.75
	1
	425.75
	1.91
	0.1971
	



	    X 3    
	2453.37
	1
	2453.37
	11.00
	0.0078
	



	    X 1   X 2    
	4872.00
	1
	4872.00
	21.85
	0.0009
	



	    X 1   X 3    
	55.04
	1
	55.04
	0.2469
	0.6300
	



	    X 2   X 3    
	1325.66
	1
	1325.66
	5.95
	0.0349
	



	    X 1 2    
	464.37
	1
	464.37
	2.08
	0.1795
	



	    X 2 2    
	12241.49
	1
	12241.49
	54.91
	<0.0001
	



	    X 3 2    
	213.34
	1
	213.34
	0.9569
	0.3510
	



	Residual
	2229.50
	10
	222.95
	
	
	



	Lack of fit
	2081.81
	5
	416.36
	14.10
	0.0057
	Significant



	Pure error
	147.69
	5
	29.54
	
	
	



	Cor Total
	39770.46
	19
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Table 4. ANOVA for model and respective model term: Diametric compressing strength.
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	Source
	Sum of Squares
	df
	Mean Square
	F Value
	p Value
	





	Model
	0.1429
	9
	0.0159
	7.17
	0.0025
	Significant



	    X 1    
	0.0267
	1
	0.0267
	12.05
	0.0060
	



	    X 2    
	0.0194
	1
	0.0194
	8.76
	0.0143
	



	    X 3    
	0.0034
	1
	0.0034
	1.56
	0.2406
	



	    X 1   X 2    
	0.0235
	1
	0.0235
	10.60
	0.0086
	



	    X 1   X 3    
	0.0000
	1
	0.0000
	0.0091
	0.9259
	



	    X 2   X 3    
	0.0053
	1
	0.0053
	2.41
	0.1519
	



	    X 1 2    
	0.0117
	1
	0.0117
	5.28
	0.0444
	



	    X 2 2    
	0.0202
	1
	0.0202
	9.14
	0.0128
	



	    X 3 2    
	0.0039
	1
	0.0039
	1.78
	0.2114
	



	Residual
	0.0222
	10
	0.0022
	
	
	



	Lack of fit
	0.0208
	5
	0.0042
	15.92
	0.0043
	Significant



	Pure error
	0.0013
	5
	0.0003
	
	
	



	Cor Total
	0.1650
	19
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Table 5. Fit statistics.






Table 5. Fit statistics.










	
	Density
	Diametric Compressing Strength





	Standard Deviation (Std. Dev.)
	14.93
	0.0471



	Mean
	1439.25
	0.4178



	Coefficient of Variance (C.V.)
	1.04
	11.27



	Coefficient of Determination (R2)
	0.9439
	0.8658



	Adjusted R2
	0.8935
	0.7450



	Adequate Precision
	16.8177
	10.8856
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Table 6. Constraints for optimization experiments.
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	Name
	Goal
	Lower Limit
	Upper Limit
	Lower Weight
	Upper Weight
	Importance





	Pressure
	is in range
	150
	250
	1
	1
	3



	Moisture content
	is in range
	0.5
	10.5
	1
	1
	3



	Binder addition
	is in range
	1.5
	4.5
	1
	1
	3



	Density
	maximize
	1303.4
	1488.87
	1
	1
	3



	Diametric compressing strength
	maximize
	0.1721
	0.5327
	1
	1
	3
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Table 7. Optimization solutions.
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	No.
	Pressure (MPa)
	Moisture Content

(%)
	Binder Addition

(%)
	Density

(kg/m3)
	Diametric Compressing Strength

(kN)
	Desirability
	





	1
	229.470
	6.003
	4.443
	1500.880
	0.543
	1.000
	Selected



	2
	216.068
	5.497
	4.435
	1501.976
	0.537
	1.000
	



	3
	233.397
	4.961
	4.473
	1505.968
	0.536
	1.000
	



	4
	229.398
	6.493
	4.491
	1497.847
	0.533
	1.000
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Table 8. Results of experiments and prediction.






Table 8. Results of experiments and prediction.





	
No.

	
Density (kg/m3)

	
Diametric Compressing Strength (kN)




	
Predicted

	
Experimental

	
Error

	
Predicted

	
Experimental

	
Error






	
1

	
1502.02

	
1436.21

	
4.38%

	
0.57

	
0.55

	
3.51%




	
2

	
1502.02

	
1434.93

	
4.47%

	
0.57

	
0.58

	
1.75%




	
3

	
1502.02

	
1446.45

	
3.70%

	
0.57

	
0.58

	
1.75%
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