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Abstract: The sugar industry utilizes the by-product, bagasse, as a fuel. The boiler is fed with bagasse having a moisture
content of 50% (wb). Drying of bagasse increases its calorific value thereby improves the boiler efficiency. This article
proposes the introduction of bagasse dryers using microwave energy. Simple and accurate analytical tools are needed for
design analysis and relevant calculations. The objective of this research was to understand the drying kinetics of bagasse
undergoing microwave heating and to describe the whole process in a general drying model. The effect of microwave drying
technique on moisture content, moisture ratio, drying rate, drying time of bagasse was investigated. According to three
statistical parameters, root mean square error (RMSE) and residual sum of squares (RSS) and efficiency (EF), the performance
of various drying models is evaluated. The multiple regressions on the coefficients of midilli et al. model gave the successful
results and showed to satisfactorily represent microwave drying of bagasse.
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1. INTRODUCTION

Quantitative understanding of microwave drying operations
is of vital practical and economic importance. An
understanding of the fundamental mechanism and knowledge
of temperature and moisture distributions within the product
is crucial for process design, quality control, product
handling and energy savings. A number of complex
theoretical models to describe the microwave heat transfer
phenomena are available [1] to [3]. However design and
process engineers involved in industrial drying operations
need simple, but accurate analytical tools for design analysis
and relevant calculations. Availability of such correlations
and models, verified by experimental data, will enable
engineers to provide optimum solutions to aspects of drying
operations such as energy used, operating conditions, process
control, without undertaking experimental trials on the
system.

1.1. Bagasse Drying

Bagasse is the fiber left over after the juice has been squeezed
out of sugarcane stalks in sugar mill. Sugar cane bagasse is
excellent organic fuel for boilers that can substitute other
types of energy providing fuels in sugar mills [4]. However,
its disadvantage is that is has about 50% moisture content
and for this reason different types of drying equipments have
been designed. The best known dryers for this type of
operation are those with a type of rotating drum, pneumatic
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transport, and fluidized bed. These dryers make use of the
combustion gases and have the direct or indirect contact with
the bagasse[5]. The exposure to the heat of the sun is also
used to dry bagasse. It requires large floor space and needs
more time for drying [6].

1.2. Microwave Drying

In all these types of driers heat is generated outside and then
transferred to bagasse by conduction, convection and
radiation. The bagasse being nonconductor of heat as well
as electricity, all these methods are inefficient [7]. Microwave
irradiation is an efficient way to supply energy; heat is
generated directly inside the product by the friction of solvent
molecules upon themselves, so there is no external heat
transfer resistance [8]. This is different from conventional
drying methods in which energy is supplied, at the surface
of the product, and then penetrates inside by thermal
diffusion. Microwave drying is used in several industrial food
processing applications instead of conventional hot air drying
to reduce drying time and to improve food quality[9]. The
microwave energy therefore can be used to dry bagasse and
improve boiler efficiency. However to conduct the process
adequately, it is necessary to know the effect of microwave
drying technique on drying rate, drying time, moisture
content, and moisture ratio of sugarcane bagasse. In this
study all these aspects of bagasse undergoing microwave
drying were investigated. Several mathematical models
(Table1} have been proposed to describe the drying kinetics
of food material undergoing microwave drying [9] to [14].
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The drying curves were evaluated using these drying models,
according to three statistical parameters, root mean square
error (RMSE) and residual sum of squares (RSS) and
efficiency(EF).[6].The model giving minimum RMSE, RSS
and maximum efficiency is considered to give the best fit
[10].

Table 1
Mathematical Models given by Various Researchers for

Drying Curves[10]

Model Model Equation Name
No.

1 MR = exp (–k*t); Lewis

2 MR = exp (–k*tn); Page

3 MR = a*exp (-k*t); Henderson and
Pebis

4 MR = a*exp (–k*tn) + b*t; Midilli et al

5 MR = 1 + a*t + b*t2 Wang and Singh

6 MR = b/(1 + a*exp (k*t); Logistics

7 MR=a*exp (–k*t) + b*exp(–k
1
*t); Two term

8 MR = a*exp (–k*t)+(1 – a)*exp(–k*a*t) Two term
exponential

9 MR=a*exp (–k*t)+(1–a*)exp(–k*b*t) Diffusion
approximation

MR: dimensionless Moisture Ratio; k, k
1
: drying coefficients in

min–1; n : dimensionless exponent; t : time in min; a, b:
dimensionless coefficients specific to individual equations.

2. MATERIALS AND METHODS

2.1. Material

Bagasse used for drying experiments was obtained from
Someshwar Sugar Mill, Jejuri, near Pune, India. Experiments
were carried out in the laboratory of the plant. Moisture
content (MC) of sample was measured. Bagasse was dried
in an oven at 105 deg C for 2 Hrs. The initial moisture content
(MC) was measured as 50% on wet basis.

2.2. Drying Equipment & Experimental Procedure

A Programmable microwave heating system, make- LG,
model- little chef, with variable output power setting of 20%
decrement and a rated capacity of 800W at 2450MHz was
used for bagasse drying experiments. The oven was fitted
with a glass turntable having 245 mm diameter and had
digital control facility to adjust output power and time of
processing. The cavity, of precise dimensions 290 X 280 X
200 mm was used to conduct drying experiments. Moisture
evaporation at different microwave output powers density
at certain time intervals was investigated.[10]. During the
process the weight of the dielectric material was observed

using Seco make digital weight scale with accuracy of 0 .01
gm. Moisture losses and temperature were recorded
periodically during drying at the end of power on time.
Moisture content of the sample at the end of each drying
period was calculated according to the loss of mass and the
initial moisture content value.

3. MATHEMATICAL MODELING OF MICROWAVE
DRYING CURVES

To determine the most suitable drying equation, the drying
curves were fitted to experimental data using different
moisture ratio equations (Table1). The data were non-
dimensionalised using the equation:

MR =
X Xe

Xo Xe

−
−

(1)

Where MR is the moisture ratio; Xo is the initial
moisture content (kg kg-1, dry solid), Xe is the equilibrium
moisture content(kgKg-1,dry solid); X is the moisture content
at time t (kgKg-1,dry solid).Considering Xe to be zero MR
reduces to X/Xo.

The drying curves were plotted for various microwave
power densities as moisture ratio versus time and evaluated
by drying models [Table 1]. The criteria were adopted to
evaluate the goodness of the fit of each model, root mean
square error (RMSE), residual sum of squares (RSS),
modeling efficiency ç.[10 ]The parameters were calculated
using
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The modeling efficiency determines fitting ability of the
equation and is required to reach 1 for the best results.
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where MRexp,i is the experimental moisture ratio; Mrpred,i
is the predicted moisture ratio as per the model equation;
MRexp.av is the average of the experimental moisture ratios
at different processing times, N is the number of experimental
data points[11].

The microwave drying curves obtained using different
equations (Table1) were fitted to the experimental data. The
equation parameters were determined using nonlinear
regression analysis and are presented in table 2.
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Table 2
The Equation Parameters Determined using Nonlinear Regression Analysis

Model Material Load Drying coefficient Exponent Coefficient RSS RMSE Efficiency

(gms) (k) min-1 k1 (n) a b %

1 25 0.82333         0.0149 0.0546 97.09

  50 0.40583         0.0312 0.0789 89.79

  75 0.22480         0.0152 0.0552 88.45

  100 0.17953         0.0056 0.0333 93.03

  150 0.17226         0.1040 0.1020 86.65

2 25 0.76917   1.4107     0.0013 0.0164 99.74

  50 0.30012   1.8281     0.0025 0.0224 99.18

  75 0.14940   1.9418     0.0004 0.0091 99.68

  100 0.13409   1.6539     0.0001 0.0053 99.83

  150 0.05082   1.9541     0.0021 0.0146 99.73

3 25 0.85872     1.0340   0.0130 0.0510 97.46

  50 0.45985     1.0742   0.0236 0.0687 92.27

  75 0.26167     1.0532   0.0110 0.0469 91.63

  100 0.20209     1.0325   0.0040 0.0281 95.03

  150 0.21092     1.1279   0.0646 0.0804 91.71

4 25 0.76731   1.3992 1.0025 0.0018 0.0013 0.0163 99.74

  50 0.46933   2.0097 1.0051 0.1064 0.0006 0.0107 99.81

  75 0.26605   1.8658 0.9988 0.0964 0.0001 0.0035 99.95

  100 0.20995   1.5920 0.9990 0.0689 0.0001 0.0041 99.89

  150 0.05630   1.9701 1.0068 0.0083 0.0016 0.0126 99.80

5 25       -0.6070 0.0826 0.0031 0.0251 99.39

  50       -0.1819 -0.0748 0.0074 0.0386 97.57

  75       -0.0539 -0.0828 0.0013 0.0156 99.05

  100       -0.0756 -0.0490 0.0004 0.0094 99.45

  150       -0.0786 -0.0106 0.0158 0.0398 97.97

6 25 1.61691     0.3957 1.4022 0.0018 0.0187 99.66

  50 1.45046     0.1313 1.1584 0.0041 0.0286 98.86

  75 1.26019     0.0751 1.0891 0.0011 0.0146 99.20

  100 0.94276     0.1067 1.1139 0.0004 0.0088 99.52

  150 0.64938     0.0160 1.1371 0.0040 0.0199 99.49

7 25 0.85872 0.8587   0.5108 0.5291 0.0130 0.0460 97.46

  50 0.71622 -3.2186   1.5218 -0.5218 0.0001 0.0026 99.99

  75 0.26167 0.2617   0.5222 0.5310 0.0110 0.0470 91.63

  100 0.20209 0.2021   0.4165 0.6160 0.0040 0.0281 95.03

  150 0.21092 0.2109   0.7614 0.3665 0.0646 0.0804 91.71

8 25 1.31836     1.9738   0.0012 0.0157 99.76

  50 0.87374     2.1769   0.0003 0.0076 99.91

  75 0.57274     2.1100   0.0001 0.0051 99.90

  100 0.17953     0.9996   0.0056 0.0333 93.03

  150 0.17226     0.9996   0.1040 0.1020 86.65

9 25 0.82334     1 1 0.0149 0.0546 97.09

  50 0.40583     1 1 0.0312 0.0789 89.79

  75 0.22480     1 1 0.0152 0.0552 88.45

  100 0.17953     1 1 0.0056 0.0333 93.03

  150 0.17226     1 1 0.1040 0.102 86.65



162 International Journal of Electronics Engineering

4. RESULTS AND DISCUSSIONS

4.1. Effect of Material Load on Drying Kinetics

The moisture ratios of dried bagasse were measured during
microwave drying for various material loads ranging from
25gm to 150 gm. The drying curves obtained for various
material loads at microwave power 800W are shown in fig1a.
The lower the microwave power density, the longer is the
drying time of bagasse. As there was no variation in initial
moisture contents of the material used in drying experiments,
the difference in drying time requirements is mainly due to
the difference in applied microwave power density.

Figure 1: Drying Curves for a) Various Material Loads;

a

b

Figure 2:  Microwave Microwave Output Power of 800W and
640W.

4.2. Effect of Microwave Output Power

The moisture ratios of bagasse were measured during
microwave drying for 150gm material loads for microwave
output power 800W and 640W.The drying curves obtained
for microwave power 800W and 640W are shown in fig 2.
It is clear that by performing drying at 800W microwave
output power instead of 640Wdrying time can be shortened
by two fold(Fig1b). The drying time was shortened by two
folds by increasing the MW power from 640W to 800 W. [14].

4.3. Drying Rate

The drying rate was calculated as the quantity of moisture
removed per unit time per unit dry matter(DM)(kg[H

2
O]kg-

1DM min-1) (Fig.2).The moisture content of the material was
50% wet basis during the initial phase of drying which
resulted in a higher absorption of microwave power and
higher drying rates. As the drying progressed, the loss of
moisture in the product caused a decrease in the absorption
of microwave power and the drying rate. Higher drying rates
were obtained at higher microwave power densities

Depending on the drying conditions after a short heating
period,a relatively long constant period was observed. While
drying the bagasse. Depending on the drying conditions 60
to 65% of the water in bagasse was removed in this period.
The rapidly decreasing falling rate period followed the
constant rate period and started below MR of 0.82.

Figure 3: Experimental Moisture Ratio and Predicted Moisture
Ratios

Figure 4: Drying Rate and Processing Time, For 150gm Bagasse/
800W Output Power

4.4. Modeling of Drying Curves

The results of the statistical computations for the microwave
drying data given in Table 2are considered to assess the
fitting ability of drying models. It gives the values of the
coefficients and statistical parameters for the respective
models. Among the all drying models,the middili et al model
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gave the best fit for all the experimental data points with
values for the EF of 99.99 and the RMSE of 0.0054. It is
also determined that the value of the drying coefficient (k)
decreased with the increase in material load. This signifies
that with the increase in microwave power density drying
curve becomes steeper indicating faster drying of the product.
These results were in good agreement with the drying rate
data, which follow the similar trends.

4.5. Experimental and Predicted Moisture Ratios

The drying curves of moisture ratios and processing times
for bagasse undergoing microwave drying were plotted. The
simulations of the moisture ratios as drying time progressed
were plotted using various model equations. The drying
curves using middili et al model showed the best fit. Fig 4
shows the graph of experimental moisture ratio and predicted
moisture ratios using middili et model for microwave bagasse
drying.

5. CONCLUSION

Based on the results of this study, it is concluded that Middilli
et al model gave the best fit for all the experimental data
points with values for RMSE of 0.0008 to 0.0168, RSS of
0.000003 to 0.0052 and the EF of 98.67% to 99.99%.The
value of the drying coefficient (k) decreased with the increase
in material load. Drying curve becomes stepper indicating
faster drying of the bagasse.It is also observed that the
increase of microwave power significantly accelerated the
drying rate.The multiple regression on the coefficients of
the proposed model for the effects of applied microwave
power densities gave the high modelling efficciency value
of 99.99% and low root mean square error of 0.0008 and
showed to satisfactorily represent the microwave drying
kinetics of bagasse.The expression can be successfully used
to estimate the moisture content of bagasse undergoing
microwave drying.

REFERENCES

[1] Lizhauang Ma, D linda Paul, Nick Pothecary, Chris Railton,
John Bows, Lawerence Baratt, Jim Mullin, and David
Simons, “Experimental Validation of a Combined
Electromagnetic and Thermal FDTD Model of a Microwave
Heating Process”, IEEE Transactions on Microwave Theory
and Techniques, 43, NI11, November 1995.

[2] Lionel Pichon, and Olivier Meyer, “Coupled Thermal-
electromagnetic Simulation of a Microwave Curing Cell”,
IEEE Transactions on Magnetics, 38, No.2, pp.977-980,
2002.

[3] A.A. Rabello, J.S.Elson, R.R.Saldhana, C.Vollaire and
A Nicolas, “Adaptive Time Stepping Analysis of Nonlinear
Microwave Heating Problems”, IEEE Transactions on
Magnetics, 41, No.5, pp.1584-1587, 2005.

[4] E. Hugot, G.H, Jenkins, “Handbook of Sugarcane
Engineering”, Elsevier Publishing, Amsterdam, London,
New York, Princeton.

[5] J. H Sosa, F.M.Oliveira, L.G.Correa, M A Silviaand and
S.A.Nebra, “Sugarcane Bagasse Drying–a Review”,
Proceedings of the 14th International Drying Symposium,
B, pp 990-997, 2004.

[6] Z.S. Abdel-Rehim and Z.A.Nagib, “Solar Drying of Bagasse
Pulp”, Journal of Applied Sciences Research, 3(4), pp 300-
306, 2007.

[7] J. Varith, C.Noochuay, P Netsawang, B.Hirunstitporn,
S.Janin and M.Krairiksh, “Design of Multimode-circular
Microwave Cavity for Agri-food Processing”, Proceedings
of Asia Pacific Microwave Conference, 2007.

[8] R.C.Metaxes and R.J.Meredith, “Industrial Microwave
Heating”, Peter Peregrinus Ltd Ltd., London, UK.

[9] R. Liamporn, T Aluck, K Woranut and Koetsinchai,
“Kinetics Model of Vaccum Microwave Drying of Dried
Pumpkin Slices”, Technology and Innovation for
Sustainable Development Conference, pp11-15, January
2008.

[10] Soysal Yurtsever, “Mathematical Modeling and Evaluation
of Microwave Drying Kinetics of Mint”, Journal of Applied
Sciences, 5(7): pp.1266-1274, 2005.

[11] Y. Soysal, S.Oztekin, O.Eren,  “Microwave Drying of
Parsley: Modelling, Kinetics, and Energy Aspects”,
Biosystems Engineering, 4, pp 403-413, 2006.

[12] W.A.M.McMinn, “Thin-layer Modeling of the Convective,
Microwave, Microwave-convective and Microwave-
vacuum Drying of Lactose Powder”, Journal of Food
Engineering, 72, pp 113-123, 2006.

[13] Alibaz Ozkan, B. Akbudak, N.Akbudak, “Microwave
Drying Characteristics of Spinach”, Journal of Food
Engineering, pp 577-582, 2005.

[14] S.K.Giri, Suresh Prasad, “Drying Kinetics and Rehydration
Characteristics of Microwave-vacuum and Convective Hot-
air Dried Mushrooms”, Journal of Food Engineering, 7,
pp 512-521, 2007.




