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1 Introduction

Our world is modernising day by day with advanced technology and latest scientific
innovations. And it definitely increases the global waste production at a quite high
rate. Ten years ago about 0.68 billion tonnes of waste is produced per year. Hoornweg
report estimated that today, this amount has increased to 1.3 billion tonnes of waste
per year, and it is estimated that by 2025, this will increase to 2.2 billion tonnes per
year. Again lots of municipal sewage sludge (MSS) are produced every day causing
several environmental and health-related issues by polluting soil andwater resources.
So proper treatment and careful yet productive Waste Management is very much
required nowadays (Aggelakis et al. 2005). With increasing growth curve of sludge
production, decreasing disposal outlets and increasing economic pressure low-cost
solution are encouraged. Moreover, production of energy from waste management is
looked forward nowadays. Waste is no more valueless, but considered as resources.
And different technologies are proposed for proper waste management these days
[1]. Reduction in the amount of MSS and producing energy at the same time is
definitely a beneficial outcome [2].

Nowadays, government policies are becoming more strict regarding proper waste
disposal. Keeping that in mind waste management processes are only encouraged
if it has some positive outcomes. Disposing sewage sludge as landfills is one of the
old practises, but these days, it is only encouraged if methane recovery is associated
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with it. Alternative processes are also seen due to the limited capacity of landfills.
The nutritional values of the sludge can be maintained by using the sludge it for
conditioning soil and also as a fertiliser specially for fertile land and crop cultivation,
though the use of sewage sludge as landfill are not toomuch in use nowadays, because
it accelerates surface and groundwater pollution, odour and air emissions (ammonia
and greenhouse gases), and the accumulation of heavy metals in soils. So currently
several other waste management processes are experimented, which leads to the
formation of energy. These processes are good keeping in mind the environmental
and socio-economic aspects.

Among these, the thermochemical processes are mostly in use. Though having
high cost of power is a major disadvantage for this, that can be considered if the pro-
duction of energy is seen in these pathways [3]. Thermochemical processes include
combustion/incineration, ‘advanced or emerging pyrolysis’ and gasification. More-
over, not only these processes but several co-processing are also encouraged these
days like co-pyrolysis of sewage sludge and manure [4], co-digestion of MSS with
poultry industrywaste [5]. Not only pyrolysis but gasification process are also twisted
nowadays by applying plasma gasification, steam gasification, etc. [6]. From the lit-
erature survey, [8–11] it is seen that there is very less work regarding review on
MSS. Moreover, most of these works are from European countries. A very few num-
ber of works have been explored reviewing the condition of Asian countries as well
as India. Again, most of the studies focus on physical and biological processes of
waste treatment. Review on chemical processes of waste treatment is scarcely found.
Some of the research questions that came out during the study are as follows: Which
among all these processes are the most beneficial and why? Is the original process
or the latest experiments with co-processing are more efficient? What are the tem-
perature, pressure and condition in which the processes give the best result? What is
the effectiveness of the process in different European and Asiatic countries.

In this study, an effort has been made for a detailed review about different ther-
mochemical technologies of municipal sewage sludge, and tried to explore their
advantages and disadvantages and to propose the best and most beneficial technol-
ogy. Not only the basic ones but the paper also deals with the current co-processes
which are extensively in use these days. According to the EII Brochure, 2007, co-
processing can be termed as the practise where waste is used as a raw material or
as a source of energy, replacing natural mineral resources and fossil fuels leading to
a green technology. Some other major objectives of the paper are to show the use
of these processes in different European and Asiatic countries including India. This
study shows a detailed review about several thermochemical processes giving a basic
idea to several industries and MSS treatment plant to move forward in which way
to be benefitted to its maximum with maximum use of municipal wastes to energy.
On the other hand, the paper gives a future scope for life cycle assessment (LCA) of
each treatment processes individually and use of these treatment processes in other
parts of the globe. Again, people can also study the technical, socio-economic and
environmental aspects of these processes.
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2 Research Methodology

First and foremost, a detailed literature survey was conducted and a thorough search
using database like Science Direct, Google Scholar, Springer, etc. with keywords like
‘municipal sewage sludge treatment, different thermochemical process for treating
MSS, sewage sludge (SS) pyrolysis, plasmagasification of SS, biological treatment of
sludge, comparative study of different thermal treatment of MSS, Different Reactors
and condition for pyrolysis and Gasification’, etc. is done. It helped to review all the
scientific article regarding the subject from the last 20 years. Next, the references of
these studies provided some further relevant documents. Several published articles,
reports, news and presentation have been seen to get more knowledge about the
study. Lastly, the help of different books was taken to understand the research gap
and questions.

3 State-of-the-Art Waste-to-Energy Technologies

Different types of Waste-to-Energy technologies are discussed briefly in the follow-
ings.

3.1 Incineration

In this treatment unprocessed waste is used as a raw material and treated thermally.
Incineration process takes place in presence of sufficient amount of air to oxidise
feedstock. By this process, waste is converted to carbon dioxide(CO2), water (H2O)
and non-combustible materials with solid residue state called incinerator bottom ash
(IBA) in which always a small amount of residual carbon is present (DEFRA 2007).
The advantages of incineration are as follows: reduction of large sludge volume,
thermal destruction of several pathogens and germs, thus minimising waste odours
and definitely recovery of renewable energy. The advantages are followed by some
disadvantages, which are as follows: Incineration is mainly used for sludge mini-
mization not complete disposal as 30% of the dry solids in MSS finally forms ash
and combustion ash are hazardous material due to the presence of heavy metals
and emission of greenhouse gases (GHG) during their combustion. Thus, additional
expenses are there for ash control and disposal, though a large part of ash can be
managed as construction material and in cement kiln [3, 12–15]. This disadvantage
of incineration can be minimised by co-combustion of MSS with coal/lignite com-
bustion units towards electricity production, which can improve the resulted GHG
emissions and hence the public acceptability and concern.
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3.2 Pyrolysis

Pyrolysis is a breakdown of chemical bonds by the use of thermal energy only accord-
ing to Applied Pyrolysis Handbook-Thomas. P. Wampler, 2007. During the process
of pyrolysis thermal cracking and condensation reaction are also witnessed. The
products that are formed from pyrolysis can be grouped into three categories which
are pyrolysis gas (containing the un-condensable lowmolecular gases), pyrolysis liq-
uid or pyrolysis oil (containing the condensable volatile compounds) and char (the
end solid residue). Pyrolysis is endothermic process compared to incineration pro-
cess explained in Fytili and Zabaniotou 2008; Manara and Zabaniotou 2012. Some
of the advantages of pyrolysis are as follows: It is less polluting than incineration
because of lower operating temperature and absence of oxygen in the process. As
the process of pyrolysis needs low temperature, the heavy metals are not found in
the pyrolysis gas rather they are trapped in the resultant solid carbonaceous char.
With these advantages, there are some disadvantages to the process like its economic
viability is not so good and the process equipment are also a bit costly. Though the
economic viability of the process can be improved by producing high-value pyro-oil,
utilising pyrolysis gas as fuel and utilising char produced.

3.3 Gasification

Gasification is the thermochemical process that converts any carbonaceous fuel to a
gaseous product with a high heating value by Gasification-Higman, Maarten Burgt
2003. Gasification mainly transforms organic solid materials to combustible gas or
syngas, using O2 between 20 and 40% of the oxygen required for total combustion.
The syngas formed is a mixture of CO, H2 and other gases, with by-products the char
or slag, oils andwater. The process has some benefits like steamgasification enhances
H2 production in gas and thus increases the heating value of the gas; the process is self-
sufficient and no energy supply is required for the steady-state operation, followed
by certain backdrops like it consists of a series of complex sequential chemical and
thermal decomposition reactions [16–25].

3.4 Co-processing Methods

It is surveyed that pyrolysis, gasification originally are not so economically sustain-
able or beneficial, so these days, co-processing methods are becoming more famous.
Co-processing is the technology where wastes are used as rawmaterial or as a source
of energy which can replace natural mineral resources and fossil fuels such as coal,
petroleum and gas (energy recovery) in industrial processes. Co-pyrolysis of sewage
sludge with different products like manure, animal wastes, etc. is gaining attention
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nowadays. The process shows some advantages like it is a better option for ener-
getic applications. Moreover, it utilises other kinds of wastes during its process,
thus increasing the economical and environmental benefits. But it should be remem-
bered that co-processing is not always the matter for encouragement because of few
drawbacks.

3.5 Plasma Gasification

Plasma gasification process is a thermal process that needs external power to heat up
and sustain the high temperatures. In the process, the materials are decomposed into
elements in an oxidant starved medium. Extremely high temperature helps to each
higher conversion efficiency. Products formed during the process are mainly syngas,
slug and ash. Plasma with high temperature breaks down nearly all the materials to
their elemental form excluding the radioactive materials. Due to the high temper-
ature required in the process, toxic compounds decompose into harmless chemical
products, which is one of the major advantages of the process. The classification
of plasma gasification mainly depends on the different types of plasma discharge
technique used and reactor used for the process. Different types of plasma discharge
techniques are as follows: (i) direct current (DC), (ii) radio frequency (RF) and (iii)
microwave (MC) [6]. Different types of plasma gasification reactors are as follows:
plasma fixed bed reactor, plasma moving bed reactor, plasma entrained bed reactor
or plasma spout bed reactor (Tang et al. 2013) (Table 1) .

4 Technologies for Energy Recovery from Municipal
Sewage Sludge (MSS)

Several types of technologies are in practise nowadays to recover energy frommunici-
pal sewage sludge (MSS) for their technical, social, economical andmost importantly
environmental feasibility. Some detailed studies and great technologies are already
established utilising MSS to produce energy producing stuff like bio-oil, biochar,
biofuel, etc., and these processes are also helpful in reducing the harmful substances
of MSS to comparatively less toxic chemical compounds. In these study mainly
the process of Pyrolysis and Gasification is focused. The following section shows a
detailed review of these two processes.
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4.1 Pyrolysis of MSS

Pyrolysis is a thermochemical decomposition of organic substances at high temper-
atures in the absence of oxygen (or any halogens). During the process, chemical
composition and physical phases of the substance change. It is a process of ther-
molysis mostly seen in organic substances. The success of the process and the yield
of the product formed from pyrolysis depend mainly on the process conditions like
temperature, reactor design, pressure, residence time and the original sludge charac-
teristics. The detailed review of the process is studied thereof. Mainly two types of
pyrolysis are discussed in these. Fast pyrolysis is carried at a moderate temperature
of 500 °C, short gas residence time of about >2 s and rapid quenching of the vapours.
The major product from these process is pyrolysis liquid commonly called bio-oil
or pyrolysis oil, which can be applied as a fuel and also act as a source of valu-
able chemical products. On the other hand, slow pyrolysis is characterised by mild
temperature of about 350–600 °C at low heating rates, and obviously, the process
takes place at inert, i.e. O2-free atmosphere. The reactors that are involved in MSS
pyrolysis are fixed-fluid bed and rotary kiln reactors. But pyrolysis is less pollutant
than incineration due to lower operating temperature and non-requirement of oxygen
in the process.

The product of sewage sludge pyrolysis is a dark brown organic fluid with high
water content. Mainly the properties of pyrolysed liquid which are helpful to serve
that liquid as a fuel are important. On the other hand, Char which is the main by-
product of sewage sludge pyrolysis is characterised as follows. The chars are having
lowcalorific value, near about 5MJkg−1, which is not at all beneficial for incineration
or other kinds of energy formulation. Again, the high heavy metal content of char
requires high cost for their treatment. Again there are legal restrictions to use char
as landfills. But using pyrolysis char as an adsorbent to remove pollutants like H2S
and NOx are in practise these days. But many researchers are involved to utilise char
in a more economical ways that would be a better socio-environmental sustainable
process.

4.2 Gasification of MSS

Gasification is a thermochemical process that converts organic fossil fuels which are
rich in carbonaceousmaterials intoCO2,COandH2O.The process takes place at high
temperature about 680–900 °C without combustion, within a controlled atmosphere
of oxygen, steam or air. During the process, the solid organic substances change
to form syngas as certain by-products like char or slag–oil and water gasification
works best if the sludge can be dried up to 90% (Spinosa et al. 2011). The gaseous
products formed from waste gasification are used to prepare fuel cell and are utilised
to produce electricity (Vierrath and Greil 2001). A typical gasification gas is charac-
terised by a hydrogen content of about 8.89–11.17 (vol.%), CO (6.28–10.77 vol.%),
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CH4 (1.26–2.09), C2S (0.75–1.2 vol.%) and carbon dioxide (Fytili and Zabaniotou
2008). Gasification also contains a chain of chemical and thermal decomposition
reactions. During the process, sludge undergoes a series of complex physical and
chemical changes, starting with water removal. Dried MSS is then pyrolysed. The
resulting volatile pyrolysis products and char undergo further reactions for the pro-
duction of permanent gases. Basically, the process of gasification mainly burns out
the solid wastes to form clear combustible gas having high energy value (Dogru
et al. 2002). Moreover; compared to conventional gasification integrated gasification
is more encouraged mainly due to intensive use of it for fuel cell (Maniatis 1999).

In the context of integrated gasification steam gasification and plasma gasification
which are quite famous because of the production of high calorific value hydrogen,
further several types of catalyst like K2CO3 are used in the process for forming
ash-free coal char, which has great utility [7] (Table 2).

5 Discussions and Analysis

This paper mainly consists of a detailed review of different thermal, chemical and
biochemical processes of municipal sewage sludge mainly focussing on pyrolysis
and gasification. How different organic matters of sludge can be treated and how they
can be transformed fromWaste to resource is discussed over here. The review states
that nowadays it’s meaningless to consider MSS as waste and stated how efficiently
energy can be produced from it. Mainly the process of Pyrolysis and Gasification
is discussed over here. Different effective temperature pressure, reactors for these
processes are discussed. The characteristics of the effluent are also stated. Along
with this the states of pyrolysis and gasification in different European and Asiatic
countries are discussed briefly, including India [25–44].

From the detailed literature study, it is found that, in several EU countries, sludge
is greatly used as an agricultural manure, specially in small towns and in countrysides
where the small industrial base can be localised using sludge. (Praspaliauskas et al.
2017). Latest thermal treatment techniques of sludge like incineration, pyrolysis,
gasification, co-combustion, etc. are increasing day by day. These techniques are
mainly used in cities or inmanyplaces are still under experimental phase. Incineration
is one of the most rapidly developing sewage sludge treatment processes. It is widely
used in the European countries likeGermany, theUnitedKingdomandDenmark. Co-
incineration is in huge practise in the Netherlands, France, Belgium and Czech. On
the other hand, gasification is a much promising sludge disposal method (Kelessidis
et al. 2012). Co-incineration is also a widely used thermal treatment technology
where sewage sludge is incinerated along with other fuels. Some co-incinerated
plants are cited in the cities like Klaipeda, Kaunas, Vilnius, etc. in Northern Europe.
However, gasification and pyrolysis are still in an experimental phase and are in
pilot scale. These processes are mainly practised in Southern part of Europe. Italy
is the leading country for such studies; again, Germany and France are also some



10 S. Bhattacharyya and S. K. Ghosh

Ta
bl
e
2

C
om

pa
ra
tiv

e
st
ud
y
of

py
ro
ly
si
s
an
d
ga
si
fic
at
io
n
in

co
nt
ex
to

f
fo
rm

in
g
en
er
gy

fr
om

M
SS

tr
ea
tm

en
t

Ty
pe

of
in
pu
t

m
at
er
ia
l

Pr
et
re
at
m
en
t

Te
m
pe
ra
tu
re

an
d
ot
he
r

pa
ra
m
et
er
s

R
ea
ct
or

ty
pe

O
bs
er
va
tio

n
Sp

ec
ia
lc
om

m
en
ts

R
ef
er
en
ce
s

P
yr
ol
ys
is
of

M
un
ic
ip
al

Se
w
ag
e
Sl
ud
ge

R
aw

oi
lp

al
m

fib
re

(O
PF

)
D
ry
in
g
at

80
°C

in
a

fu
rn
ac
e
fo
r

24
h

Te
m
p:

72
3–
97
3
K

N
2
flo

w
:

20
0–
12
00

cm
3
/m

in
M
ic
ro
w
av
e
po

w
er
:

40
0–
90
0
W

M
ic
ro
w
av
e

m
uf
fle

re
ac
to
r

al
on

g
w
ith

po
w
er

co
nt
ro
lle

r

M
ax
.H

2
yi
el
d
at
T

�9
73

K
,P

�
50
8.
36

W
,Q

�1
20
0
cm

3
/m

in
M
ax
.B

io
ch
ar

yi
el
d
at
T

�7
23

K
,

P
�4

00
W
,Q

�2
00

cm
3
/m

in

R
es
po
ns
e
su
rf
ac
e

m
et
ho
do
lo
gy

w
as

us
ed

to
op

tim
is
e
T
,P

an
d
Q

H
os
sa
in

et
al
.

(2
01
6)

M
un
ic
ip
al

se
w
ag
e
sl
ud
ge

m
ix
ed

w
ith

pi
ne

ba
rk

B
io
ph
ys
ic
al

sl
ud
ge

dr
yi
ng

fo
r
7
da
ys

Sl
ud

ge
:
P
in
e
ba

rk
—

2:
1

Te
m
p:

77
3–
11
73

K
N
2
flo

w
:0

.3
L
/m

in
P
yr
ol
ys
is
ti
m
e:
20

m
in

C
oo

lin
g
ti
m
e:
30

m
in

H
or
iz
on
ta
l

fix
ed

be
d

re
ac
to
r

A
s
te
m
p.
ri
se
s,
bi
oc
ha
r
yi
el
d

de
cr
ea
se

m
ic
ro
st
ru
ct
ur
e
de
ve
lo
ps

B
io
ch
ar

ha
s
go
od

th
er
m
al

st
ab
ili
ty
.L

ea
ch
in
g
to
xi
ci
ty

is
w
ith

in
sa
fe

le
ve
l

A
ds
or
pt
io
n
of

C
d2

+
by

bi
oc
ha
r
w
as

hi
gh
er

th
an

A
C

90
0
°C

is
th
e
op
tim

al
te
m
p.
fo
r
en
er
gy

re
co
ve
ry

Ta
n
et
al
.

(2
01
4)

(a
cc
ep
te
d

m
an
us
cr
ip
t)

M
un
ic
ip
al

w
as
te
w
at
er

pl
an
ts
lu
dg
e

D
ry
in
g
at

37
8
K
an
d

pu
lv
er
is
ed

to
10
6–
12
5
µ
m

A
ci
d–

al
ka
li

pr
et
re
at
m
en
t

Te
m
p:

42
3–
72
3
K

N
2
flo

w
:C

on
st
an
t

Fi
xe
d
be
d

re
ac
to
r

A
lk
al
it
re
at
m
en
tr
ed
uc
es

ga
s

em
is
si
on

:N
aO

H
–K

O
H
:

43
.5
–4
7.
6%

C
a(
O
H
) 2
–M

g(
O
H
) 2
:

16
.6
–2
5.
9%

Fo
rm

at
io
n
of

H
2
S
at
lo
w

te
m
pe
ra
tu
re

is
su
pp
re
ss
ed

du
e
to

al
ka
li
tr
ea
tm

en
t

H
ar
m
fu
ls
ul
fo
xi
de
s
an
d

su
lp
ho
ni
c
ac
id

de
co
m
po

se
d
to

le
ss

ha
rm

fu
lS

O
2

C
he
ng

et
al
.

(2
01
6)

Se
w
ag
e
sl
ud
ge

(S
S)

co
lle

ct
ed

fr
om

th
re
e

w
as
te
w
at
er

pl
an
t

D
ry
in
g
at

27
3–
27
8
K

G
ro
un
d
in

a
ba
ll
m
ill

an
d

si
ev
ed

to
20
–4
0
m
es
h

si
ze

Te
m
p:

57
3–
97
3
K

A
rg
on

flo
w
:3

00
m
l/m

in
Fi
xe
d
be
d

re
ac
to
r

L
iq
ui
d
yi
el
d
>
40

%
H
ig
h
ox
yg
en
at
ed

co
m
po
un
d
at

57
3
K
w
hi
le
ni
tr
og

en
at
ed

co
m
po
un
d
at
97
3
K

A
bu
nd
an
tp

ot
as
si
um

in
SS

3
ha
s
ca
ta
ly
tic

ef
fe
ct

on
th
e
yi
el
d
of

th
e
ga
s

Fa
n
et
al
.

(2
01
4) (c
on
tin

ue
d)



A Review on Various Thermochemical Technologies for Resource … 11

Ta
bl
e
2

(c
on
tin

ue
d)

Ty
pe

of
in
pu
t

m
at
er
ia
l

Pr
et
re
at
m
en
t

Te
m
pe
ra
tu
re

an
d
ot
he
r

pa
ra
m
et
er
s

R
ea
ct
or

ty
pe

O
bs
er
va
tio

n
Sp

ec
ia
lc
om

m
en
ts

R
ef
er
en
ce
s

Se
w
ag
e
sl
ud
ge

(S
S)

fr
om

th
e

w
as
te
w
at
er

tr
ea
tm

en
tp

la
nt

D
ry
in
g
at

27
3–
27
8
K

G
ro
un
d
an
d

si
ev
ed

Pa
rt
ic
le
di
a.
:

0.
2–
0.
4
m
m

Te
m
p:

67
3,
77
3
&
97
3
K

H
ea
ti
ng

ra
te
:1

0
°C

/m
in

A
rg
on

flo
w
:2

00
m
l/m

in

Fi
xe
d
be
d

tu
bu
la
r
re
ac
to
r

Py
ro
-o
il
co
nt
ai
ns

m
on
oa
ro
m
at
ic
,

PA
H
s,
N
2
co
m
po
un
d,

O
2

co
m
po
un
d
an
d
cy
cl
os
ilo

xa
ne
s

G
en
er
at
io
n
of

lo
ng

ch
ai
n

al
ip
ha
tic

am
id
es

an
d
ni
tr
ile

s
oc
cu
rr
ed

m
ai
nl
y
be
fo
re

67
3
K

Pr
op
or
tio

ns
of

m
on
oa
ro
m
at
ic
s
an
d

po
ly
ar
om

at
ic
ke
to
ne

in
cr
ea
se
d
w
ith

in
cr
ea
si
ng

te
m
pe
ra
tu
re

so
hi
gh

te
m
pe
ra
tu
re

co
ul
d
pr
om

ot
e
th
e

pr
od
uc
tio

n
of

ph
en
yl

ri
ng

D
ig
es
ta
te
fr
om

an
ae
ro
bi
c

di
ge
st
io
n
of

m
ai
ze

an
d

gr
ee
n
ry
e

D
ew

at
er
in
g
in

ce
nt
ri
fu
ge

an
d

pe
lle

tiz
ed

Te
m
p:

77
3
K

In
si
de

va
po
ur

ca
n
re
ac
h

a
66
3K

Py
ro
fo
rm

er
,a
n

el
ec
tr
ic
al
ly

he
at
ed

py
ro
ly
si
s

re
ac
to
r
w
ith

tw
o

co
un
te
rr
ot
at
in
g

co
nc
en
tr
ic

sc
re
w
s

T
he

pr
op

er
tie

s
of

di
ge
st
at
e

py
ro
ly
se
d
oi
lw

er
e
as

fo
llo

w
s:

D
en
si
ty
—
10
77
.1
4
kg
/m

3
,

ca
lo
ri
fic

va
lu
e—

26
.7
7
M
J/
kg
,

fla
sh

po
in
t—

54
°C

,k
in
em

at
ic

vi
sc
os
ity

—
50
.5
5
to

47
3.
99
,

w
at
er

co
nt
en
t—

6.
40

w
t%

,a
ci
d

nu
m
be
r—

8.
4
K
O
H
/g

(i
)
Py

ro
-o
il
bl
en
de
d
w
ith

w
as
te
co
ok
in
g
oi
la
nd

bu
ta
no
lw

as
te
st
ed

in
a

C
I
en
gi
ne

(i
i)
E
m
is
si
on

ch
ar
ac
te
ri
st
ic
s:
—

SO
2
,

C
O
2
,S

us
pe
nd
ed

pa
rt
ic
ul
at
e
m
at
te
r
(S
PM

)

H
os
sa
in

et
al
.

(2
01
6)

D
ew

at
er
ed

se
w
ag
e
sl
ud
ge

(S
S)

fr
om

m
un

ic
ip
al

w
as
te
w
at
er

tr
ea
tm

en
t

D
ry
in
g
at
ro
om

te
m
p.

29
3
K
.

C
ru
sh
in
g
an
d

Si
ev
in
g

th
ro
ug
h
a
10
0

m
es
h
si
ev
e

Te
m
p:

67
3–
77
3
K

N
2
flo

w
:1

L
/m

in
In
di
ge
no
us

py
ro
ly
si
s
an
d

ca
rb
on

iz
at
io
n

fu
rn
ac
e

G
en
er
al
pr
op

er
tie

s
of

bi
oc
ha
r

C
:1
9.
88
–2
6.
52
%
,

H
2
:2
.0
4–
4.
08
%
,S

:0
.8
7–
0.
90
5%

,
pH

:7
.1
9–
11
.7

A
sh

co
nt
en
t:
64
–7
4%

A
s
te
m
p.
in
cr
ea
se
s,

bi
oc
ha
r
yi
el
d
de
cr
ea
se

bu
tp

H
,a
sh

co
nt
en
ta
nd

sp
ec
ifi
c
su
rf
ac
e
ar
ea

in
cr
ea
se

Ji
n
et
al
.(
20
16
)

(c
on
tin

ue
d)



12 S. Bhattacharyya and S. K. Ghosh

Ta
bl
e
2

(c
on
tin

ue
d)

Ty
pe

of
in
pu
t

m
at
er
ia
l

Pr
et
re
at
m
en
t

Te
m
pe
ra
tu
re

an
d
ot
he
r

pa
ra
m
et
er
s

R
ea
ct
or

ty
pe

O
bs
er
va
tio

n
Sp

ec
ia
lc
om

m
en
ts

R
ef
er
en
ce
s

R
aw

se
w
ag
e

sl
ud
ge

(S
S)

an
d
th
e

ba
m
bo
o

sa
w
du
st

Se
w
ag
e
sl
ud
ge

dr
yi
ng

at
47
3
K
.

B
am

bo
o

sa
w
du
st
dr
yi
ng

at
97
3
K

B
ot
h

fe
ed
st
oc
ks

w
er
e
gr
ou
nd

an
d
pa
ss
ed

th
ro
ug
h
a
12
0

m
es
h
si
ev
e

C
o-
py
ro
ly
si
s
of

ba
m
bo
o

sa
w
du
st
an
d
SS

.(
1:
1)

Te
m
p:

67
3–
87
3
K

N
2
flo

w
:1

L
/m

in
.

T
im

e:
60

m
in

Py
ro
ly
si
s
an
d

ca
rb
on

iz
at
io
n

fu
rn
ac
e

B
io
ch
ar

yi
el
d
is
be
tw

ee
n

53
.1
60
.6
%
.

C
o-
py
ro
ly
se
d
ch
ar

ha
d
th
e

pr
op
er
tie
s
pH

-8
.4
6
to

11
.6
4,

as
h

co
nt
en
t-
52
.6
–7
4,

B
E
T
su
rf
ac
e
A
na
ly
si
s
w
as

4.
5–
7.
7

C
o-
py
ro
ly
si
s
re
su
lte

d
in

a
lo
w
bi
oc
ha
r
yi
el
d,

P-
H

bo
nd

fo
rm

at
io
n

B
am

bo
o
sa
w
du
st

ef
fe
ct
iv
el
y
co
nv
er
ts
to
xi
c

m
et
al
s
in

th
e
sl
ud

ge
in
to

m
or
e
st
ab
le
fo
rm

Ji
n
et
al
.(
20
17
)

D
ig
es
ta
te

se
w
ag
e
sl
ud
ge

(S
S)

D
ry
in
g
at

27
8
K
fo
r
48

h
G
ro
un
d
an
d

si
ev
ed

<
20

0
m
es
h

C
om

m
er
ci
al

H
Z
SM

-5
ca
ta
ly
st

ca
lc
in
ed

at
87
3
K
fo
r
5
h

an
d
pe
lle

tiz
ed

an
d
si
ev
ed

to
50
–7
0
m
es
h

Te
m
p:

77
3–
87
3
K

H
e
flo

w
:C

on
st
an
t

Pa
ck
ed

be
d

m
ic
ro
-r
ea
ct
or

C
:4
2%

,H
:5
.6
%
,O

:2
8.
3%

N
:4
.3
%

H
ig
h
N
2
co
nt
en
ti
n
th
e
bi
oc
ha
r

du
e
to

th
e
pr
es
en
ce

of
pr
ot
ei
n
an
d

m
ic
ro
be
s
in

w
as
te
w
at
er

st
re
am

A
sh
:1

8.
6%

C
at
al
yt
ic
py
ro
ly
si
s

pr
od

uc
es

al
ip
ha
tic

an
d

ar
om

at
ic
hy
dr
oc
ar
bo
ns

w
ith

m
os
to

f
th
e
N
2
ga
s

co
nv
er
te
d
to

N
H
3
.A

t
py
ro
ly
si
s
te
m
pe
ra
tu
re

50
0
°C

an
d
ca
ta
ly
si
s

te
m
pe
ra
tu
re

60
0
°C

,
24
.4
1%

of
ol
efi
n
an
d

19
.1
3%

of
ar
om

at
ic
s

w
er
e
pr
od
uc
ed

W
an
g
et
al
.

(2
01
7)

G
as
ifi
ca
ti
on

of
M
un
ic
ip
al

Se
w
ag
e
Sl
ud
ge

(c
on
tin

ue
d)



A Review on Various Thermochemical Technologies for Resource … 13

Ta
bl
e
2

(c
on
tin

ue
d)

Ty
pe

of
in
pu
t

m
at
er
ia
l

Pr
et
re
at
m
en
t

Te
m
pe
ra
tu
re

an
d
ot
he
r

pa
ra
m
et
er
s

R
ea
ct
or

ty
pe

O
bs
er
va
tio

n
Sp

ec
ia
lc
om

m
en
ts

R
ef
er
en
ce
s

Se
w
ag
e
sl
ud
ge

w
ith

a
so
lid

co
nt
en
to

f
15
–2
0
w
t%

(i
)
C
ru
sh
in
g,

di
sp
er
si
on

an
d

ho
m
og
en
is
a-

tio
n

(i
i)
T
he

sl
ud
ge

w
as

pr
eh
ea
te
d

at
a

te
m
pe
ra
tu
re

of
43
5
° C

(i
)
G
as
ifi
ca
tio

n
re
ac
tio

n
te
m
pe
ra
tu
re

m
ai
nt
ai
ne
d

w
as

60
0
°C

(i
i)
A
pr
es
su
re

of
25
0
M
Pa

w
as

fe
ed
ed

Fi
xe
d
be
d

re
ac
to
r

A
tl
ow

te
m
pe
ra
tu
re
,m

et
ha
ne

(C
H
4
)
an
d
bi
o-
oi
lw

er
e
th
e
m
ai
n

pr
od
uc
t.
A
th

ig
h
te
m
pe
ra
tu
re
,

C
O
,C

O
2
to
xi
c
ga
se
s
an
d
as
h

–
G
as
afi

et
al
.

(2
00
8)

Se
w
ag
e
sl
ud
ge

sa
m
pl
e
w
as

co
lle

ct
ed

fr
om

w
as
te

tr
ea
tm

en
tp

la
nt

(i
)
Sl
ud

ge
is

dr
ie
d
vi
a
so
la
r

dr
ie
rs

(i
i)
Pr
ox

im
at
e

an
d
ul
tim

at
e

an
al
ys
is
of

th
e

sl
ud
ge

w
er
e

ca
rr
ie
d
ou
t

(i
)
In
iti
al
sa
m
pl
e
m
as
s
is

m
ai
nt
ai
ne
d
to

be
35

g
(i
i)
Te
m
pe
ra
tu
re

m
ai
nt
ai
ne
d
70
0–
10
00

°C
(i
ii)

A
st
ea
m

flo
w
ra
te
of

3
g/
m
in

w
as

se
t.
T
he

st
ea
m

w
as

ge
ne
ra
te
d
du

e
to

co
m
bu
st
io
n
of

H
2
an
d

O
2

G
as
ifi
ca
tio

n
re
ac
to
r

Sy
ng
as

an
d
hy
dr
og
en

w
as

fo
rm

ed
–

N
ip
at
tu
m
m
ak
ul

et
al
.(
20
10
)



14 S. Bhattacharyya and S. K. Ghosh

upcoming countries for this projects (Pyrolysis and Gasification, A. V.Bridgwater,
Commission of the European Communities).

Several studies reviewed that in Asiatic countries, municipal sewage waste can be
reduced by up to 90% by producing electricity from it. Several plants are successfully
runningby the energyproduced fromsludgewaste through the process of Incineration
andCombustion. Among the thermochemical process, incineration ismostly used for
municipal sewage sludge treatment in different Asiatic countriesmainly in Singapore
and China. Other than incineration, biological treatment like aerobic and anaerobic
digestion is also famous in Asiatic countries. Pyrolysis and gasification, on the other
hand, are mainly under experimental condition over here. Further few pilot plants are
in progress in several Asiatic countries (Economics 26800, Prof. Tolley & Berry).

In India, the objective of MSS treatment plant is to treat waste, reduce its volume
and generate energy and electricity from it. This takes the process towards a greener
approach. In India, there are several such treatment plants and several projects are
studied to be under pipeline. In India, there are a total of 48 waste-to-energy plants
present including 32 proposed, 4 under construction and 11 are in operation. Few
plants are shut down due to some technical problems in the plant. More than ther-
mal processes, biochemical degradation of sewage sludge is in practise. One reason
behind this wide usage could be the high organic content in Indian municipal sewage
waste (MSW) due to the presence of foodwaste. One of the upcoming plant presently
under construction is the Gazipur Waste to Energy plant. India, being a multistate
country, has different raw material availability in different areas. 18 plants in the
country are dependent onMSW for power generation whereas 15 plants use biomass
like recently a plant is proposed in South Andaman. There are three plants in Delhi
and they all use MSW as raw material. Currently, Delhi is producing 16 MW/day
power from waste and will be able to produce an additional 25 MW/day after the
completion of construction of two more projects. Gujarat is producing 3.5 MW/day
power from waste. Chhattisgarh has seven proposed projects that will be able to
produce 119 MW/day of electricity in the near future (Research Article, [2]).

Lastly, this review thoroughly gives a description of different thermal processes
together with some future scope. This paper will be really helpful for differentmunic-
ipality engineers and industrialist and for those aspirants who have research interest
in this zone. Again, the work proposes some future scope like cost-estimation for
these processes in detail. Anyone can further research on co-process or the biologi-
cal process stated above. Other opportunities can be to find the life cycle assessment
(LCA) of each of these processes or can find a detailed survey of condition of these
processes in a particular country or zone.

6 Conclusion

The research work mainly contains a detailed survey of pyrolysis and gasification,
two latest and efficient process of sludge treatment. Their mechanism, temperature
as well as the characteristics of effluent produced in this process are given here. Not
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only these two but different other methods of sludge treatment are stated here. State
of use of these processes in different countries in Europe and Asia including India
is given.
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