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In the normal-temperature (20 to 25 

o
C) wet briquetting of straw, the lignin 

becomes softened and briquetted by means of friction heat from the 
briquetting at some compressing force and moisture ratio. With an 
electronic universal testing machine and a self-developed normal- 
temperature wet briquetting device, tests were carried out for 
normal-temperature wet briquetting of rice straws with different 
compressing rate, material moisture, die length-diameter ratio, and die 
opening taper, using a quadratic regression-orthogonal design. Based on 
the characteristic curves of normal-temperature wet briquetting, the 
specific energy consumption was calculated by stepped regression and 
then integration for summation. Thereby, a specific energy consumption 
model was established. Next, an interactive analysis was made between 
single-factor and two-factor designs. Optimal combination of factors, i.e. 
17.3% moisture, 44.5 mm/min compressing rate, 45

o
 die opening taper, 

and 5.3 die length-diameter ratio, were obtained while the specific energy 
consumption was minimized. Further, the work provided references for 
process parameters design of the normal-temperature wet briquetting 
device for straw. 
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INTRODUCTION 
 

Utilization of straw resources is becoming an important strategy in the field of 

energy, and also an important option for fuel replacement and emission reduction. The 

straw briquetting increases the raw material density to 1×10
3 

kg/m
3
, thus faciliating straw 

transport and storage. The energy density of straw briquettes is equivalent to that of coal 

with medium heat value; straw briquettes can replace coal and liquid gas as cooking 

energy and industrially replace coal used in boilers. Thus straw briquetting is emerging as 

a key to the utilization of crop straw as an energy resource. 

Current domestic and foreign briquetting methods of straws are divided into 

closed compression and open compression (Chen et al. 2009; Felfli et al. 2011). The 

closed compression is a discontinuous briquetting process which is focused on the 

investigation of straw briquetting mechanisms and rules; the open compression is a 

continuous production process that is applied in actual production and is focused on 

optimization of straw briquetting process parameters. As for open compression, the straw 
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briquetting process is divided into normal-temperature wet briquetting, hot briquetting, 

and carbonization briquetting (Wu et al. 2010). 

In actual production, essentially all straw briquetting equipment provides open 

compression, so it is especially useful to research the open briquetting of straws. In terms 

of open briquetting, the specific energy consumption is one of the most important 

performance indicators to check whether the briquetting equipment is economical. 

Specific energy consumption refers to the ratio of energy consumption, arising from 

briquettes production, per unit time, to briquettes mass produced in that time (Li et al. 

2011). In China, the normal-temperature wet briquetting process is mostly used in 

commercial applications. The process is performed without external heat. The energy 

consumption from straw briquetting consists of two components: 1) energy consumption 

for overcoming internal friction between the material and the briquetting device; 2) 

energy consumption for overcoming material deformation (Mani et al. 2006). The 

improper design of process parameters of normal-temperature wet briquetting equipment 

on the market causes high specific energy consumption, which limits their application 

and promotion to a significant extent.  

The utilization of straw will be expected to exceed 80% by 2015 in many 

countries, particularly in China. Rice is widely planted in China. The biomass in rice 

straw accounts for approximately 62% of crop residues, and it is the greatest biomass 

resource in China. In this article, a universal testing machine and a self-developed 

open-type briquetting device were used for normal-temperature wet briquetting 

experimental research with rice straw with respect to different process parameters, and 

then the optimal combination of process parameters to minimize the specific energy 

consumption was analyzed. This provided a reference basis for design of process 

parameters of normal-temperature wet briquetting equipment. 

 

 

EXPERIMENTAL  
 
Material 

The experimental material in this article is rice straws, as commonly seen in 

Xinyang, China. The rice straw was crushed by a TF-9FX-50 granulator of 4-mm mesh, 

manufactured by the Midwest Technology Co., Ltd. Then foreign materials were 

removed from the crushed straws. Next, the straws were dried in a muffle furnace at  

105 ˚C for 8 h and then classified for storage. When the temperature of the straws 

decreased to room temperature, a water distribution test was performed on request. Thirty 

grams of the test sample of each type was taken. By calculation of each water addition, 

the moisture ratios of materials were controlled, and then the materials were sealed and 

stored in black plastic bags in accordance with different moisture ratios. 

 

Device 
The experimental device used in this work was a WDW-50 universal computer- 

controlled electronic tester produced by the Jinan Start Testing Technology Co., Ltd. The 

device is hydraulically powered. It can adjust its compressing rate and automatically 

collect parameters including compressing force and displacement. The measurement of 

experimental compressing force is within the range of 1 to 50 kN, the movement speed of 

beam is 2.0 to 200.0 mm/min, and the accuracy of displacement measurement is ±1%. 
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Aiming at characteristics of the normal-temperature wet briquetting, a set of experimental 

devices was designed, which includes a sleeve, a die, a compression bar, a connection 

pin, a fixture, a seat, etc., as shown in Fig.1. 
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1. base  2. die  3. material  4. sleeve  5. compression bar  6. connection pin  7. fixture 

Fig. 1. Experimental device in the normal-temperature wet briquetting of rice straws 

 

In this experiment, the inside diameter of the sleeve was designed to be 15 mm; 

the die was designed as a 10 mm inside-diameter cylinder with its opening of a certain 

taper. The length-diameter ratio of die was defined as the ratio of its height to its inside 

diameter at the section of cylinder, and the ratio was determined by adjusting the height 

while keeping the inside diameter constant. 
 

Experimental Method  
Before the experiment, the material was weighed with an electronic balance and 

put into the sleeve. Then it was pre-pressed using a stamp stem, with the purpose to pro- 

 

Table 1. Factor Level Codes 

zj 
Moisture 

r1（%） 

Compressing 

Rate 

r2（mm/min） 

Die Opening 

Taper 

r3（
0
） 

Die Length- 

Diameter 

Ratio r4 

Upper starred arm 

(+1.546) 
32.7 75.5 60.5 5.3 

Upper level(+1) 30.0 70.0 55.0 5.0 

Zero level (0) 25.0 60.0 45.0 4.5 

Lower level (-1) 20.0 50.0 35.0 4.0 

Lower starred arm 

(-1.546) 
17.3 44.5 29.5 3.7 

Variation interval △j 5.0 10.0 10.0 0.5 
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vide an initial material thickness of 115 mm. The compressing force rating in the 

experiment was set to 50 kN. By setting to different compressing rates and starting the 

universal tester process, curves of compressing force (P) and piston displacement (x) 

could be obtained automatically.  

In the normal-temperature wet briquetting of straws, important parameters having 

influence on specific energy consumption included compressing rate, material moisture 

ratio, die length-diameter ratio, and die opening taper (Nilsson et al. 2011). Their 

relationship with the specific energy consumption was not simply linear but showed 

interaction among them to different extent (Andrejko and Grochowicz 2007; Adapa et al. 

2009). Therefore, the quadratic regression orthogonal design was used for testing 

(Ndiema et al. 2002), with factor level codes shown in Table 1. 

 

 
RESULTS AND DISCUSSION 
 

Approximate Calculation of Specific Energy Consumption 
From the P-x curve in each normal-temperature wet briquetting, different material 

moisture ratios, compressing rates, die length-diameter ratios, and die opening tapers 

showed the same changing rule of characteristic curve in the normal-temperature wet 

briquetting, as shown in Fig. 2. 

 

 
Fig. 2. Characteristic curve in the normal-temperature wet briquetting of rice straws 

 

The curve in Fig. 2 shows a complex wet briquetting process for rice straws. To 

facilitate the data calculation of specific energy consumption, the wet briquetting process 

was divided into loose stage (oa), transition stage (ab), compression stage (bc), and 

evolution stage (cd). The four stages showed different briquetting mechanisms: elastic 

deformation of the straws occurred in the loose stage and the transition stage, plastic 

deformation of the straws occurred in the compression stage, and stress relaxation of the 

straws occurred in the evolution stage (Ndiema et al. 2002). 

In this article the specific energy consumption was calculated using the curve area 

formed by compressing force and displacement. The energy consumption was calculated 

as follows: Regression analysis was performed with experimental data of each wet 

briquetting in four stages using the software Excel, which yielded the regression equation 

of each stage and substituted it into Equation (1) for approximate calculation of the 

energy consumption (Hu 2008). The specific energy consumption during the whole 
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briquetting process was calculated by dividing the above-mentioned energy consumption 

by the mass of the straws. 
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0 0
     (1) 

 
In Equation (1), F is the compressing force of the compression bar (N); X is the 

displacement of the piston (m); a, b, c, d, f, and g are experimental coefficients; L is the 

sleeve height (m); and F  is the average compressing force of straw when showing 

stress relaxation (N). 
 

Experimental Results of Specific Energy Consumption 
By using the quadratic regression orthogonal design, research on the normal- 

temperature wet briquetting experiments of rice straws was performed, and experimental 

results are shown in Table 2. 
 

In Table 2, ,

1z = 2

1z -0.77, ,

2z = 2

2z -0.77, ,

3z = 2

3z -0.77, and the Uj value 

corresponding to the sign “△” is incorporated into the remainder term. 
 

Establishment of Regression Model of Specific Energy Consumption 
By using experimental result yi in Table 2, relevant parameters (e.g. Bj, dj, bj, Uj, 

and Fj) were calculated with the formulae below (Yuan et al. 2001): 

 

Calculation of Bj: 

B0=


n

i

iy
1
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i

iij yz
1
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n

i
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,         (2) 

Calculation of bj: 

b0=
n

B0 ,bj=
j

j

d

B
,bkj=

kj

kj

d

B
,bjj=

jj

jj

d

B
           (3) 

In Equation (3), 

dj=


n

i

ijz
1

2 ,dkj=

2

1
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
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i
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n

i

ijz            (4) 

Calculation of Uj: 

Uj=
j

j

d

B2

,Ukj=
kj

kj

d

B2

,Ujj=
jj

jj

d

B2

                (5) 

Check of the regression equation for significance: 

Total sum of squares： 

SST= 2

11

2 )(
1




n

i

i

n

i

i y
n

y =228.831            (6) 

fT=n-1=26 

 

Subsume the smaller term of Uj under the remaining sum of squares Qe2, and in 

the experiment fU = 9. 
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Table 2. Results of Quadratic Regression Orthogonal Experiments with Four Factors 

1. Experiment 
number 

z0 z1 z2 z3 z4 z1z2 z1z3 z1z4 z2z3 z2z4 z3z4 z1’ z2’ z3’ z4’ 
yi 

(kJ·kg
-1
) 

1 1 1 1 1 1 1 1 1 1 1 1 0.23 0.23 0.23 0.23 46.273 

2 1 1 1 1 -1 1 1 -1 1 -1 -1 0.23 0.23 0.23 0.23 46.890 

3 1 1 1 -1 1 1 -1 1 -1 1 -1 0.23 0.23 0.23 0.23 46.323 

4 1 1 1 -1 -1 1 -1 -1 -1 -1 1 0.23 0.23 0.23 0.23 46.502 

5 1 1 -1 1 1 -1 1 1 -1 -1 1 0.23 0.23 0.23 0.23 39.431 

6 1 1 -1 1 -1 -1 1 -1 -1 1 -1 0.23 0.23 0.23 0.23 40.623 

7 1 1 -1 -1 1 -1 -1 1 1 -1 -1 0.23 0.23 0.23 0.23 39.325 

8 1 1 -1 -1 -1 -1 -1 -1 1 1 1 0.23 0.23 0.23 0.23 41.207 

9 1 -1 1 1 1 -1 -1 -1 1 1 1 0.23 0.23 0.23 0.23 45.792 

10 1 -1 1 1 -1 -1 -1 1 1 -1 -1 0.23 0.23 0.23 0.23 46.264 

11 1 -1 1 -1 1 -1 1 -1 -1 1 -1 0.23 0.23 0.23 0.23 45.825 

12 1 -1 1 -1 -1 -1 1 1 -1 -1 1 0.23 0.23 0.23 0.23 46.098 

13 1 -1 -1 1 1 1 -1 -1 -1 -1 1 0.23 0.23 0.23 0.23 38.126 

14 1 -1 -1 1 -1 1 -1 1 -1 1 -1 0.23 0.23 0.23 0.23 39.034 

15 1 -1 -1 -1 1 1 1 -1 1 -1 -1 0.23 0.23 0.23 0.23 37.820 

16 1 -1 -1 -1 -1 1 1 1 1 1 1 0.23 0.23 0.23 0.23 41.455 

17 1 1.546 0 0 0 0 0 0 0 0 0 1.625 -0.77 -0.77 -0.77 40.767 

18 1 -1.546 0 0 0 0 0 0 0 0 0 1.625 -0.77 -0.77 -0.77 40.132 

19 1 0 1.546 0 0 0 0 0 0 0 0 -0.77 1.625 -0.77 -0.77 46.593 

20 1 0 -1.546 0 0 0 0 0 0 0 0 -0.77 1.625 -0.77 -0.77 39.736 

21 1 0 0 1.546 0 0 0 0 0 0 0 -0.77 -0.77 1.625 -0.77 41.032 

22 1 0 0 -1.546 0 0 0 0 0 0 0 -0.77 -0.77 1.625 -0.77 43.160 

23 1 0 0 0 1.546 0 0 0 0 0 0 -0.77 -0.77 -0.77 1.625 41.974 
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Table 2. continued 

2. Experiment 
number 

z0 z1 z2 z3 z4 z1z2 z1z3 z1z4 z2z3 z2z4 z3z4 z1’ z2’ z3’ z4’ 
yi 

(kJ·kg
-1
) 

24 1 0 0 0 -1.546 0 0 0 0 0 0 -0.77 -0.77 -0.77 1.625 42.425 

25 1 0 0 0 0 0 0 0 0 0 0 -0.77 -0.77 -0.77 -0.77 42.257 

26 1 0 0 0 0 0 0 0 0 0 0 -0.77 -0.77 -0.77 -0.77 41.495 

27 1 0 0 0 0 0 0 0 0 0 0 -0.77 -0.77 -0.77 -0.77 42.581 

Bj 1149.140 7.142 63.547 -5.412 -9.855 -2.142 1.842 1.418 3.064 6.076 2.780 -4.097 8.908 3.790 4.286  

dj 27.000 20.780 20.780 20.780 20.780 16.000 16.000 16.000 16.000 16.000 16.000 11.460 11.460 11.460 
11.46

0 
 

bj 42.561 0.344 3.058 -0.260 -0.474 -0.134 0.115 0.089 0.192 0.380 0.174 -0.357 0.777 0.331 0.374  

Uj  2.454 194.332 1.409 4.674 0.287 0.212 0.126 0.587 2.307 0.483 1.464 6.925 1.253 1.603  

Fj  3.363 266.234 1.931 6.403 △ △ △ △ 3.161 △ 2.006 9.487 1.717 2.196  

Significant 
level 

 0.05 0.01 0.10 0.05     0.05  0.10 0.01 0.10 0.05  
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Qe2= SST-U=12.409                 (7) 

 

In Equation (7),  

 

U=
j

jU =216.422              (8) 

 

fe2= fT-fU=17                (9) 

 

MSe2= Qe2/ fe2=0.730              (10) 

 

F=
2

/

MSe

fU U =32.94＞F0.01（9,17）=3.68          (11) 

 

Check of regression coefficients for significance: 

 

Fj=
2MSe

U j
, Fkj=

2MSe

U kj
, Fjj=

2MSe

U jj
           (12) 

 

Calculation results are listed in Table 2. The regression coefficients were 

significant to different extent, as shown.  

The check for degree of fitting was as follows: 

Sum of error squares was obtained from zero-level experimental results. 

Qe=
2

1

0

1

2

0 )(
1 0





m

i

i

m

i

i y
m

y
o

=0.622            (13) 

fe=m0-1=2，where m0=3 

 

Sum of squares of unfitting terms: 

 

QLf=Qe2-Qe=11.787                  (14) 

 

fLf=fe2-fe=15                       (15) 

 

FLf=
ee

LfLf

fQ

fQ

/

/
=2.53＜F0.05（15,2）=19.43 (16) 

Calculation results showed good fitting in the regression equation, which can be 

expressed as: 

 

y=41.694+0.344z1+3.058z2-0.26z3-0.474z4+0.38z2z4-0.357z1
2
+ 

0.777z2
2
+0.331z3

2
+0.374z4

2
       (17) 

 

Analysis of Regression Model of Specific Energy Consumption 
Analysis of main effect 

In the quadratic regression, orthogonal design factors were processed with non- 

dimensional linear codes, and there was no relation between regression coefficients bj of 
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the first-order term as well as between regression coefficients of interactive terms and the 

quadratic term. Therefore, the value of absolute regression coefficients was used to 

compare influence of the first-order term on the specific energy consumption. In the 

experiment, z2>z4>z1>z3; i.e. the compressing rate, had the greatest influence on the 

specific energy consumption, the die length-diameter ratio had the greater influence, and 

the die opening taper had the smallest influence. The higher the compressing rate and the 

moisture ratio, the greater the specific energy consumption; but the die length-diameter 

ratio and the die opening taper had different tendencies from those of the compressing 

rate and moisture ratio. 

 
Analysis of single-factor effect 

Fixing three of four factors in the regression model to the zero level yielded the 

single-factor model below:  

Material moisture ratio:  

y1=41.694+0.344z1-0.357z1
2
                          (18) 

Compressing rate:  

y2=41.694+3.058z2+0.777z2
2
                            (19) 

Die opening taper:  

y3=41.694-0.26z3+0.331z3
2
                               (20) 

Die length-diameter ratio:  

y4=41.694-0.474z4+0.374z4
2
                              (21) 

 

In Equations (18) through (21), successive assigning zj=-1.546, -1, 0, 1, and 1.546 

yielded respective yi, and regression equation curves characterized by single factors and 

specific energy consumption were plotted in Fig. 3. 
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Fig. 3. Regression equation curves characterized by single factors  
and specific energy consumption 

 

Figure 3 shows different trends of regression equation curves characterized by 

single factors and specific energy consumption. As to z1, when the compressing rate, die 

opening taper, and die length-diameter ratio are in zero level, the specific energy 

consumption increases and then decreases with the increasing moisture ratio; as to z2, 

when the moisture ratio, die opening taper, and die length-diameter ratio are in zero level, 

the specific energy consumption increases with the increasing compressing rate; as to z1 
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and z4, when other three factors are in zero level, the specific energy consumption 

decreases and then increases but by a small amount. 

 

Analysis of Marginal Specific Energy Consumption Effect by Single Factors 
Derivation of the above-mentioned four single factors and respective assigning 

zj=-1.546, -1, 0, 1, and 1.546 yielded the marginal specific energy consumption. The 

marginal specific energy consumption effect by single factors in different levels is shown 

in Fig. 4. 
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Fig. 4. Marginal specific energy consumption effect by single factors 

 

As shown in Fig. 4, the moisture ratio and the compressing rate exhibits greater 

influence on the marginal specific energy consumption: the greater the moisture ratio, the 

lower the marginal specific energy consumption; the greater the compressing rate, the 

higher the marginal specific energy consumption. As far as the die opening taper and the 

die length-diameter ratio are concerned, they show an approximate trend that is 

represented by the increasing marginal specific energy consumption (but by a small 

amount) as the die opening taper and the die length-diameter ratio increase. Figure 4 also 

shows that the factors have different influence on the specific energy consumption when 

in different level. This provides references for selection of specific energy consumption 

reduction factors and determination of process parameters in different conditions (Hu 

2008). 

 
Analysis of Interaction between Two Factors 

It is learned from Equation (17) that the interaction of z2 and z4 is most significant 

but the interaction of other two factors is less significant. Only the interaction of z2 and z4 

is, therefore, analyzed in this article. Fixing z1 and z3 to the zero level yielded the 

following equation:  

 

yz2z4=41.694+3.058z2-0.474z4+0.38z2z4+0.777z2
2
+0.374z4

2     
     (22) 

 

Substituting the codes of z2 and z4 in each level into Equation (22) yielded yz2z4, as 

shown in Table 3. 
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Table 3. Interaction of Compressing Rate and Die Length-Diameter Ratio  
on Specific Energy Consumption 

z4 

z2 

Die Length-Diameter Ratio 

-1.546 -1 0 1 1.546 

Compressing 

Rate 

-1.546 41.358 40.259 38.823 38.136 38.076 

-1 41.627 40.641 39.413 38.933 38.987 

0 43.321 42.542 41.694 41.594 41.855 

1 46.568 45.997 45.529 45.809 46.278 

1.546 48.997 48.539 48.279 48.766 49.348 

 

It can be seen in Table 3 that no matter which level the die length-diameter ratio is 

in, the specific energy consumption increases with the increasing compressing rate and 

the increment also increases; when the compressing rate is in the level of -1.546, the 

specific energy consumption decreases with the increasing die length-diameter ratio and 

the decrement also decreases; when the compressing rate is in the level of -1, 0, 1, and 

1.546, the specific energy consumption decreases and then increases with the increasing 

die length-diameter ratio. When the compressing rate is in the level of -1.546 and the die 

length-diameter ratio is in the level of 1.546. This is to say, if the compressing rate is 44.5 

mm/min and the die length-diameter ratio is 5.3, then the specific energy consumption 

reaches its lowest value of 38.076 kJ/kg.  

With the extreme theory of multi-variable functions, yz2z4 in Equation (22) was 

partially differentiated against z2 and z4, and then the two differentiated yz2z4 were 

assigned zero, yielding:  

 

0
2

42 




z

y zz
   0

4

42 




z

y zz
                  (23) 

 

Then z2 = -2.424 (equivalently the compressing rate was 35.8 mm/min) and     

z4 = 1.863 (equivalently the die length-diameter ratio was 5.4), and the specific energy 

consumption reached its minimal value of 37.546 kJ/kg. 

 

Optimization of Process Parameters 
With the statistical optimization method, the optimal combination of factors was 

determined. Each factor was assigned five levels of ±1.215, ±1, and 0. The software 

Matlab was used to search 5
4 

= 625 schemes for the optimal process scheme with the 

lowest specific energy consumption, i.e. z1 = -1.546, z2 = -1.546, z3 = 0, and z4 = 1.546, 

which were equivalently 17.3% in moisture ratio, 44.5 mm/min in compressing rate, 45
o
 

in die opening taper, and 5.3 in die length-diameter ratio; in such case, the specific energy 

consumption was 36.691kJ/kg. This approximated to the conclusion from reference (Hu 

et al. 2008) that the moisture ratio was 16%, the compressing rate was 45 mm/min, the 

die opening taper was 45
o
, and the die length-diameter ratio was 5.2. The difference in 

moisture ratio is due to wheat straws used in reference (Hu et al. 2008), and wheat straws 

and rice straws have different biological structure, which is the major cause for the 

difference. 
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CONCLUSIONS 
 
1.  In this article, a quadratic regression orthogonal design is used to perform research on 

the normal-temperature wet briquetting of rice straws, and results show that the 

normal-temperature wet briquetting of rice straws has similar changing rule in the 

conditions of different process parameters. The normal-temperature wet briquetting is 

divided into a loose stage, a transition stage, a compressing stage, and an evolution 

stage, and the specific energy consumption is calculated with the method of staged 

regression followed by integral for summation.  

2.  Results of the analysis of main effect in the specific energy consumption regression 

model show that the compressing rate, material moisture ratio, die length-diameter 

ratio, and the die opening taper have different influence on the specific energy 

consumption. The compressing rate has the greatest influence on the specific energy 

consumption, while the die opening taper has the smallest influence on the specific 

energy consumption; additionally, the effect of the compressing rate and moisture is 

positive, while the effect of the die length-diameter ratio and die opening taper is 

negative.  

3. Results of analysis of single-factor effect in the specific energy consumption 

regression model show that, with the increasing moisture ratio, the specific energy 

consumption increases and then decreases; with the increasing compressing rate, the 

specific energy consumption increases sharply; with the increasing die opening taper 

or die length-diameter ratio, the specific energy consumption decreases and then 

increases.  

4.  Results of analysis of single-factors’ marginal specific energy consumption effect in 

the specific energy consumption show that the factors have different effects on the 

marginal specific energy consumption: the moisture ratio and the compressing rate 

have greater influence on the marginal specific energy consumption, while the die 

opening taper and the die length-diameter ratio have smaller influence.  

5.  Results of analysis of interaction between two factors show that the interaction 

between the compressing rate and the die length-diameter ratio on the specific energy 

consumption is significant, while the interaction between other factors is 

insignificant. The specific energy consumption reaches its lowest valve when the 

compressing rate is in the level of -1.546 and the die length-diameter ratio is in the 

level of 1.546.  

6.  Results of the optimization from 625 schemes with the software Matlab show that the 

optimal combination of factors with the lowest specific energy consumption is a 

moisture of 17.3%, a compressing rate of 44.5 mm/min, a die opening taper of 45
o
, 

and a die length-diameter ratio of 5.3; in such case, the specific energy consumption 

is 36.691 kJ/kg. This conclusion coincides well with research results in relevant 

literature. 
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