Accepted Manuscript

Drying Kinetic Analysis of Municipal Solid Waste Using Modified
Page Model and Pattern Search Method

Junmeng Cai, *, 1, 2 Yang Yang, 2 Wenfei Cai, 1 Tony Bridgwater 2

1

Biomass Energy Engineering Research Centre, Key Laboratory of Urban Agriculture
(South) Ministry of Agriculture, School of Agriculture and Biology, Shanghai Jiao
Tong University, 800 Dongchuan Road, Shanghai 200240, China
2

Bioenergy Research Group, European Bioenergy Research Institute (EBRI), Aston
University, Aston Triangle, Birmingham B4 7ET, UK

ABSTRACT

This work studied the drying kinetics of the organic fractions of municipal solid
waste (MSW) samples with different initial moisture contents and presented a new
method for determination of drying kinetic parameters. A series of drying experiments
at different temperatures were performed by using a thermogravimetric technique.
Based on the modified Page drying model and the general pattern search method, a new
drying kinetic method was developed using multiple isothermal drying curves
simultaneously. The new method fitted the experimental data more accurately than the
traditional method. Drying kinetic behaviors under extrapolated conditions were also
predicted and validated. The new method indicated that the drying activation energies
for the samples with initial moisture contents of 31.1% and 17.2% on wet basis were
1

25.97 and 24.73 kJ mol-1. These results are useful for drying process simulation and
industrial dryer design. This new method can be also applied to determine the drying
parameters of other materials with high reliability.
KEY WORDS: municipal solid waste (MSW); drying kinetics; pattern search method;
drying activation energy; thermogravimetric technique

GRAPHICAL ABSTRACT

1. INTRODUCTION

Municipal solid waste (MSW) consists of everyday waste items discarded by the
public that may include product packaging, grass clippings, furniture, clothing, bottles,
food scraps, newspapers, appliances, paint, and batteries etc. 1 Nowadays, the economic
development and urbanization enable people to enjoy enriched material lives, but
subsequently result in more solid waste generated. According to a recent report from
World Bank, 2 the current global annual MSW generation level will increase from about
2

1.3 billion tons by 2011 to about 2.2 billion tons by 2025.
Traditional MSW disposal methods, including landfilling and incineration, are
unsustainable, as they use up land which can be otherwise used for arable farming and
lead to loss of resources which could be recycled. 3 In recent years, many countries and
regions have implemented restrictions on landfilling and incineration of solid wastes. 4
Those restrictions have proved to be effective to in encouraging higher recycling rates
for MSW. 4
Using MSW for energy application can reduce landfill and fossil fuels usage.
Several technologies have been developed to process MSW for clean and economical
energy generation. Depending on its composition and heating value, MSW can be used
as a fuel for a variety of industrial purposes. 5-8 Fast pyrolysis of the organic fractions
of MSW has been attracting research attention for many years, as it offers an effective
and sustainable way to produce a liquid - bio-oil - high efficiency. 9, 10 Fast pyrolysis is
a thermochemical decomposition process occurring at high temperatures (usually
around 500 °C) in the absence of oxygen. The organics in the raw material decompose
into char, gas and pyrolysis vapor which can be condensed to form bio-oil. 11 The water
content of bio-oil is an essential parameter, as it affects the homogeneity, heating value
and viscosity of bio-oil. Water in bio-oil results from the original moisture in the raw
feedstock and the dehydration reactions occurring during pyrolysis. 12 In fast pyrolysis
for the production of bio-oil, the moisture content of the feedstock is generally reduced
to less than 10 wt.% to prevent excessive water in the bio-oil product, which may cause
phase separation and reduce oil quality. High water content in bio-oil leads to reduced
heating value, increased ignition delay, decreased combustion rate and the propensity
for phase separation. Therefore, a preliminary drying step for high moisture content
MSW feedstock is necessary prior to fast pyrolysis, to reduce the amount of water in
3

bio-oil as well as reduce energy consumption for the pyrolysis process. 13
Analysis of the drying kinetics is fundamental for the optimization of drying
conditions. The specific parameters (such as moisture diffusivity and drying activation
energy) characterizing the drying process can be obtained and the drying rate can be
empirically determined through drying kinetic analysis.

14

The empirical relationships

obtained are usually used in the programs that simulate the actual behavior of a dryer.
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Investigations into the drying kinetics of solid wastes have been carried out

extensively in the past decade. Wu et al.
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investigated the drying behaviors of four

typical MSW components and obtained their effective moisture diffusion coefficients
and drying activation energies. Chen et al. 17 carried out the experimental drying study
of MSW in a muffle furnace and pointed out that the diffusion coefficient of MSW was
dependent on the initial moisture content and shrinkage effect. Chen et al. 18 employed
a thermogravimetric technique to study the drying kinetics of corn straw and wheat
straw and found that their drying activation energies ranged from 10 to 30 kJ mol -1.
Chen and Ma

19

found that the drying activation energy for the MSW sample from

Guangzhou, China was about 27 kJ mol-1.
In previous work, the effective moisture diffusivity and drying activation energy
were determined by means of the traditional method which is based on the simplified
solution of the Fick’s second law of diffusion. However, some assumptions and
simplifications are involved in the derivation of the traditional method, which leads to
the conclusion that it cannot describe all three periods (i.e. preheating period, constant
rate period and falling rate period) of the whole drying process. 16 This will be discussed
further in Section 3.
The drying kinetics of MSW with different initial moisture contents has been
experimentally investigated at different isothermal drying temperatures. A new method
4

has been developed for determination of the drying kinetic parameters by using multiple
isothermal drying curves based on the modified Page kinetic model and the general
pattern search method. The kinetic parameters were optimized by means of the
generalized pattern search method which was implemented in MATLAB. The results
from the new method were validated against experimental data and compared to those
from the traditional method. The drying time was calculated from the kinetic parameters
derived by the new method.

2. MATERIAL AND EXPERIMENTS

The MSW organic fraction sample was supplied by a UK commercial waste
management company – Biffa Ltd.’s Leicester site in 2014. The sample supplied was
the collected household waste after mechanical removal of the majority of the metals,
glass, and plastics. The material was further shredded to small particles and processed
with 2 mm rotary drum screen to improve the homogeneity of the sample. The product
is referred to as the organic fraction of MSW and is the material used in this research.
The proximate and elemental analysis results of the received sample are shown in
Table 1. The elemental analysis was carried out using Flash EA 1112 elemental
analyzer (Thermo Fisher Scientific Inc., U.S.A.). Considering the inhomogeneity of the
feedstock, the analysis results were repeated five times and the average results were
reported. As shown in Table 1, the organic fractions of MSW feedstock contained high
amount of moisture (31.1 wt.%) and ash (36.3 wt.%).
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Table 1. Proximate and elemental analysis results of as-received organic fraction
sample
Proximate analysis a
Moisture
/ wt.%

Ash /
wt.%

Volatile
/ wt.%

31.1
wet basis

36.3

15.2

a

b

dry-ash-free basis

c

by difference

Elemental analysis b
Fixed
carbon c /
wt.%
17.4

C/
wt.%

H/
wt.%

N/
wt.%

S/
wt.%

Oc/
wt.%

43.6

6.2

1.7

1.5

47.0

In order to investigate the drying kinetics of the samples with different initial
moisture contents, the sample received was dried in a muffle oven at 60 °C for about
an hour to reduce its initial moisture content from 31.1% to 17.2%.
The isothermal drying experiments of the samples were conducted in an electronic
moisture analyzer (Sartorius MA35, Sartorius Weighting Technology GmbH,
Germany). The moisture analyzer employs a thermogravimetric technique to provide
determination of water loss of materials. It consists of a heating unit, a weighing system,
and a display and control unit. A diagram of the moisture analyzer is shown in Figure
1. Circular aluminum pans of 90 mm diameter and 10 mm height were used in the
drying experiments. A thin layer of sample was spread evenly in the pan before drying.
The reason for selecting the current moisture analyzer is due to the consideration of the
nature of inhomogeneity of the feedstock and real industrial drying scenario.
Comparing to previous work

17, 18

carried out in thermogravimetric analyzers which

employed a few milligram of material, the moisture analyzer can work on over 10 g of
sample and therefore reduce the system error. A series of experiments were carried out
under various controlled temperatures, initial moisture contents, and drying time
periods by using the moisture analyzer. The drying experimental conditions are
6

summarized in Table 2. Each experimental condition was done in triplicate and average
results reported.

Figure 1. Schematic diagram of moisture analyzer

Table 2. Drying experimental conditions of samples
Run

Sample’s initial moisture content / %

Temperature / °C

Time / min

1

31.1

60

60

2

80

45

3

100

30

60

60

5

80

45

6

100

30

4

17.2

3. TRADITIONAL DRYING KINETIC METHOD

As described earlier, the commonly used traditional method for determination of
the effective moisture diffusivity and activation energy was developed based on Fick’s
second law of diffusion: 19

dMR
d 2 MR
 Deff
dt
dx 2

(1)

where t is time (s), Deff is the effective moisture diffusivity (m2 s-1), x is the spatial
7

dimension (m), and MR is the moisture ratio. The moisture ratio is a key parameter for
drying study. It is defined as the ratio of the residual moisture (wt-we) to the total
available moisture (w0-we) that can be removed at any particular time t during drying
and is expressed as:

MR=

wt  we
w0  we

(2)

where wt is the moisture content at any particular time t, w0 is the initial moisture content,
and we is the equilibrium moisture content (at which point, the material stopped losing
moisture).
Concerning the moisture diffusivity, the relationship between Deff and T (the
temperature, K) can be described by the Arrhenius law:

 E 
Deff  D0 exp   a 
 RT 

(3)

where D0 is the Arrhenius preexponential factor (m2 s-1), Ea is the activation energy (J
mol-1), and R is the universal gas constant (8.3145 J mol-1 K-1).
When internal mass transfer as the controlling mechanism and one-dimensional
transport in an infinite slab is assumed, the mathematical solution of Equation (1) can
be expressed by the following equation: 19

  2  2i  12

MR  2 
exp
D
t


eff
 i 0  2i  12
4 L0 2
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1

(4)

where L0 is the half-thickness of the slab (m).
For sufficiently long drying time, the terms in the general series solution (4) may
be approximated by the first term of the series:
MR 

  2

exp 
Deff t 
2

 4 L0
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2

Applying natural logarithm to Equation (5)
8

(5)

2
 8  
ln  MR   ln  2  
Deff t
2
   4 L0

(6)

It can be easily obtained from Equation (6) that ln(MR) and t is in linear relation and
that Deff can be calculated from the slope.
Rearrange Equation (3) to calculate Ea
ln  Deff   ln  D0  

Ea
RT

(7)

Equation (7) indicates that the relationship between the ln(Deff) values obtained at
different drying temperatures and -1/T is linear with Ea/R being the slope.
However, in most cases, the ln(MR) - t curves for drying of materials have a
concave form.

20

The reason for this is the assumption of the invariability of the

effective moisture diffusion during drying while deriving Equation (6). Nevertheless
the linear relationship expressed in Equation (6) is only suitable to describe the falling
rate period of the drying process, which is the only exponential decay stage among the
isothermal drying curve, according to the derivative form of Equation (5):
2 Deff
  2

dMR

exp
Deff t  . In comparison to an experimental drying curve,

2
2
dt
L0
 4 L0


Equation (5) would tend to over-predict the preheating period and under-predict the
constant drying rate period of the drying process when it would be used to fit the
isothermal drying curve of a drying process.
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When the drying activation energy is

determined from the traditional method, a sequence of linear regression calculations is
made, and errors may accumulate.

4. NEW DRYING KINETIC METHOD

Several different empirical drying models have been proposed to address the
9

limitation of the traditional method. 20 Of those drying models, the modified Page model,
as proposed by White et al.,

24

is one of the most widely used models due to its high

accuracy and simplicity. 16 Thus, the new method developed in the present work is based
on this model:
n
MR  exp   kt  



(8)

where k is the pseudo moisture diffusivity. 21 According to Dadalı et al., 26 the following
relationship between k and Deff exists:

k   Deff

(9)

where λ is an empirical constant.
According to Equations (3), (8) and (9), the comprehensive drying kinetic model
incorporating all kinetic parameters can be derived:
n
n
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(10)

where k0 = λD0 is the pseudo preexponential factor.
The drying kinetic behaviors at different temperatures can be described by the
same set of parameters (k0, Ea, and n) in Equation (10). In the new method, by using
experimental data in the form of multiple isothermal drying curves simultaneously, all
drying kinetic parameters can be determined by minimization of the following objective
function:
m nd i

O.F.    MR cal ,ij  MR exp ,ij 

2

i 1 j 1

n
  

 Ea   
 

=  exp   k0 exp  
 tij    MR exp ,ij 
RT
i 1 j 1 
i

  

  
m nd i

2

(11)

where the subscripts exp and cal represent the experimental values and the values
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calculated by the model, respectively, ndi is the number of data points of the isothermal
drying at Ti, m is the number of drying temperatures, and the subscript ij represents the
value related on the jth data point of the isothermal drying curve at Ti.
In order to determine the k0, Ea, and n values by minimizing the objective function
(11), a derivative-free optimization method should be used, as the objective function
(11) has no explicit expression and it is difficult to obtain its derivative information. In
this work, the generalized pattern search method was chosen, as it does not require any
information about the derivative of the objective function. It proceeds by computing a
sequence of points involving exploratory search and pattern move. The flow chart of
the generalized pattern search method is depicted in Figure 2.

Start

Input data

Set starting point

Create mesh points

Evaluate objective
function values

Is one of the stopping
criteria reached?

Yes

stop

No
Exploratory
search

Yes

Exploratory Search enabled?
No

Yes

Expand mesh

No

Success?

Yes

Pattern move

Success?

No

Figure 2. Flow chart of generalized pattern search method
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Refine mesh

The objective function (11) was coded in the MATLAB environment (shown in
Appendix A) and the implementation of the generalized pattern search method was
carried out by means of MATLAB Optimization Toolbox.
Two statistical measures were adopted to evaluate the goodness-of-fit of each
method for each isothermal drying kinetic curve, i.e. the coefficient of determination
(R2) and root mean square error (RMSE). They are defined bellows:

 MR

 MR
ni

R 2i

j 1

RMSEi 

1
ni

cal ,ij

 MR exp ,i

exp ,ij  MR exp ,i

ni

  MR
j 1

cal ,ij




2

(12)

2

 MR exp ,ij 

2

(13)

where MR exp ,i represents the mean value of the experimental moisture ratio for the
drying experimental curve at Ti. The R2 is interpreted as the proportion of the variance
in the dependent variable that is predictable from the independent variable and the
RMSE represents the standard deviation of the differences between experimental and
predicted. The R2 value ranges from 0 to 1, with closer to 1 representing a better fitting,
and the lower the RMSE value, the better will be the goodness-of-fit.

5. RESULTS AND DISCUSSION

Linear regressions of ln(MR) versus t for the samples at different temperatures
have been performed and the results are presented in Figure 3. The ln(MR) versus t plot
under each condition shows a concave shape and deviates from the linear line. The Deff
value at each drying temperature was obtained from the slope of the corresponding
linear fit according to Equation (6) despite poor goodness-of-fit. The relationship
12

between ln(Deff) and -1/T was plotted and the corresponding linear regression was
performed, as shown in Figure 4. It can be seen that the linearity of the relationship
between ln(Deff) and -1/T was not good. According to the traditional method, the
activation energies for drying of the samples with initial moisture contents of 31.1%
and 17.2% on wet basis were calculated to be 28.9 ± 8.1 and 25.9 ± 7.4 kJ mol-1,
respectively. The standard deviations (over 28.0% of drying activation energy mean
value) were relatively large, which indicated that the activation energies obtained by
the traditional method contained considerable errors.

Figure 3. Processing of ln(MR) versus t curves by traditional method for drying of
MSW samples with initial moisture contents of (a) 31.1% and (b) 17.2%
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Figure 4. Processing of ln(Deff) versus -1/T curves for drying of MSW samples
with initial moisture contents of (a) 31.1% and (b) 17.2% (in the figures, Deff is
expressed in m2 s-1)

The same experimental data sets were processed by means of the new method. The
convergence of optimal solutions by using the generalized pattern search method was
shown in Figure 5. The drying kinetic parameter values for drying of MSW samples
with initial moisture contents of 31.1% and 17.2% on wet basis by means of the new
method are shown in Table 3. Table 3 also presents the corresponding statistical
measures obtained from the traditional and new methods. From Table 3, the RMSE
values from the new method are at least 3.1 times less than those from the traditional
method, and the R2 values from the new method are greater than 0.998 (which implies
a nearly perfect agreement with the experimental data), while the maximum R2 value
from the traditional method is 0.978. These results indicated that, as shown in Figure 6,
the new method gave a better description of the drying kinetics during the entire drying
processes of the samples than the traditional method did.

14

Figure 5. Convergence of generalized pattern search method for processing of drying
experimental data of the organic fractions of MSW samples with initial moisture
contents of (a) 31.1% and (b) 17.2%
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Figure 6. Experimental and predicted MR values by traditional and new methods for
drying of MSW samples with initial moisture contents of (a) 31.1% and (b) 17.2%

16

Table 3. Drying kinetic parameters and statistical analysis results from new and traditional methods
Sample’s initial moisture content

Kinetic parameters from new method

New method

Traditional method

Drying temperature
a

/ °C

ln(k0) / (k0 is expressed in s-1)

Ea / kJ mol-1

n

R2

RMSE

R2

RMSE

60

2.649

25.97

1.531

0.9986

1.1914×10-2

0.9730

5.1333×10-2

80

0.9987

1.2384×10-2

0.9758

5.0563×10-2

100

0.9989

1.0940×10-2

0.9648

6.1732×10-2

0.9992

9.6486×10-3

0.9757

5.0603×10-2

80

0.9982

1.2713×10-2

0.9781

5.3048×10-2

100

0.9986

1.1575×10-2

0.9672

6.7406×10-2

/%

31.1

17.2

a

60

2.572

24.73

wet basis

17

1.428

To validate the drying kinetic parameters obtained at 60, 80 and 100 °C for other
temperatures, the obtained k0, Ea and n included in Table 3 were used to predict the
drying behavior at 70 °C for the samples. The calculated MR curves from the new
method were compared with the experimental data for validation, as shown in Figure 7.
The R2 and RMSE were 0.9995 and 1.361×10-2 for the sample with initial moisture
content of 31.1%, and 0.9990 and 1.237×10-2 for the sample with initial moisture
content of 17.2%, respectively. The results showed high agreement between the
predicted and experimental data and hence provided a validation for the new method.
This suggests that the drying kinetic parameters obtained from the experimental data at
60, 80 and 100 °C by the new method can be used to predict the drying kinetic behavior
under extrapolated conditions.

Figure 7. Validation of optimized parameters obtained at 60, 80 and 100 °C usability
for drying of MSW samples with initial moisture contents of (a) 31.1% and (b) 17.2%
at 70 °C

Based on the kinetic parameters calculated from the new method, the drying time,
td, of the samples at various drying temperatures can be accurately obtained. In the
present work, the td value is considered as the period of time that the MR value is
18

reduced from 1 to 0.1. The raw materials with 0.1MR is considered as a satisfactory
moisture content for pyrolysis treatment, as too dry feedstock can result in highly
viscous bio-oils.

22

A drying temperature range of 50 to 100 °C is selected for

calculation of td. This is due to the fact that in industrial drying processes, drying
temperature usually exceeds 50 °C and above 110 °C the organic fractions of MSW
may begin to decompose. 23 The td values at various temperatures for the samples with
initial moisture contents of 31.1% and 17.2% were calculated and listed in Table 4.
From Table 4, it can be deduced that an increase in drying temperature can speed up the
drying process and hence reduce the drying time; and also that the drying time of the
sample with an initial moisture content of 17.2% is much shorter than that of the sample
with initial moisture content of 31.1% at a same drying temperature.

Table 4. Drying time required at various drying temperatures
Sample initial moisture content a / % Drying temperature / °C td / min
31.1

17.2

a

wet basis

19

50

35.80

60

26.63

70

20.17

80

15.52

90

12.10

100

9.57

50

23.87

60

18.10

70

13.98

80

10.95

90

8.68

100

6.98

6. APPLICATION

Figure 8 is a schematic flow chart for the overall process design of dryers.
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In

general, dryer design calculations require mass and heat transfer information as well as
drying kinetics information. The optimal design parameters for a dryer should meet the
requirements of thermal and mass transfer efficiency and drying kinetics. 25

Propose a dryer design

Collect data on process/material/product,
quality requirements, etc.; Select dryer
type

Experience
Experiments

Work of this paper
Obtain drying kinetic data; Calculate
drying kinetic parameters

Experiments and kinetic
caclulations

Simulate mass and heat transfer for
optimal parameters and scale up

Pilot tests

Dimension dryer; Evaluate costs and
safety aspects

Figure 8. Flow chart for process design of dryer

This work primarily contributes to the third step in Figure 8. Usually, the drying
kinetic data is obtained under constant drying conditions. However, in actual dryers, the
drying material is usually exposed to varying conditions (e.g. different temperatures).
Thus, it is necessary to develop a drying kinetic model to interpolate or extrapolate
highly reliable additional drying data over a range of drying conditions based on limited
experimental investigation.
20

To determine the dryer geometries and dimensions and optimize drying conditions,
it is necessary to do computational simulations of heat and mass transfer for the
proposed dryer, where the corresponding kinetic model is required. 25

7. CONCLUSIONS

1) Based on the modified Page drying model and the general pattern search method, a
new method which can enable us to obtain the parameters by simultaneously using
multiple isothermal drying curves was developed.
2) The new method presented in this work can satisfactorily describe the whole drying
process and provided a better fitting to the experimental data of MSW drying
kinetics than the traditional drying kinetic method.
3) The drying activation energies for drying of the samples with initial moisture
contents of 31.1% and 17.2% on wet basis were determined to be 25.97 and 24.73
kJ mol-1, which are lower than those obtained by the traditional method of 28.9 and
25.9 kJ mol-1, respectively.
4) The higher drying temperature can accelerate the evaporation of water in MSW thus
reducing the drying time. At the same drying temperature, the drying time required
is shorter for the MSW sample with lower initial water content.

Appendix A. MATLAB code for the objective function (ObjectiveFunction.m):
function errsum=ObjectiveFunction(X)
% X is the vector of drying kinetic parameters %
k0=X(1);
Ea=X(2);
21

n=X(3);
load data.mat;
% Load experimental data at 60, 80 and 100 °C %
% Including t1, MR1, t2, MR2, t3, and MR3 %
for j=1:length(MR1)
MRcal1(j)=exp(-(exp(k0-10000*Ea/(8.3145*(60+273.15)))*t1(j))^n);
err1(j)=(MR1(j)-MRcal1(j))^2;
end
errsum1=sum(err1);
for j=1:length(MR2)
MRcal2(j)=exp(-(exp(k0-10000*Ea/(8.3145*(80+273.15)))*t2(j))^n);
err2(j)=(MR2(j)-MRcal2(j))^2;
end
errsum2=sum(err2);
for j=1:length(MR3)
MRcal3(j)=exp(-(exp(k0-10000*Ea/(8.3145*(100+273.15)))*t3(j))^n);
err3(j)=(MR3(j)-MRcal3(j))^2;
end
errsum3=sum(err3);
errsum=errsum1+errsum2+errsum3;
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NOMENCLATURES AND SUBSCRIPTS

Nomenclatures
MR

Moisture ratio

MSW

Municipal Solid Waste

O.F.

Objective function

RMSE Root mean square error
D0

Arrhenius preexponential factor

Deff

Effective moisture diffusivity

Ea

Drying activation energy

k

Pseudo moisture diffusivity

k0

Pseudo preexponential factor

L0

Half-thickness of the slab

m

Number of drying temperatures

n

Exponent

nd

Number of data points

R

Universal gas constant

R2

Coefficient of determination

t

Time

T

Temperature

w0

Initial moisture content

we

Equilibrium moisture content
23

wt

Moisture content at any particular time

x

Spatial dimension

λ

Empirical constant

Subscripts
cal

Calculated data

exp

Experimental data

i

The ith temperature

j

The jth data point
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