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Corn straw and potato residue are common agricultural biomass. Although 
they have a wide range of applications, the disadvantages of low bulk 
density and high storage and transportation cost hinder their utilization. 
The densification of these biomass into briquettes facilitates their storage, 
transportation, and reuse. The rheological properties of corn straw and 
potato residue during co-briquetting were investigated in creep tests. The 
Four-element Burgers Model accurately and intuitively fit the creep curves 
of the mixed materials, with fitting coefficients above 0.99. The experiment 
used the relaxation ratio as an indicator, and the influence of compression 
speed, dwell time, feeding amount, loading force, mass ratio, and 
temperature were obtained. The response surface analysis indicated that 
all factors except compression speed had an effect on the relaxation ratio. 
The results suggested that compressing corn straw and potato residue in 
a feeding amount of 28 g with a mass ratio of 1:5 at 101 °C under 35 KN 
loading force and 918 s dwell time produces cost-effective agricultural 
biomass briquettes. This study provides a reference for improving the co-
briquetting process of corn straw and potato residue. 
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INTRODUCTION 
 

With increasing consumption and massive burning of fossil energy, resource 

depletion and environmental pollution are becoming increasingly prominent, and 

renewable resources will gradually replace fossil energy as the main energy resources 

(Moriarty and Honnery 2011; Bai et al. 2017). Biomass is an important renewable resource. 
It has the advantages of large reserves, wide sources, recyclability and cleanliness, and is 

expected to replace fossil fuels (Cao et al. 2017; Ma et al. 2019). Biomass is mainly derived 

from agricultural and forestry residues, domestic and industrial wastes, such as straw, 

branches, fallen leaves, saw dust, potato residue and livestock manure. 

Corn straw and potato residue are by-products of agricultural production and 

processing. Corn straw contains components such as cellulose, hemicellulose, lignin, and 

protein (Bai et al. 2018; Shen 2018; Liu et al. 2020), and it can be utilized in fertilizer, 

feed, fuel, and matrix (Xu et al. 2016; Liu et al. 2020). Potato residue is the main by-

product of starch processing, which is rich in starch, cellulose, pectin, and protein. 

Therefore, it is used to extract pectin and dietary fiber, ferment animal feed, produce fuel 

and alcohol, and develop new adsorption materials and adhesives (Li et al. 2015; Zhang 

2015; Kurnik et al. 2018). Although corn straw and potato residue have a wide range of 

applications, the direct utilization of these resources is still suffering from many 
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difficulties. Corn straw resources have the disadvantages of low bulk density, high storage 

and transportation costs (Li et al. 2013; Ma et al. 2016), and most of them have been 

discarded or burned, which easily causes resources waste and environmental pollution. The 

utilization of potato residue also suffers similar problems, due to its high moisture content, 

storage and transportation are difficult, and it is susceptible to rot, leading to pollution of 

the environment (Zhang et al. 2020c; Wu 2021). 

Densification of biomass into pellets, briquettes, and cubes is an effective way to 

increase bulk density, making it easier and cheaper to store and transport. Densification is 

the most basic pretreatment process to realize the large-scale utilization of resources (Ma 

et al. 2016). In order to increase the bulk density, reduce the processing cost, and promote 

the comprehensive development and utilization of resources, various materials have always 

been mixed and compressed (Adapa et al. 2010; Johnson et al. 2013; Toscano et al. 2015; 

Rahaman and Salam 2017; Yu et al. 2018). 

In this study, corn straw with low moisture content and low bulk density was mixed 

with potato residue with high moisture content and viscosity in a certain proportion, and 

creep tests of the mixed materials were conducted at different temperatures and loading 

forces with the help of an electronic universal testing machine and a self-made compression 

device. The objectives of this study are to establish a creep model of the mixed materials 

during compression, to analyze the influence of different experimental factors on the 

relaxation ratio, and to obtain the optimized parameter combination to improve briquetting 

quality of the mixed material. 

 
 
EXPERIMENTAL 
 

Materials 
The corn straw was obtained from Hohhot, China, and naturally dried after harvest 

with a moisture content of 5%. The corn straw was comminuted, and particles smaller than 

2 mm were collected via a sorting sieve. The potato residue was taken from a starch 

processing factory in Hohhot, China, and its moisture content reached 60 ± 1% after being 

treated by dehydration equipment. The potato residue was stored at low temperature to 

prevent its spoilage and evaporation, and it was mixed with the straw in different mass 

ratios by using a multifunctional mixer. Figure 1 shows the material before compression, 

and Fig. 2 exhibits the briquette after compression. 

 

  
      (a)             (b)  

 

Fig. 1. (a) Corn straw, (b) potato residue 
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Fig. 2. Briquette of corn straw and potato residue 
 

Equipment 
Based on a DDL-200 universal testing machine (the EDC digital controller from 

DOLI company was adopted in the control part), the compression tests were conducted 

using self-made compression and temperature control equipment. The compression 

equipment consisted of three parts: storage area, compression area, and blanking area. The 

storage area mainly contained a feeding device and a heating ring Ⅰ, which was used to 

preheat the material. The compression area contained a compression die and a second 

heating ring (II), where the material was compressed and insulated. The blanking mainly 

included pulling support plate and base, which was used to unload and fix the compression 

device. The inner diameter of the die was 30 mm, and its height was 190 mm. A pt-100 

platinum thermal resistance was fixed on the outer surface of the heating rings Ⅰ and Ⅱ, 

which were connected with both the PID temperature controller and the adjustment module 

to display the temperature and adjust the heating power. 

 

 
Fig. 3. Self-made compression equipment 
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Experimental Method 
Compression speed, dwell time, feeding amount, loading force, mass ratio, and 

temperature were selected as factors for creep tests. The factors and levels are listed in 

Table 1. Compression speed, loading force, and dwell time were set at the interface of the 

control system of the universal testing machine. The mixed materials of corn straw and 

potato residue were weighed and fed into the feeding device for preheating. When the 

material was heated to the preset temperature, the experiment was started. During the 

experiment, the indenter moved downward at a constant speed; meanwhile, the pressure 

increased continuously. When the pressure reached the set value measured by the force 

sensor, the pressure was maintained until the end of the experiment. After the pressure 

dwell time had finished, the briquette was extruded from the die. Each test was replicated 

3 times, and the results were averaged. 

 

Table 1. Experimental Factors and Levels 

Factors 
 

Levels 

Compression 
Speed 

(mm/min) 

Temperature 
(ºC) 

Dwell 
Time 
(S) 

Mass 
Ratio 

Feeding 
Amount 

(g) 

Loading 
Force 
(kN) 

1 10 20 300 1:1 20 15 

2 40 50 600 1:2 25 20 

3 70 80 900 1:3 30 25 

4 100 110 1200 1:4 35 30 

5 130 140 1500 1:5 40 35 

 
Experimental Index 

Partial recovery deformation occurred after the briquette was ejected from the die. 

Its density would gradually decrease until the deformation was stable, and the relaxation 

density was reached. In order to judge the briquetting quality of the mixed material by the 

change in density, the relaxation ratio was regarded as equal to the ratio of the relaxed 

density to the compressed density, and thus used as the experimental index (O'Dogherty 

1989; Xing et al. 2016). A smaller relaxation ratio indicates a better briquetting quality. 

The relaxation ratio was calculated as follows, 

   𝑅𝑟=
𝜌

𝜌𝑠
=

𝜌
4𝑚

𝜋𝑑2ℎ

                                                         (1) 

where 𝑅𝑟  is the relaxed ratio, ρ is the compressed density (𝑘𝑔 𝑚3⁄ ), 𝜌𝑠  is the relaxed 

density (𝑘𝑔 𝑚3⁄ ), m is the mass of the briquette (kg), d is the diameter of the briquette (m), 

and h is the height of the briquette (m). 

 

 
RESULTS AND DISCUSSION 
 

Creep Model  
When the mixed material was compressed at a certain speed until its pressure 

reached the set value, the strain had an increasing trend with the extension of dwell time, 

but the increasing trend slowed down, which suggested obvious creep phenomena. 

Through curve estimation, it was found that the creep behavior of the mixed material can 

be characterized by the Four-element Burgers model (Zhou Zue 1994; Wang and Zhao 

2007; Li et al. 2015; Yin et al. 2016), which was composed of the Maxwell model and 

Kelvin model in series, as shown in Fig. 4. The strain-time curves obtained from creep tests 
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and fitting curves are shown in Fig. 5. During the pressure dwell stage in creep tests, the 

initial deformation was mainly from the elastic deformation of the spring in the Maxwell 

model. With the extension of the dwell time, the Kelvin model and the damper in the 

Maxwell model demonstrated delayed deformation, and the strain growth trend was 

retarded. 
  

 

Fig. 4. Four-element Burgers Model 

  

 
 

Fig. 5. Experiment and fitting curve of mixed material in pressure dwell stage 

 

Four-element Burgers Model was used to fit the strain-time curves obtained under 

different experimental conditions by regression analysis, and the fitting coefficient R2 was 

above 0.99. The results suggested that the straw-potato residue mixture would show 

obvious creep phenomena with constant load. The regression analysis results of the 

Burgess Model also indicated that the mixed material had creep behavior similar to the 

viscoelastic material. The influences of creep test factors, such as dwell time, loading force, 

and temperature, on relaxation ratio were analyzed to find the best briquetting conditions 

in the creep process of straw-potato residue mixture. 

 
Analysis of Experimental Factors  

The analysis of the influences of experimental factors on 𝑅𝑟 is presented in Figs. 6 

to 8. As shown in Fig. 6, with the increase of compression speed, 𝑅𝑟  had no obvious 

influence, which was consistent with the research results by Xing and others (2016). When 

the compression speed was 10 mm/min, the value of 𝑅𝑟 was the minimum. As the dwell 

time increased, the value of 𝑅𝑟 showed a downward trend, indicating that prolonging the 

dwell time of constant load could promote the stable combination of material particles and 

reduce the rebound of briquettes released from the die. 
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Fig. 6. Influences of compression speed and dwell time on Rr 
 

As shown in Fig. 7, when the feeding amount was 20 g, 𝑅𝑟 was the largest, and 

then it decreased rapidly. When the feeding amount was larger than 25 g, 𝑅𝑟  kept 

fluctuating around 1.7, which indicated that there existed a critical minimum feeding 

amount (Zhang et al. 2020a, b). Therefore, it was important to choose the appropriate 

feeding amount to improve the briquetting quality. Moreover, with the increase of loading 

force, 𝑆𝑟  decreased continuously. This implied that the loading force made the 

components, such as lignin, starch, and protein, in the mixed material become extruded 

from the material such that it filled into the gaps between the material particles and was 

able to play the role of bonding, thus improving the briquetting quality of the mixed 

material (Kaliyan and Morey 2009; Navalta et al. 2019). 

 

 
 

Fig. 7. Influences of feeding amount and loading force on Rr 
 

As shown in Fig. 8, the value of 𝑅𝑟 tended to decrease with the increase of mass 

ratio, which indicated that the increase of potato residue ratio in the mixed material would 

raise the overall water content of the material, and that the water of potato residue would 

be partly absorbed by dry straw through infiltration. After the water penetration became 

uniform, the fluidity and filling capacity of the material would be increased. From the 

microscopic point of view, water acting as a binder in the form of a film, promoted the 
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adhesion of particles by increasing the contact area of particles, thus improving the 

briquetting quality (Kaliyan and Morey 2010). Moreover, with the increase of temperature, 

𝑅𝑟 increased first and then decreased, and 80 ºC became the inflection point. The results 

suggested that lignin, starch, protein and other components in the material began to soften 

after reaching 80 C, and they finally acted as a binder and made a stable structure after 

briquetting (Kaliyan and Morey 2010). And these components could effectively play the 

role of adhesive under the condition of heating and improve the briquetting quality of the 

material. Thus, it could be inferred that 80 C was the temperature when these components 

in the mixed material began to soften or activate. When approaching this temperature, the 

materials enjoyed good fluidity and could easily to relax and rebound at 80 C, and 𝑅𝑟 was 

correspondingly the highest. When the temperature was higher than 80 C, the components 

such as lignin and starch in the mixture began to take effect as natural binders (Kaliyan and 

Morey 2010), which promoted the mixture to form a firm structure after briquetting and 

made 𝑅𝑟 decrease rapidly with the increase of temperature. 

 

 

Fig. 8. Influences of mass ratio and temperature on Rr  

 
Table 2. Coding of Factors and Levels 

Levels Experimental factors 

Temperature 
(ºC) 

Loading 
Force (kN) 

Mass 
Ratio 

Feeding 
Amount (g) 

Dwell 
Time (s) 

1 80 25 1:3 25 900 

0 110 30 1:4 30 1200 

-1 140 35 1:5 35 1500 

 
Parameter Optimization Tests and Verification 
Test design of response surface design 

The creep characteristics of the mixture were affected by many factors. Through 

the analysis of the creep test results, it was found that the obvious influencing factors were 

dwell time, feeding amount, loading force, mass ratio and temperature. Therefore, the Box 

Behnken test scheme in design expert software 8.0.6 was used, and the parameter 

optimization tests were carried out involving these factors and 𝑅𝑟  measured as the test 

index. The coding of factors and levels are provided in Table 2. In addition, the response 

surface map and contour map were drawn by the software to analyze the interaction 

between these factors. 
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Test result analysis of response surface  

The Box-Behnken test scheme predicted 46 groups of tests, and the values of 𝑅𝑟 

under different test conditions were obtained and sequentially input into the test scheme of 

the software according to the test sequence. Then, the appropriate model was selected to 

analyze the variance of 𝑅𝑟 . The results showed that the value of P of the quadratic 

polynomial model was smaller than 0.0001. Besides, the correction value and prediction 

value of 𝑅2 reached 0.8237 and 0.6395 respectively, which indicated that this model was 

of high significance and could accurately predict the test results. Therefore, this model was 

adopted to analyze the variance of 𝑅𝑟, with the results listed in Table 3. 

 
Table 3. Variance Analysis of Relaxation Ratio 

 
Source 

Sum of 
square 

 
df 

Mean 
square 

 
F Value 

p-value 
Prob>F 

 
 

Model 0.32 20 0.016 11.51 < 0.0001 significant 

Temperature 
(A) 

0.068 1 0.068 49.26 < 0.0001 ** 

Loading  
Force (B) 

0.013 1 0.013 9.22 0.0055 ** 

Mass 
 ratio (C) 

0.078 1 0.078 57.13 < 0.0001 ** 

Feeding 
amount (D) 

 
2.50 ×10-5 

1 2.50×10-5 0.018 0.8937 
 

Dwell  
time (E) 

5.63 ×10-5 1 5.63×10-5 0.041 0.8412 
 

AB 0.06 1 0.06 43.74 < 0.0001 ** 

AC 1.23×10-3 1 1.23×10-3 0.89 0.3538 
 

AD 1.60×10-3 1 1.60×10-3 1.17 0.2906 
 

AE 1.00×10-4 1 1.00×10-4 0.073 0.7894 
 

BC 7.23×10-3 1 7.23×10-3 5.26 0.0304 * 

BD 2.03×10-3 1 2.03×10-3 1.48 0.2358 
 

BE 8.10×10-3 1 8.10×10-3 5.9 0.0226 * 

CD 3.60×10-3 1 3.60×10-3 2.62 0.1179 
 

CE 1.60×10-3 1 1.60×10-3 1.17 0.2906 
 

DE 1.23×10-3 1 1.23×10-3 0.89 0.3538 
 

A^2 6.40×10-5 1 6.40×10-5 0.047 0.8308 
 

B^2 0.045 1 0.045 32.47 < 0.0001 ** 

C^2 5.19×10-4 1 5.19×10-4 0.38 0.5443 
 

D^2 0.021 1 0.021 15.24 0.0006 ** 

E^2 2.00×10-4 1 2.00×10-4 0.15 0.7056 
 

Residual 0.034 25 1.37×10-3 
   

Lack of Fit 0.03 20 1.50×10-3 1.75 0.2784 not 
significant 

Pure Error 4.28×10-3 5 8.57×10-4 
   

Cor Total 0.35 45 
    

Notes: ** and * indicate extremely significant (P<0.01) and significant (P<0.05), respectively. 

 

The results showed that temperature, loading force, and mass ratio had an extremely 

significant influence on  𝑅𝑟 of the mixed material briquette. The interaction between the 

experimental factors was obvious: the primary terms A, B and C had an extremely 

significant influence on 𝑅𝑟, the interaction term AB had an extremely significant effect on 
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𝑅𝑟, while BC and BE had a significant effect on 𝑅𝑟. The quadratic terms B2 and D2 had an 

extremely significant effect on 𝑅𝑟(P<0.0001), indicating that the regression model was 

extremely significant. The mismatch term was not significant, which showed that there 

was a good correlation between the objective function and various factors.  

The coefficient of determination of the model was R2＝0.9020, and the coefficient 

of correction was  R𝑎𝑑𝑗
2 ＝0.8237, the coefficient of variation C.V.% was 3.02, which 

showed that the model had good fitting results with the actual test, and that the error of the 

test was small. Judging from the P value analysis, the impact of test factors on 𝑅𝑟was in 

descending order: A(temperature) > C (mass ratio) > B (loading force). The regression 

equation (coding equation) of the 𝑅𝑟  of briquettes was obtained by eliminating no 

significant items in Eq. 2. 

Y1=1.19-0.065A-0.028B-0.07C-0.00125D+0.001875E+0.12AB-    
0.042BC+0.045BE+0.072B^2+0.05D^2                                              (2) 

The relation between predicted value and actual value is shown in Fig.9. The data 

were densely distributed on both sides of the diagonal, indicating that the test error was 

small and that the model could be used to predict the change process of 𝑅𝑟 affected by 

experimental factors. 

 

 
Fig. 9. Predicated versus actual for relaxation ratio 

 

Interaction Analysis of Factors 
Software named Design Expert 8.0.6 was used to draw the response surface map 

and contour map. The influences of significant cross terms AB, BC, and BE on 𝑅𝑟 were 

analyzed as follows. 

 
Interaction of temperature and loading force on relaxation ratio 

As shown in Fig. 10, under the conditions of mass ratio1:4, feeding amount 30 g 

and dwell time 1200 s (0 level), 𝑅𝑟  of the briquette decreased with the increase of 

temperature, thereby indicating that temperature was an important factor affecting the 

briquetting quality. Within the temperature range in this study, the higher the temperature 

was, the better the briquetting quality became. When the temperature ranged between 80 

and 110 °C, 𝑅𝑟 decreased with the increase of loading force. When the temperature ranged 

between 110 and 140 °C, 𝑅𝑟 increased with the increase of loading force. This revealed 

that the appropriate combination of loading force and temperature would be beneficial to 

improving the quality of briquettes. Especially when the loading force was 25 KN and the 

temperature was 140 °C, the minimum 𝑅𝑟 was 1.1. 
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(a) 

 
(b) 

 

Fig. 10. Interaction of temperature and loading force on Rr. (a) Response surface diagram; (b) 
contour map 

 
Interaction of mass ratio and loading force on relaxation ratio 

As shown in Fig. 11, under the conditions of temperature 110 ºC, feeding amount 

30 g, and dwell time 1200 s (0 level), 𝑅𝑟 gradually increased with the decrease of loading 

force and mass ratio, but the trend was relatively gentle. When the mass ratio increased, 

the proportion of potato residue in the mixture increased, and the larger loading force would 

make the moisture in potato residue permeate evenly into the mixed material, which 

improved the compression quality of the briquette and reduced 𝑅𝑟. When the loading force 

was 35 KN and the mass ratio was 1:5, the minimum 𝑅𝑟  was 1.1. 

 

 
(a) 

 
(b) 

 

Fig. 11. Interaction of mass ratio and loading force on Rr. (a) Response surface diagram; (b) 
contour map 

 

Interaction of dwell time and loading force on relaxation ratio 

As shown in Fig. 12, under the conditions of temperature of 110 ºC, mass ratio 1:4, 

and feeding amount 30 g (0 level), 𝑅𝑟 first decreased and then had an increasing trend with 

increasing loading force. When the loading force was small, with the increase of loading 

force, the gaps between materials were gradually filled and combined more and more 
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closely.  As the loading force continued to increase, the material was much more difficult 

to be compressed, and the resistance increased, which led to the decline of compression 

quality and the increase of 𝑅𝑟. When the loading force was 32 KN and the dwell time was 

900 s, the minimum 𝑅𝑟 was 1.2. 

 

 
(a) 

 
(b) 

 

Fig. 12. Interaction of loading force and dwell time on Rr. (a) Response surface diagram; (b) 
contour map 

 

Parameter Optimization Test 
In order to obtain the test parameters when 𝑅𝑟 was minimal, the regression Eq. 2 

was further optimized using the optimization module of software Design Expert. The 

constraints are shown in Table 4. The optimal parameters of the mixed material were as 

follows: temperature 101 °C, loading force 35 KN, mass ratio 1:5, feeding amount 28 g, 

and dwell time 918 s. In addition, 𝑅𝑟 obtained from the validation test was 1.11, and the 

error with the predicted value was 8.2%, which indicated that the optimization of the 

regression equation was reliable. 

 
Table 4. Optimized Constraint Settings 

Name Goal Lower Limit Upper Limit 

Temperature (ºC) in range 80 140 

Loading force (KN) in range 25 35 

Mass ratio (none) in range 1:3 1:5 

Feeding amount (g) in range 25 35 

Dwell time (s) in range 900 1500 

Relaxation ratio (none) minimize 1.09 1.47 

 
 
CONCLUSIONS 
 
1. Four-element Burgers Model was used to fit the strain-time curves of the compressive 

creep process of the mixed material. The fitting coefficients were above 0.99, showing 

that straw-potato residue mixture exhibited creep behavior, and a proper combination 

of parameters can be found to improve briquetting quality by analyzing the influences 

of creep test factors on relaxation ratio. 
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2. Response surface analysis results have shown that parameters that had a significant 

impact on relaxation ratio were temperature, mass ratio and loading force arranged in 

descending order of their influence. In addition, temperature and loading force, mass 

ratio and loading force, dwell time and loading force had significant interaction effects 

on relaxation ratio. 

3. The processing parameters for the minimal relaxation ratio of the briquettes were 

optimized by response surface analysis and verified. The optimal combination of the 

parameters was: temperature 101 ºC, loading force 35 KN, mass ratio 1:5, feeding 

amount 28 g, and dwell time 918 s. The minimal relaxation ratio under this condition 

was 1.11. 
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