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INTRODUCTION 
 

Environmental pollution such as global warming due to rapid 
economic growth and urbanization is serious. At the same time, 
as the amount of sewage sludge generated by urban 
concentration of population has been increasing, the problem of 
sewage sludge treatment has begun to be raised. 
2015) In some countries, landfilling of sewage sludge has been 
prohibited and has been treated with marine dumping. 
However, due to the prohibition of marine dumping by the 
London Convention 1996 Protocol, research and development 
related to sludge disposal and recycling are being actively 
pursued. (Yoon et al., 2011) In addition, the use of fossil fuels 
due to indiscriminate industrialization generated a large amount 
of greenhouse gases, which caused the average 
the Earth to rise, causing problems such as abnormal climate 
and disease. As a result, the importance of research on 
renewable energy that can replace fossil fuels and utilize 
abandoned waste resources has increased internationally. 
and Lee, 2015) Accordingly, the use of sewage sludge as a raw 
material for biomass fuels is a positive approach to recycling 
sewage sludge as renewable energy and cope with global 
warming. (Li et al., 2009) However, since the moisture content 
of sewage sludge is greater than 80%, there is a problem that 
the amount of energy  
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ABSTRACT 

This study was performed to reduce greenhouse gas by producing the bio solid fuel with sewage 
sludge as the main material. However, the sewage sludge has a high moisture content, so the energy 
cost of the drying process is considerable, and the calorific value is 3000 ~ 
low value to replace fossil fuels. In order to improve these problems and to secure competitiveness 
against fossil fuels, bio - solid fuel was prepared by mixing sewage sludge and biomass, and then the 
mixing ratio was optimized. This study suggests a method to reduce the number of experiments and to 
optimize the composition of bio solid fuel by using mixture design which is one of the design of 
experiment (DOE). As a result, the moisture content was reduced by about 20% and the calo
of about 1000 kcal / kg could be improved. 
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to be supplied to the drying process is large when the solid fuel 
is manufactured. In addition, the calorific value of the fuel 
generated after drying is 3000 ~ 4000 kcal / kg, so the calorifi
value is lower than that of fossil fuels, so it is less competitive 
as an alternative fuel. Therefore, in order to solve these 
problems, this study intends to produce bio solid fuel by 
mixing waste biomass with sewage sludge. Design of 
experiment was carried out by using Mixture design which is 
used for the mixture composed of various complex samples and 
the sample was mixed according to the established 
experimental procedure. Samples used for mixing were waste 
wood and coffee grounds to reduce the moistu
improve the calorific value. The moisture content and calorific 
value of the mixture are measured and the optimum 
composition ratio of the mixture composed of waste biomass is 
determined by using a response optimizer.
2012) 
 

MATERIALS AND METHODS
 
Samples 
 
This study used materials which are distributed or produced in 
Korea. Sewage sludge as main raw material is raw sludge 
(moisture content 80%) generated in sewage treatment plant. 
In addition, based on the results of the physical properties 
analysis, waste wood was used for reducing moisture content 
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and coffee grounds was used for improving the heating value. 
Sampling was done by conical quartering according to the 
waste process test method (ES 06140). (Ministry of 
Environment in SOUTH KOREA, 2016) 
 
Preparation Experiment 
 
In this study, six kinds of experiments were conducted for 
proximate analysis, calorific value, ultimate analysis, biomass 
content, and aerobic activate respiration of raw samples. 
Optimization was performed after calculating the mixing ratio 
using the experimental design method. All experiments were 
repeated three times according to the waste process test 
method. (Ministry of Environment in SOUTH KOREA, 2016) 
 
Moisture Content 
 
This is an analysis that measures the moisture of the sample. 
The moisture is calculated by weight difference between the 
sample and the sample after drying at 105 ± 10�. 
 
Calorific value 
 
The calorific value is an important indicator of fuel quality. In 
Korea, Japan and other countries, it can be used as a fuel only 
if it satisfies the legal quality standards. A calorimeter 
(Parr6100, USA) was used to measure the calorific value. For 
the analysis, 0.5 ~ 1.5g of dry sample is quantitatively placed 
in a bomb and injected with 40psi of oxygen. Then, the 
difference in temperature of the distilled water in the outer tank 
is measured to measure the calorific value. 
 
Design of Experiments (DOE) 
 
A design of experiment (DOE) is a method to find out how to 
perform, how to collect data, and how to get the most 
information with minimal experimentation. (Park, 2008) The 
experimental design method consists of three basic principles 
of randomization, replication, and blocking. Randomization is 
a method for determining the unit of experiment or 
determining the order of experiment to be arbitrary, and to 
prevent the unselected factors from influencing the 
experimental results. Replication means that the experiment is 
performed more than once under the same conditions. 
Experimental results are not the same because experiments that 
were performed under the same conditions always involve 
uncontrollable errors. Blocking refers to dividing the entire 
experiment into as many blocks as possible and examining the 
effect of each factor within each block. (Chun et al., 2015) A 
design of experiment includes Factorial Design, Split-Plot 
Design, Confounding Method, Fractional Factorial Design, 
Incomplete Block Design, Response Surface Design, Mixture 
Design, and Robust Design. Among these eight categories, this 
study is carried out using the mixture experiment design 
method. (Chun et al., 2015) 
 
Mixture design 
 
Most design of experiment aim to find out that one or more 
factors (x) have a significant effect on the response value (y) of 
interest or to find the optimal condition of the factors that 
maximize or minimize the response value. (Park, 2008) 
Mixture design is used to find out which components have a 
significant effect on the response variables and what the 
optimal mixing ratio satisfies the response variables (Cornell, 

2011). Assuming that xi is the ratio of the i-th component in a 
mixture which has a number(q) of components, the component 
has the following constraint. 
 

 
 

�� ≥ 0, � = 1, 2, ⋯ , � 
 

Eq. (1) 

 � ��

�

���

= �� + �� + ⋯ + �� = 1 Eq. (2) 

 
Due to the constraint of Eq. (2), �� is not independent of each 
other. And A experimental region which was undergone 
equation 1 and 2, will be a simplex with retaining a number(q) 
of vertices as (q-1) dimensional polyhedron. (Byun et al., 
2014) Representative DOE methods for the mixture 
experiment include the simplex lattice arrangement method 
and the simplex center alignment method. However, the 
mixing component often has a lower limit and an upper limit in 
the actual mixture experiment. In this case, the vertices design 
method considering the constraint is used. (Byun et al., 2014) 
 
Establish an experimental plan 
 
The design and analysis of the experimental plan was 
performed using the statistical software MINITAB ver.17. The 
two response variables considered in the development 
experiment, their characteristics, the target value, and the 
upper and lower limits are shown in Table 1. Moisture content 
is the smaller the better characteristic. Therefore, the smallest 
value is a good value. As a result of the moisture content of the 
mixture by DOE, the moisture reduction ratio is at least 8 to 
32% through biomass mixing. Therefore, this study sets a 
reduction ratio of 10% for the upper limit value and 20% for 
the target value which is the average of the moisture reduction 
ratio. On the other hand, the calorific value is the larger the 
better characteristic. Considering that the calorific value of 
sewage sludge is about 3,600 kcal/kg, aiming at stable 
improvement from 4100kcal / kg to about 4600 kcal/kg, the 
lower limit was 4100kcal/kg and the target value of the 
experiment was 4500 kcal/kg. 
 

Table 1. Response Variables 

 
Responses Objective Lower 

Limit 
Target Upper 

Limit 
Unit 

Y1 : 
Moisture 
Content 

Smaller-
the-better 

- 60 70 % 

Y2 : 
Calorific 
Value 

Larger-
the-better 

4,100 4,500 - kcal/kg 

 
Table 2.  Components and Their Limits 

 
Factor Lower Limit Upper Limit 

X1 : Sewage Sludge 0.50 0.65 
X2 : Coffee Grounds 0.00 0.50 
X3 : Waste Wood 0.00 0.50 

 
As the main raw material of sewage sludge (X1), the content of 
sewage sludge was set to at least 50%. The contents of waste 
wood (X3) and coffee bean (X2) added for reduction of 
moisture content and improvement of calorific value were set 
up to 50% in order to secure a basic database to grasp and 
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optimize the correlation of each component. The sum of all 
components is 1 (100%). It was shown in Table 2. 
 
Fig. 1 is a simplex design using the upper and lower limits of 
Table 2. Table. 3 is an experimental plan made with Minitab. 
In Point Type, 0 is the center point, and 1 and -1 are the 
vertices. 
 

 
 

Figure 1. Simplex design plot by mixture design 
 

Table 3. Design table by the mixture design 

 
Std 
order 

Run 
order 

Point 
type 

Block X1 X2 X3 

1 9 1 1 0.5 0 0.5 
2 5 1 1 0.65 0 0.35 
3 2 1 1 0.5 0.5 0 
4 7 1 1 0.65 0.35 0 
5 8 0 1 0.575 0.2125 0.2125 
6 1 -1 1 0.5375 0.10625 0.35625 
7 4 -1 1 0.6125 0.10625 0.28125 
8 3 -1 1 0.5375 0.35625 0.10625 
9 6 -1 1 0.6125 0.28125 0.10625 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

RESULTS AND DISCUSSION 
 
Characteristics of Biomass Raw Material 
 

The results of the physical properties analysis of the sampled 
sewage sludge, coffee grounds, and waste wood are shown in 
Table. 4. The moisture content of sewage sludge and coffee 
bean was 81.8% and 64.6%, respectively. On the other hand, 
the moisture content of the waste wood is as low as 18.1%. In 
addition, the calorific value of sewage sludge is 3636.1 kcal / 
kg, which is lower than that of coffee grounds and waste wood 
showing 5817.86 kcal / kg and 4459.50 kcal / kg. As a result, 
coffee grounds and waste wood have suitable values as 
materials to reinforcing sewage sludge fuel. The biomass is 
composed of elements such as oxygen and carbon, which are 
shown in Table 5. 
 

Physical properties measurement 
 

Mixed samples were prepared according to the experimental 
plan prepared by Minitab. The moisture content and calorific 
value of the sample were measured. The results are shown in 
Table 6. 
 

Analysis of Mixture Design 
 

The moisture content and the calorific value of the mixture 
obtained from the analysis results of the mixed samples made 
according to the experimental plan were used as the response 
variables. And X1, X2, and X3 are independent variables. The 
correlation between this response variable and each 
independent variable was analyzed through mixture design. 
Model fitting methods of Minitab include mixture regression, 
stepwise, forward selection, and backward elimination. 
Basically, mixture regression is used. This study chooses a 
model that fits the data well (with a high R-squared value) and 
a method that obtains a significant regression equation (a low 
p-value) according to each response variable. (Park et al., 
2010) The results of analysis for each response variable are 
shown in the next section. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

X1

0.5

1.0

X2
0.5

0.0

X3
0.5

0.0

Table 4. The content analysis of the properties of waste biomass 
 

Material 
Proximate Analysis Calorific Value 

(kcal/kg) 
AT4 

(mgO2/gDM) 
Biomass 

Contents (%) Moisture(%) Ash (%) Volatile matter (%) Fixed Carbon (%) 
Sewage Sludge (n=3) 81.8 6.38±0.2 9.5±0.98 2.32±1.06 3636.1±32.13 11.5±0.53 63.8±1.49 
Coffee Grounds (n=3) 64.6±0.5 0.17±0.1 29.2±0.9 6.01±0.5 5817.86±73.5 2.60±1.6 99.43±0.2 
Waste Wood (n=3) 18.1±1.4 7.5±1.96 60.0±3.43 14.45±2.66 4459.40±75.20 4.23±0.14 90.75±2.44 

 

Table 5. Ultimate analysis of waste biomass 
 

Material C H O N S Cl 

Sewage Sludge (n=3) 33.9±0.36 5.0±0.12 46.5±0.48 6.0±0.42 2.2±0.26 N/D 
Coffee Grounds (n=3) 55.59±1.7 8.32±0.4 29.19±2.3 6.53±0.3 0.21±0.1 N/D 
Waste Wood (n=3) 45.57±0.57 6.26±0.8 1.81±0.14 0.01±0.002 37.25±2.50 N/D 

 

Table 6. Measuring results of Moisture content and Calorific Value 
 

Std order Run order Point type Block X1 X2 X3 Y1 Y2 

1 9 1 1 0.5 0 0.5 49.65 4234.248 
2 5 1 1 0.65 0 0.35 59.295 4092.699 
3 2 1 1 0.5 0.5 0 73.05 4991.73 
4 7 1 1 0.65 0.35 0 75.675 4622.936 
5 8 0 1 0.575 0.2125 0.2125 64.42 4485.403 
6 1 -1 1 0.5375 0.10625 0.35625 57.03 4359.826 
7 4 -1 1 0.6125 0.10625 0.28125 61.86 4289.051 
8 3 -1 1 0.5375 0.35625 0.10625 68.73 4738.566 
9 6 -1 1 0.6125 0.28125 0.10625 70.5 4554.17 
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Moisture content 
 
The analysis of the experimental results was carried out using 
Minitab's mixture design. The results of the mixture analysis 
on the moisture content of the biofuel solid fuel are shown in 
Fig. 2 and Fig. 3. Respectively. The coefficients of X2 and X3 
are negative, while the coefficients of X1 are positive in the 
estimated regression coefficients. It can be seen that the 
content of waste wood (X3) and coffee residue (X2) must be 
increased to lower the moisture content. Especially, it is 
expected that the moisture content reduction effect of waste 
wood is great. The regression results for the moisture content 
of bio-solid fuel show high reliability with R-squared = 
99.98%. Regression analysis showed P = 0.000 and linear 
coefficient P = 0.002, which is significant. 
 

 
 

Figure 2. Analysis result of the regression and variance for 
moisture content 

 

 
 

Figure 3. 3D surface plot for moisture content result 
 
Calorific value 
 
The analysis results and the surface diagram are shown in Fig. 
4 and Fig. 5. Regression analysis shows that the data fit of the 
linear model is R-squared =99.54%, which is significant in the 
linear model. And regression analysis result is P = 0.001 and 
linear coefficient is P = 0.109. This is a significant figure. The 
estimated regression coefficients show that the values of X2 
and X3 are relatively larger than that of X1. Therefore, it can 

be seen that the coffee grounds(X2) and the waste wood(X3) 
greatly affect the heating value of the mixed fuel. Especially, 
coffee grounds is expected to greatly contribute to the 
improvement of the calorific value. 
 

 
 

Figure 4. Analysis result of the regression and variance for 
Calorific Value 

 

 
 

Figure 5. 3D surface plot for Calorific Value result 

 

 
 

Figure 6. Optimization results 
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Mixture optimization 

 
One of the DOE's purposes is to find the optimal level of 
independent factors. The Optimization Technique of the 
mixture design is to find the response variables for the 
experimental points at each step and then to find the optimum 
level of the factors while moving in the direction of 
optimization. (Park et al., 2005) The moisture content of the 
bio solid fuel showed the smaller the better characteristic and 
the minimum moisture content was 49.65% as a result of the 
basic test according to the experimental plan. On the other 
hand, the calorific value shows the larger the better 
characteristic. And the maximum calorific value was 
4991.73kcal / kg as a result of the basic test according to the 
experimental plan. Based on this, the target value, upper limit 
and lower limit value of bio solid fuel were selected. It is 
shown in Table 1. As a result of using the response optimizer, 
optimum conditions were obtained as sewage sludge (X1) = 
0.5, coffee grounds (X2) = 0.25 and waste wood (X3) = 0.25. 
It is estimated that the moisture content of the mixed sample 
made with this mixing condition is 59.5348%, and the calorific 
value is estimated to reach 4655.9126 kcal / kg. The results 
obtained by the response optimization showed high satisfaction 
with the total satisfaction function as D = 1.00.The results are 
shown in Fig. 6. 
 
Conclusion 
 
The mixture design of the DOE was used to reduce the 
moisture content of the bio solid fuel using sewage sludge and 
to optimize it to increase the calorific value. The effect of 
factors on response variables was analyzed and the following 
conclusions were obtained. 
 

1. The moisture contents of the raw materials (sewage 
sludge, coffee bean, and waste wood) were 81.8%, 
64.6% and 18.07%, respectively. The calorific values 
were 3636.1kcal / kg, 5817.86kcal / kg and 4459.4kcal / 
kg . 

2. The optimum mixing composition was obtained to 
reduce the energy of the drying process in the 
production of fuel using sewage sludge and to secure a 
high calorific value to replace fossil fuels. This was 
obtained by means of a response optimizer and the 
results are sewage sludge (X1) = 0.50, coffee bean (X2) 
= 0.25 and waste wood (X3) = 0.25. 

3. As a analysis result of the effects of each factor on the 
mixture, the waste wood (X3) had the greatest effect on 
the moisture content and the coffee grounds (X2) had 
the greatest effect on the calorific value. Therefore, it is 
thought that the influence of each is reflected in the 
optimum composition. 

4. As a result of the confirmation test for the optimum 
composition, the moisture content was found to be 
59.87% and the calorific value was 4653.33 kcal / kg.It 
coincides with the predicted value.  

 
This study reduce the number of experiments by using the 
vertices design of the mixture design and suggests a 
methodology for designing the optimal composition of bio  
 
 
 
 
 

solid fuel. Based on this, it is necessary to apply to various 
biomass in future research, and methodological 
complementation of physical, biological and chemical reaction 
of biomass is needed. 
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