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Abstract—In this paper, experimental investigation on convective drying of mixed municipal solid wastes was 
conducted. The aim of this study was to determine the effect of temperature, change in composition and par­
ticle size on the overall drying rate coefficient and mass transfer coefficient. Particle size of the samples was 
determined and mass losses recorded with time when the samples were dried using convective dryer. Mass 
losses were used to determine moisture content, drying rate coefficient and mass transfer coefficient. Exper­
imental results showing the effect of temperature, changes in the composition of organic waste and particle 
size were presented.
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INTRODUCTION

Municipal Solid Wastes (MSW) generated in 
developing and emerging countries has received sig­
nificant attention these days due to the negative 
impacts associated with management and disposal. 
Some of the negative impacts, as noted by several 
authors [1—4], include negative environmental and 
health impact related to collection, transport and dis­
posal of MSW in aforesaid countries due to the hetero­
geneous nature of MSW. UNEP and Cal Recovery 
Inc. among other authors noted that MSW generated 
in middle and lower-income Countries is usually 
unsorted from the point of generation and contains 
relatively high water content [4]. Therefore, due to dif­
ficulties of recycling MSW in this form using existing 
recycling methods, majority of countries have resorted 
to landfiling as an economically viable option. How­
ever, landfiling, as stipulated by several authors, has 
been a source of various forms of pollution thereby 
creating more economic costs and liabilities [1，2，5， 
6]. In order to address the negative impacts of mixed 
MSW, several solutions have been proposed. Thermo- 
catalytic incineration complex proposed by Ved et al. 
is part of the solution that is designed to solve the 
problem through complete MSW incineration with 
catalytic removal of toxic compounds from exhaust air 
after incineration process [7]. Other solutions that 
include policy incentives [8] as well as Optimal MSW

1 The article is published in the original.

management [9，10] have been proposed and imple­
mented in different developing and Emerging Coun­
tries. The aforesaid proposals as well as continuing 
research have focused on resolving the negative effects 
of mixed MSW with considerably high water content.

On the other hand, mixed MSW from Developing 
and Emerging Countries (e.g. Kenya) is a source of 
calorific hydrocarbons which could be reutilized as 
energy resources. Proximate analysis conducted by 
different authors [11—13] showed that mixed MSW 
generated in Nairobi, Kenya mainly consist of com­
bustible hydrocarbons as shown in Table 1. However, 
due to the high moisture content, thermal processing 
becomes uneconomical thereby relying on other con­
ventional processes such as bio-drying [14，16]. Inves­
tigations done by He et al. [14] among other authors 
have mainly focused on bio-drying as the optimal 
alternative for converting high-moisture mixed MSW 
to useful resource.

However, with the development and application of 
Process Integration in other energy intensive indus­
tries [15，17], recuperation and reutilization of waste 
heat for other useful processes becoming economically 
feasible and resource efficiency enhanced. Therefore, 
thermal conversion of mixed MSW to Refuse Derived 
Fuel (RDF) using waste heat from other energy-inten­
sive chemical processes has become perspective. This 
has been proven by Troshin et al among other authors 
[20]. The aforementioned author proposed process 
which could convert high-moisture mixed MSW to
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Table 1. Typical composition of mixed municipal wastes 
generated in Nairobi, Kenya

Components

Organics

Paper

Plastics

Glass

Metal

Wood/grass

Leather

Rubber

Textiles

Others

Composition

cited in [11]

50-57

16-17.3

11.8-14

2-2.3

1-3

2 - 8  

0.9-1

2-2,3

2-2.7

2.7-7

cited in [13]

50.6-58

17-17.5

12-16.1

2
2-3

cited in [12]

43-50.9

12.1-17.5

15.1-16.1 

2-5.6 

2-2.7

11.4-21.7

rate coefficient and mass transfer coefficient will be 
considered constant for first and second drying period 
using methodology proposed by [21]. This methodol­
ogy proposed by Strumillo et al [21] enables to describe 
overall drying process using single kinetic equation which 
could be determined from drying curve and boundary 
equations. Kinetics of the drying curve maybe described 
using the following expression [21]:

dX
I t

K ( X - X eq). (1)

RDF while reducing significantly toxic substance 
through Process Integration of MSW-to-RDF pro­
duction process with Portland Cement Clinker pro­
duction process. This proposal relies on convective 
drying as one of the main technological process. It is 
due to perceived economic insignificance of convec­
tive drying that majority of the studies conducted were 
mainly focused on bio-drying of high-moisture mixed 
MSW than on convective drying. Therefore, knowl­
edge related to convective drying of mixed MSW will 
be inherent. Several studies related to drying process 
have been conducted. Padokhin et al. [18] analyzed 
heat and mass transfer process during drying process 
of an infinite cylindrical object. Afanas’ev and Siplivyi 
[19] analyzed transport phenomena for a cylindrical 
object subjected to constant drying rate using electro­
magnetic drying. Results of the aforesaid studies 
among others have does not provide sufficient expla­
nation with respect to mixed MSW. In particular, the 
effects of various factors such as temperature, particle 
size and composition of mixed MSW on drying rate 
coefficient have not been conducted.

The motivation behind this study was to determine 
the effect of temperature, varying composition and 
particle size on the overall drying rate coefficient and 
mass transfer coefficient of mixed MSW. Mathemati­
cal formulation for drying rate will be derived as well as 
detailed explanation of the experiment will be given.

MATERIALS AND METHODS

Drying rate kinetics. Drying process for typical 
material could be classified into three categories, 
namely: initial drying period, constant drying rate 
period and falling drying rate period. For materials 
with high moisture, initial period could be neglected. 
In this particular study, structural, thermal and ther­
modynamic properties are considered to be a function 
of drying rate coefficient. Therefore, overall drying

Where, K represents the drying rate coefficient while X  
and Xeq represent final moisture and final equilibrium 
moisture content respectively. However, due to high 
moisture composition of the main component 
(organic waste), then the overall drying kinetics 
could be limited to the constant drying period.

j Y
Therefore, from mass transfer equation, ——  =

dt
K  (Xl -  X ) ( X  -  X eq), integral form of this equation 
will give the following expression [21]:

K { X x- X j
(2)

where, z is a parameter determined using the following 
expression:

(Xl - X ) { X leq- X eq)

{ x x- x tq) { x - x ^ y
(3)

In the expressions above, K  represents the drying rate 
coefficient, Zeq—final equilibrium moisture content 
Xleq—initial equilibrium moisture content and X— 
final moisture content. Drying kinetics curve on t—z 
coordinates will exhibit a linear relation with a slope 
equivalent to K  (Drying rate coefficient). For cases 
where Z leq < Xh variable Xleq could be determined 
from the following set of expressions proposed by 
Strumillo et al. [21]:

(치 d J : 

{Xx- X Uq)
X leq

, (^ l+ ^eq)

(1 +안) *
(4)

Where parameter 만 is the intermediate parameter for 
Xleq and z is the intercept value on the z axis on the t— 
z diagram. Therefore, mass transfer coefficient for the 
overall process could be determined as follows:

kd = ^ K A X .  
A

(5)

Experimental apparatus and materials. Sample 
materials composed of organic waste, paper, plastics, 
wood and soil. The aforesaid materials were used as 
representation of typical composition of waste gener­
ated in developing and emerging countries and were 
analyzed in the experiment on as-received basis.

In accomplishing the objectives of this study, sev­
eral limitations were considered: there was limited sta­
tistical data regarding proximate composition of



MSW; MSW generated is usually heterogeneous, with 
varying composition of all components including 
water content; the flaky nature of mixed waste reduces 
uniformity of overall composition in the MSW. Put­
ting into consideration the aforementioned limita­
tions, available data suggested by [11—13] were used as 
the basis for calculation. The samples used were 
reduced in size with the aim of ensuring uniformity in 
composition after mixing. Particle size range of the 
mixed waste analyzed was determined based on the 
recommendation proposed by Athanasopoulos G.A. 
[23]. Particle sizes were determined using formula 
proposed by Keey R.B. [22] whereby the equivalent 
diameter of a flaky material (MSW) could be deter­
mined by the volume it displaces. Therefore, the 
equivalent diameter (de) of the mixed waste was deter­
mined using the following equation [22]:

-V
\ j i

(6)

where, V represents the volume displaced by mixed 
wastes, which may be determined using the following 
equation:

V = adl. (7)

Parameter dv was determined using the expression 
suggested by Keey R.B. and could be expressed as fol­
lows:

\ 0 . 5

(8)

Digital balance 
(Sartorius TE 612-L)

Convective Dryer 
(HB-502L)

Sample analyzed

30 mm

Wire mesh 
with sample

where variables B and L represent length and breath of 
the wastes analyzed.

Organic waste was obtained from the University’s 
dining hall, paper composition consisted of shredded 
paper and the plastic composition composed of plastic 
stuffing used in packaging. Soil used was obtained 
from University’s territory while the wood chips repre­
sented the wood composition in the experiment. The 
drying equipment used for this experimental investiga­
tion was convective drying oven (Han Baek HB- 
502L). A schematic diagram of the experimental setup 
is shown in Fig. 1. In order to achieve all the objectives 
of this experimental study, a set of 4 samples each 
weighing 100 gr. of mixed MSW were used to analyse 
mass losses and/ or mass transfer coefficient with 
time. One more sample was used to analyse overall 
moisture content in the mixed MSW.

During experiment, each sample was put in a wire 
mesh (150 mm x 100 mm x 50 mm) such that the 
thickness of the sample layer analyzed did not exceed 
30 mm. The wire mesh plus the sample were placed in 
the middle of the oven and mass losses were recorded 
on real-time basis using digital balance (Sartorius TE 
612-L). In this experiment moisture content was

Size of wire mesh, mm (150 x 100 x 50)

Fig. 1. Schematic diagram of the experimental setup for 
this study.

derived as a function of mass losses and was calculated 
using the following equation [15]:

X  = Wis ~--d-Sxioo? (9)

where if  is moisture content, Ŵis—initial sample mass, 
F̂ds—mass of dried waste. Moisture content was mea­

sured as a % per dry weight of sample waste. Overall 
moisture content for sample used was obtained by dry­
ing the separate sample in the drying oven (Han Baek 
HB-502L) at a temperature of 105°C for 2 hours. The 
residual moisture content was calculated by means 
using the eq. (9) above.

Drying rate coefficient K  was obtained by deter­
mining the slope t-z diagram which exhibit linear rela­
tionship. Values for parameter z were obtained using 
equation (3) and (4). While mass transfer coefficient kd 
was calculated using equation (5).

RESULTS AND DISCUSSION

Effect of temperature on drying. In order to investi­
gate the effect of temperature on drying 5 different 
temperatures were randomly selected between 50°C



Table 2. Mixture ratio in percentage by weight of the components used in sample for the experimental investigation

Effect of Temperature

sample name particle size, mm r’ 0c
composition, % weight

organic waste paper plastic wood soil

G2 <20 60 60 15 15 5 5

G3 <20 70 60 15 15 5 5

G4 <20 80 60 15 15 5 5

G5 <20 90 60 15 15 5 5

G6 <20 100 60 15 15 5 5

Effect of composition

sample name particle size, mm 7；0C
composition, % weight

organic waste paper plastic wood soil

G7 <20 60，80，100 50 20 15 10 5

G8 <20 60，80，100 70 15 10 5 5

G10 <20 60，80，100 60 15 15 5 5

Effect of particle size

sample name particle size, mm
7；0C composition, % weight

organic waste paper plastic wood soil

G10 <20 60，80，100 60 15 15 5 5

G9 >20 60，80，100 60 15 15 5 5

and 100°C, i.e. 60，70，80，90 and 100ᄋC. These set of 
temperatures were chosen based on guidelines for lab­
oratory testing of MSW [23]. A set of 4 samples with 
similar weight (100 gr.) were used in the experimental 
investigation for each temperature for 30 min. The 
mean particle size for sample used, determined using 
expression above, was <20 mm. Ratio by weight of the 
components in the sample analyzed is shown in Table 2. 
Results are shown in Fig. 2 and the average drying rate 
coefficient and mass transfer coefficient values are 
shown in Table 3. (Fig. 2) Result showed that the mass 
transfer coefficient correlated positively with an 
increase in temperature from 60 to 100°C. This was 
attributed to the increase in the rate of mass transfer 
(moisture diffusivity) through the solids as a result of 
the increase in temperature which correlates with 
investigations conducted by other authors [22，24]. 
Results presented in Table 3 indicated that mass trans­
fer coefficient at 100°C was 2 times higher that at 
60°C. This indicated that higher temperatures were 
suitable for sustainable drying.

Effect of changes in composition on drying. Internal 
structure of any dried material among other factors is 
known to affect drying rate coefficient [22，24]. In the 
sample analyzed, organic waste was considered to be 
the main component of interest since the moisture 
content accumulated mainly depends on the internal 
structure. This experimental analysis was conducted

by varying the composition of organic wastes. 3 differ­
ent sets of sample wastes of with different composition 
were analyzed and their respective mixture ratios by 
weight are shown in Table 2. These set of samples were 
investigated at 60，80 and at 100°C respectively.

At 60°C, G10 samples had a significantly higher 
rate than G8 and G7 samples despite minimal differ­
ence in moisture content. Graphical dependence 
between moisture content with time is shown in 
Fig. 3a while values K  and kd are shown in Table 3. 
This could be as a result of the difference in the struc­
ture of organic waste which also contributed to the dif­
ference in drying rates. In addition, low temperature of 
the drying agent was not sufficient enough to increase 
the steam saturation pressure on the surface of the 
organic materials.

At 80°C overall drying rate coefficient for sample 
G7 was higher than the rest despite the differences in 
composition of organic waste and moisture content. 
The same trend also applied to mass transfer coeffi­
cient (Table 3). From results (Fig. 3b, Table 3) the 
order of drying rates were G7 > G8 > G10. This also 
indicated that internal structure o organic waste 
played significant roles in drying process.

Results for experimental analysis conducted at 
100°C are shown in Fig. 3c and Table 3. All the sam­
ples exhibited different drying rate coefficients and 
mass transfer coefficients. It was therefore difficult to



Table 3. Experimental results showing the effect of temperature, changes in composition and particle size on drying rate 
coefficient and mass transfer rate

Effect of temperature drying

sample name investigated temperature, °C moisture content, % 고:，L/s kg/(m2 s)

G2 60 57 0.16 0.167

G3 70 70 0.172 0.22

G4 80 54 0.183 0.24

G5 90 64 0.193 0.3

G6 100 59 0.196 0.33

Effect of composition

sample name investigated temperature, °C water content, % K,L/s kd, kg/(m2 s)

G7 62 0.145 0.125

G8 60 62 0.15 0139

G10 57 0.16 0.168

G7 47 0.161 0.257

G8 80 54 0.169 0.225

G10 56 0.186 0.192

G7 70 0.144 0.211

G8 100 70 0.152 0.262

G10 57 0.18 0.3

Effect of particle size

G9
60

57 0.142 0.116

G10 48 0.16 0.168

G9
Qn

57 0.144 0.18

G10
o\j

61 0.166 0.227

G9
100

48 0.162 0.194

G10 60 0.187 0.318

develop any correlation between composition of 
organic waste and drying rate coefficient of samples. 
The differences in the experimental results could be 
due to changes in internal and external structures of 
samples that affect the drying process.

Effect of particle size on drying. In order to investi­
gate the effect of particle size on the drying, two sets of 
samples were analyzed with different particle sizes 
determined as shown before; particle size for sample/s 
G9 was > 20 mm while sample G2 was <20mm as 
shown in Table 2. These samples were investigated at 
60，80 and at 100°C respectively. Results for experi­
ments conducted at 60°C are shown in Fig. 4a and 
Table 3. Experimental results samples G10 had a 
higher rate than sample G9. Low drying rate coefficient 
and mass transfer coefficient for sample with >20 mm 
particle size was attributed to low specific surface area 
which affected the moisture diffusivity. However, the 
difference in value K  and kd was not significant enough 
due to low temperature. At higher temperatures, simi­
lar trend as evidenced at 60°C was observed with the

drying rate increasing with an increase in temperature. 
Similar trend was also seen at 80 and at 100°C. Results 
for experiment conducted at 80°C are presented in
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Fig. 4b and Table 3 while results for experiment con­
ducted at 100°C are presented in Fig. 4c and Table 3. 
Higher mass transfer coefficient for samples with

Fig. 4. Graphical dependence of moisture content on par­
ticle size at (a) 60; (b) 80; (c) 100°C.

<20 mm particle size was also attributed to the porous 
structure created by the presence of plastics which 
enhanced easier penetration of drying agent. As a 
result, contact between the surfaces and drying agent 
is increased thereby increasing saturation pressure of
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steam on the surface of the material which increases 
the drying rate.

CONCLUSIONS

Experimental investigation on the effects of tem­
perature, composition and particle size on the drying 
rate was conducted, drying rate coefficient and mass 
transfer coefficients were obtained for all cases. 
Results from experimental investigation showed that 
temperature increase had positive correlation on dry­
ing rate and that it played a significant role in overall 
drying process; higher drying rates could be achieved 
at higher temperatures. Difference in particle sizes 
also played an important role in drying rate. In partic­
ular the role of smaller particles in creating porous 
structure which enhanced drying process was exhib­
ited. Future research will be conducted to investigate 
the effects of particle size and porous structure on the 
dynamics of drying.

Data showing the effect of composition on drying 
rate was sufficient enough to highlight the importance 
of studying dynamics of drying process for heteroge­
neous wastes such as mixed MSW. Therefore, future 
research will be focussed on understanding the role of 
internal structure on drying process as well as the 
effect of particle sized and shapes. In addition the 
shrinking effect of organic wastes in drying process 
will be investigated.

In addition, experimental data showed the viability 
of conducting drying process at 100°C. Therefore, 
future studies will focus on the optimization of the 
drying process.
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NOTATION

^  area, m2;

B width, m;

d diameter, m;

K drying rate coefficient, 1/s;

k mass transfer coefficient, kg/(m2s)

L length, m;

m mass, kg;

T temperature ,°C

t time, s;

^  volume, m3;

W sample mass, g;

X moisture content, %;

z variable determined in Eqs. (2) and (3);

a coefficient used to determine particle size;

W variable determined in Eq. (4)

SUBSCRIPTS AND SUPERSCRIPTS

i initial;

d drying;

e equivalent;

eq equilibrium;

p particle;

s sample.
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