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 
Abstract—Anaerobic digestion is a well-known technique for 

sustainable energy recovery from sewage sludge. However, sewage 
sludge digestion is restricted due to certain factors. Pre-treatment 
methods have been established in various publications as a promising 
technique to improve the digestibility of the sewage sludge and to 
enhance the biogas generated which can be used for energy recovery. 
In this study, continuous flow microwave (MW) pre-treatment with 
different intensities were compared by using 5 L semi-continuous 
digesters at a hydraulic retention time of 27 days. We focused on the 
effects of MW at different intensities on the sludge solubilization, 
sludge digestibility, and biogas production of the untreated and MW 
pre-treated sludge. The MW pre-treatment demonstrated an increase 
in the ratio of soluble chemical oxygen demand to total chemical 
oxygen demand (sCOD/tCOD) and volatile fatty acid (VFA) 
concentration. Besides that, the total volatile solid (TVS) removal 
efficiency and tCOD removal efficiency also increased during the 
digestion of the MW pre-treated sewage sludge compared to the 
untreated sewage sludge. Furthermore, the biogas yield also 
subsequently increases due to the pre-treatment effect. A higher MW 
power level and irradiation time generally enhanced the biogas 
generation which has potential for sustainable energy recovery from 
sewage treatment plant. However, the net energy balance tabulation 
shows that the MW pre-treatment leads to negative net energy 
production. 
 

Keywords—Anaerobic digestion, biogas, microwave pre-
treatment, sewage sludge. 

I. INTRODUCTION 

HE rapid deployment of renewable resources in various 
sectors to contribute to the green energy and technology 

was driven by the ambitious goal of Malaysian government to 
develop the use of renewable energy and to add it to the 
national electricity supply in addition to a sustainable 
socioeconomic development. For instance, the wastewater 
treatment sector, which has a modern mechanized sewage 
treatment plant (STP) with anaerobic digesters, has high 
potential to generate clean energy from the biogas produced as 
a byproduct during the waste water treatment.  
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At present, anaerobic digesters have been installed in few 
modern mechanized STPs in Malaysia to generate biogas from 
the anaerobic treatment of sewage sludge. Currently the 
average biogas production rate is about 1,150 m3 daily in a 
typical modern STP that deploys anaerobic digesters to treat 
250,000 population equivalent (PE) sewage solids. The 
electricity plausible to be generated after a gas engine 
conversion is approximately 2,900 kWh/day. However, the 
average plant electricity consumption is 43,503 kWh/day [1]. 
Therefore, the recovery of energy from biogas will only 
replace 6.60% of the electricity consumption during the 
treatment of the wastewater itself. However, it is not 
economically feasible for commercial implementation due to 
the quantity of biogas produced presently. Hence, the biogas 
produced is flared in order to mitigate greenhouse gas 
emission. Thus, the valuable electricity energy potential of the 
methane remains untapped. Hence, in order to enhance the 
biogas production the limiting factors of the anaerobic process 
needs to be overcome. The anaerobic technology is restricted 
by certain factors that include the hydrolysis stage, whereby 
the substrates can be very slow to be degraded due to the 
molecular structure of the substrates such as high crystalline 
structure or low surface area, which are poorly accessible to 
the microorganism and their enzymes [2]. Recent publications 
have suggested that pre-treatment of substrates prior to 
anaerobic digestion can be used to overcome this problem [2]-
[4]. Literatures also have suggested that secondary thickened 
sludge (STS) from STP is the most widely studied substrates 
on pre-treatment application due to low biodegradability [4]. 
Among the types of pre-treatment are mechanical pre-
treatment, thermal pre-treatment, ultrasound pre-treatment, 
MW pre-treatment acid pre-treatment and others. In this study, 
MW pre-treatment will be explored. 

Previously, a study on batch continuous MW pre-treatment 
has been conducted and the quantity of biogas produced with 
and without pre-treatment has been evaluated and compared 
whereby the MW pre-treated sludge for 5 minutes and 15 
minutes enhances the anaerobic digestibility rate and biogas 
production by 11.90% and 38.50% respectively compared to 
untreated sewage sludge [5]. Although, batch process MW 
pre-treatment shows optimistic effect on the biogas 

Comparison of the Effects of Continuous Flow 
Microwave Pre-treatment with Different Intensities 
on the Anaerobic Digestion of Sewage Sludge for 

Sustainable Energy Recovery from Sewage 
Treatment Plant 

D. Hephzibah, P. Kumaran, N. M. Saifuddin 

T



International Journal of Biological, Life and Agricultural Sciences

ISSN: 2415-6612

Vol:9, No:12, 2015

1211

 

pr
Th
fe
is 
tre
en

co
di
sa
fe
m
m
15
fix
un
sta
th
in 
ot
tre
un
da
so
ox
(S
th
us
po
pr
m

by
sC
ha
th
or
di
an
[8

sig
th
M
Th
va
th
tim
by
10
ST

roduction, it i
herefore, stud
asible MW pr
to investigat

eatment of S
nergy recovery

Primary thic
ollected from 
fferent time d

amples were s
d into the d

microwave oven
modified to acc
50 ml of diges
xed time and 
ntil the quant
ate. Subseque
e digesters da
 which one d

ther received 
eated at 240 W
ntreated, pre-t
aily for total s
olid (TSS), vo
xygen demand
SCOD), volatil
e quantity and

sing a gradu
ortable gas ana
re-treatment w

monitoring mete

A. Sludge Sol

The efficienc
y determinin
COD/tCOD ra
ad reported tha
e floc structur

rganic matter
sintegration o

nd intracellula
8], [9]. 

The results 
gnificantly ch
e increment o

MW pre-treatm
he results also
aries, the solub
e sCOD/tCOD
me increases. 
y 0.92, 0.93 an
0 and 15 min
TS. Similarly,

s not feasible
dy needs to 
re-treatment sy
e the influenc

STS with diff
y in STP throu

II. M

ckened sludge
a STP. The 

due to the limi
standardized t
digester. A 
n with maxim
ommodate the
state is drawn
fed with 150
ity of biogas 

ently, from da
aily by gradual
digester was fe

pre-treated S
W and 400 W
treated and di
solid (TS), vo
olatile suspen
d (TCOD), so
le fatty acids (
d quality of bi

uated eudiome
alyzer. Beside
was measure
er. 

III. RESULTS

lubilization 

cy in the solu
ng the organ
atio and VFA
at the MW pr
re of the slud
rs was enh

of the floc stru
ar materials fr

shows tha
hanged the sCO
of the solubil

ment intensities
o demonstrate 
bility of COD
D ratio increa
The solubility
nd 0.97% at M
nutes, respecti
, for the powe

e to be implem
be undertake
ystem STP. Th
ce of continu
ferent intensit
ugh anaerobic 

METHODS 

e (PTS) and 
experiments 

ited experimen
to 4% concen
domestic SH

mum power ou
e continuous f
n out from the
 ml of PTS f
generated st

ay 16 onwards
lly increasing 

fed with untre
STS. The STS
W for 5, 10 an
igested sludge
latile solid (V

nded solid (V
oluble chemic
(VFA) and alk
iogas generate
eter and CO

es that, the ene
ed using an 

S AND DISCUSS

ubilization of 
nic matter 

A concentratio
e-treatment is
ge, thus, the s

hanced [6], 
ucture, it relea
rom the cells 

at the MW
OD/tCOD rat
lity of COD 
s compared to
that as the pre

D also changes
ases as the M
y ratio of CO
MW power le
ively compare
er level of 400

mented in the
en to incorpo
he aim of this

uous flow MW
ties for susta
digestion.  

STS samples
were conduc

ntal setup. Thu
ntration prior 

HARP R-298H
utput of 800 W
flow heat exch
 digesters dail

for the first 15
tart to be in 
s STS was fe
the volume by

eated STS whi
S sample wa
nd 15 minute
e was charact

VS), total susp
SS), total che
cal oxygen de
kalinity. Mean
ed was measur

OMBIMASS 
ergy used duri

EFERGY e

SION 

STS was exa
contents suc

on. Previous s
 able to disint
solubilization 
[7]. Due to
ses the extrac
into aqueous

 pre-treated 
tio. Fig. 1 illu
of STS at dif

o the untreated
e-treatment int
s. As per this 

MW power lev
D of STS inc
vel of 240 W
ed to the unt
0 W with 5, 1

 

e STP. 
orate a 
s study 
W pre-
ainable 

s were 
cted at 
us, the 
being 

H (S) 
W was 
hanger. 
ly at a 
5 days 
steady 

ed into 
y 10% 
ile the 

as pre-
s. The 
terized 
pended 
emical 
emand 

nwhile, 
red by 
GA-m 
ing the 
energy 

amined 
ch as 
studies 
tegrate 
of the 
o the 
ellular 
phase 

STS 
ustrates 
fferent 
d STS. 
tensity 
study, 

vel and 
creases 
 for 5, 
treated 
10 and 

15 m
high
resp
data
COD
pow
 

Fig

 

Fig

 
M

sign
STS
grad
and 
240
12.3
untr
W a
time
WA
hav

T
hyd
wal
inte
MW
beco
duri
min
extr
slud
incr

minutes irradi
her by 1.02, 1
pectively comp
a were similar 
D solubility w

wer and the lon

g. 1 Effect of M
th

g. 2 Effect of M
the

Moreover, the 
nificantly, for
S sample. It i
dually and the

d irradiation tim
0 W, the VFA
30% at 5, 10 a
reated STS. C
also escalates 
e of 5, 10 and

AS in terms o
e been reporte

The increase 
drolysis of the
ls and disin

ensified by th
W power leve
omes relativel
ing this alter

nimal. The flo
racellular and 
dge flocs into 
reased. [7], [1

iation time, th
1.84 and 3.15
pared to the u

r to the results 
was enhanced 
nger irradiatio

MW pre-treatmen
he increment of 

MW pre-treatmen
e increment of V

total VFA c
r the pre-treat
indicated that
ese rates incre
me as depicte

A concentratio
and 15 minute
Consequently, 

by 13.05, 14
d 15 minutes,
f VFA concen
ed previously 

in solubility
e large organ

ntegration of 
he applied MW
el and irradi
ly unfettered 
ration, howev
oc structure 
intracellular 
the soluble p

11]-[13]. Besid

he sCOD/tCOD
5 % for 5, 10
untreated STS.

reported in a 
by the increa

n time [10].  

nt of STS at diff
solubility of CO

nt of STS at diff
VFA concentrat

concentration 
ted compared
t VFA concen
eased with the
d in Fig. 2. A

on increases b
es, respectivel

the VFA con
4.22 and 15.22
, respectively.
ntration due t
[7], [9].  
y can be e

nic molecules,
the sludge 

W pre-treatme
iation time, t
and some bac

ver, the struc
was disrupted
matters were 

phase when th
des that, it co

D ratio releas
0, and 15 min
 The experime
study whereby
ased level of 

ferent intensitie
OD  

ferent intensitie
tion  

of STS incre
d to the untre
ntration incre

e MW power l
At a power lev

y 9.30, 10.30
ly compared to
ncentration at 
2% for irradia
. Solubilizatio
to MW irradia

explained by 
, the lysis of 
floc which 

ent [10]. At s
the floc struc
cteria are exp
tural change 
d completely 
released from

he MW intens
ould be conclu

ed is 
nutes, 
ental 
y the 
MW 

 

es on 

es on 

eased 
eated 
eased 
level 

vel of 
0 and 
o the 
t 400 
ation 
on of 
ation 

the 
f cell 

was 
short 
cture 

posed 
was 
and 

m the 
sities 
uded 



International Journal of Biological, Life and Agricultural Sciences

ISSN: 2415-6612

Vol:9, No:12, 2015

1212

 

th
di
slu

pr
an
Fi
wi
in
of
di
in 
th
re
ef
M
at 
ef
23
wh
on
hi
re
TC
im
pr
pr
th
15
tim
co
fro
ef
TC
in
wh
8.
co
M
of
ap
at 

ef
re
lea
TC
re
th
di
 

at temperature
sintegration b
udge temperat

B. Sludge Dig

The MW p
rocess which 
naerobic diges
ig. 3 shows th
ith untreated 
tensities. The 

f 41.00 to 46
gestion time d
 strength comp
e digester wa
moval effici

fficiency of th
MW power lev

a power le
fficiency of th
3.46, 24.78 an
hen the dige
nwards. Comp
kes to 27.15, 
spectively co
COD removal

mproved comp
resents the TC
re-treated STS
at the TCOD

5.30 to 17.00%
me due to the 
ompared to ST
om day 11 onw
fficiency decre
COD removal
tensity intensi
hen the diges
64, 9.30 and 

ompared to th
Meanwhile, imp
f the MW p
pproximately 1

5, 10 and 15 m
As discussed

ffectively solu
adily biodegr
ads to enhanc
COD remova
moval efficien
e control pe
gestibility effe

e was the mo
because as th
ture also hikes

gestibility  

pre-treatment 
is the rate l

stion process 
he VS remova

and MW pr
VS removal 

6.00% gradua
due to the eff

mpared to STS 
as fed with ST
ency decreas
he MW pretr
el and irradiat

evel of 240 
he untreated 

nd 26.21% at 5
ster was fed 

paratively, at 4
28.75 and 30

mpared to th
l efficiency of
pared to the 

COD removal 
S at different 
 removal effi

% gradually in
effect of PTS

TS sample. Wh
wards, it was 
eases slowly. F
l efficiency im
ifies. At 240 W
ster was fed 
9.82% for 5,

he untreated d
provements in

pre-treated wi
10.3, 10.9 and
minutes irradi
d in the ear
ubilizes the s
radable portio
ced sludge dig
al efficiency. 
ncy of the MW
erformed less

fects have been

st influential p
he MW intens
s [14].  

has accelera
limiting step 
compared to 
al efficiency o
re-treated STS
efficiency inc

ally in the fir
fect of PTS sa
sample. From
TS, it was ob
ses slowly. 
eated STS al
tion time incr
W, the aver
STS increase

5, 10 and 15 m
with 100% 

400 W, the VS
0.64% for 5, 

he untreated S
f the pre-treate

untreated ST
efficiency of 
intensities. A 

iciency increa
n the first 15 d
S sample which
hen the digeste
observed that 
From the resul

mproves as the
W, the TCOD
with 100% S
 10 and 15 m
digester which
n the TCOD r
ith respect to

d 11.4% at a po
iation time cor
lier section, 
sludge and t
n of the slud
estibility as sh
Although th

W pre-treated
s efficiently 
n reported prev

parameter in 
sities increase

ated the hydr
and improve
the untreated

of the digeste
S at different
creased to the 
rst 15 days 

ample which i
m day 11 onwa
bserved that th

The VS re
so increases 

reases. For ins
raged VS re
ed from 13.7
minutes respec

STS from d
S removal effic

10 and 15 m
STS. Moreove
ed STS sampl
TS sample. F

f untreated and
first observat

ased to the ran
days of the dig
h is high in st
er was fed wit
the TCOD re

lts, it is so cle
e MW pre-trea

D removal effic
STS reaches a
minutes respec
h was only 6
removal effici
o the contro
ower level of 4
rrespondingly.
MW pre-trea

thus increasin
dge. This ultim
hown in the V
he VS and T
d samples incr

and these s
viously [15]. 

 

sludge 
es, the 

rolysis 
ed the 
d STS. 
ers fed 
t MW 
 range 
of the 
is high 
ards, as 
he VS 

emoval 
as the 
stance, 
emoval 
8% to 
ctively 

day 25 
ciency 

minutes 
er, the 
le also 
Fig. 4 
d MW 
tion is 
nge of 
gestion 
trength 
th STS 
emoval 
ear that 
atment 
ciency 
around 
ctively 
6.37%. 
iencies 
ol was 
400 W 
.  
atment 
ng the 
mately 

VS and 
TCOD 
reased, 
sludge 

Fig. 

 

Fi

 

Fig

C

T
5. 
app
fed 
slow
obse

3 VS removal 

g. 4 TCOD rem

g. 5 Daily bioga

C. Biogas Prod

The biogas pro
In this stu
roximately 2,2
with PTS wh

wly as STS w
erved that the

efficiency of un
different 

moval efficiency
STS at differ

as production of
STS at differ

duction 

oduction in bo
udy, the bio
200 ml until d

hich is high in
was being intro

e biogas prod

ntreated and MW
intensities 

y of untreated an
rent intensities 

f the untreated a
rent intensities 

oth digesters is
ogas producti
day 15 as the 

n strength. The
oduced in the 
duction in the

W pre-treated S

nd MW pre-trea

and MW pre-tre

s illustrated in
ion escalates
digester was 

e biogas fluctu
digester. It ca
e MW pre-tre

 

TS at 

 

ated 

 

eated 

n Fig. 
s to 
only 

uates 
an be 
eated 



International Journal of Biological, Life and Agricultural Sciences

ISSN: 2415-6612

Vol:9, No:12, 2015

1213

 

 

digester was significantly higher compared to the untreated 
digester. The quantity of biogas generated in the 5, 10 and 15 
minutes MW pretreated at 240 W increased by 164, 172, 210 
ml at 240 W when the digester was fed with 100% STS. 
Meanwhile, at 400 W the increment was 274, 319 and 374 ml. 
Moreover, the methane concentration in the biogas from the 
digesters did not defer and remained constant approximately 
65-69%. 

 Enhancement of biogas production due to MW pre-
treatment has been reported previously by various literatures 
[8], [9], [15]. The improvements in the sludge solubilization 
and sludge digestibility of the MW pre-treated STS compared 
to untreated STS are a strong reason for the improvement of 

the biogas production. Besides that, it also can be concluded 
as the MW intensities increases, the biogas production hikes. 

D. Energy Calculation 

The energy contained in the additional amount of biogas 
produced from MW treated sludge was compared to the 
energy utilized during the MW treatment. Table I summarizes 
the energy balance of the MW pre-treatment and the extra 
biogas generated for a sludge volume of 150 ml. The energy 
content of extra biogas production was calculated based on the 
average increase in biogas production while the MW energy 
applied was obtained from the energy monitoring socket 

 
TABLE I  

ENERGY BALANCE CALCULATION 
Pre-treatment condition Average increase in biogas production (mL) Energy content of extra biogas (kJ) MW energy applied (kJ) Net energy production (kJ)

240 W, 5 min 172.04 1.74 226.80 -225.06 

240 W, 10 min 210.37 2.13 270.00 -267.87 

240 W, 15 min 223.70 2.26 327.60 -325.34 

400 W, 5 min 273.70 2.77 442.80 -440.03 

400 W, 10 min 318.70 3.22 529.20 -525.98 

400 W, 15 min 373.70 3.78 612.00 -608.22 

  
The results show that for each pre-treatment condition, the 

net energy production is negative, which means that the 
system is not self-supporting. Similar effects were reported in 
a literature [9]. Thus, further optimization of the MW pre-
treatment is needed. For instance, the configuration of the heat 
exchanger in terms of volume, mass, geometry and spatial 
configuration through the microwave chamber shall be 
subjected to further investigation. Subsequently, these 
configuration parameters might impact on the microwave 
absorption efficiency as explained by other studies [16].  

IV. CONCLUSION 

This paper studied the application of a MW pre-treatment at 
different intensities. It was seen that the pre-treatment resulted 
in significant sludge solubilization. Solubilization of COD and 
VFA of MW pre-treated sludge was higher than the untreated 
sludge. In addition, the VS and TCOD removal efficiency also 
increased considerably as the MW power level and irradiation 
time increases. Moreover, the biogas production of the MW 
pre-treated STS was higher compared to the untreated STS, 
without a significant difference in methane content of the 
biogas. The biogas produced is a promising renewable 
resource that can generate renewable energy from the 
wastewater which can sustain the electricity consumption of 
the STP after converting the gas to electricity. However, the 
energy balance calculation shows that the pre-treatment leads 
to negative net energy production. With regard to that, further 
study is recommended to optimize the MW pre-treatment 
technology. 
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