
 

 

  
Abstract—The aim of this study was to investigate the influence 

of reaction temperature and wheat straw moisture content on the 
pyrolysis product yields, in the temperature range of 475-575 °C. 
Samples of straw with moisture contents from 1.5 wt % to 15.0 wt % 
were fed to a bench scale Pyrolysis Centrifuge Reactor (PCR). The 
experimental results show that the changes in straw moisture content 
have no significant effect on the distribution of pyrolysis product 
yields. The maximum bio-oil yields approximately 60 (wt %, on dry 
ash free feedstock basis) was observed around 525 °C - 550 °C for all 
straw moisture levels. The water content in the wet straw bio-oil was 
the highest. The heating value of bio-oil and solid char were 
measured and the percentages of its energy distribution were 
calculated. The energy distributions of bio-oil, char and gas were 56-
69 % 24-33 %, and 2-19 %, respectively. 
 

Keywords—Flash pyrolysis, moisture content, wheat straw, bio-
oil. 

I. INTRODUCTION 
HE flash pyrolysis process has been subject of intense 
research in the last decades mainly with the objective to 

maximize the organics liquid yields [1], [2]. During pyrolysis, 
biomass is thermally decomposed without an oxidizing agent 
to produce a solid charcoal, liquid oil and gases. High heating 
rates of the biomass particles and a short gas residence time at 
temperature of 450 – 600 °C are required to obtain the highest 
possible liquid yield [3]. Depending on the feedstock and 
operating conditions, the flash pyrolysis of wood produces 50-
75 wt % of liquid bio-oil (including water), 15-25 wt % of 
solid char and 10-20 wt % of non-condensable gases [4], [5]. 
The process is a promising thermal conversion route of 
biomass to produce a nearly ash-free liquid fuel with a high 
volumetric energy density. The char contain most of the 
inorganic components and it can be used as an energy carrier 
or as a soil fertilizer [6], [7]. The pyrolysis gas can be used to 
generate electricity or to provide heat for the pyrolysis 
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process. The pyrolysis gas consists mainly of carbon 
monoxide, carbon dioxide and light hydrocarbons [8], [9]. 
Also, the liquid oil can be directly used without any upgrading 
as a fuel oil in many combustion applications such as boilers. 
Upgrading is probably needed if the bio-oil shall be applied to 
smaller engines. The liquid oil is composed of a large variety 
of higher molecular weight species, organic acids, aldehydes, 
alcohols, phenols and other oxygenates. This oil is also known 
as a pyrolysis liquid, bio-oil or tar and has a lower heating 
value of 15-20 MJ/kg , about half that of conventional fuel oil 
[10]. Bech and co-workers [11], [12] measured the heating 
value of bio-oil produced from wheat straw at a reactor 
temperature of 550 °C and the value was determined to 
approximately 15 MJ/kg (dry basis). The pyrolysis oil can 
undergo secondary reactions to be further broken down into 
gas, refractory tar and water [13], [14]. The distribution and 
the yield of the pyrolysis products depend on several operating 
parameters including biomass characteristic, feedstock particle 
size, temperature, heating rate, and reactor configuration, as 
well as the extraneous addition of catalysts [15]. 

Over the last two decades, extensive studies have been 
conducted to understand the flash pyrolysis process and to 
obtain the optimal conditions for producing high quality bio-
oil. The effect of biomass properties has been a research area, 
but only little attention has been focused on the effect of 
feedstock moisture content on wood flash pyrolysis [16] and 
none wheat straw moisture influence studies has been found. 
The presence of water in biomass could influence the 
pyrolysis behaviour and affects the physical properties and 
quality of the bio-oil. Previous studies [16]-[19] indicate that 
moisture may change the product composition or enhance 
some pyrolysis reactions. Shafizadeh [17] found that the 
decomposition rate of wet cellulose was much faster than that 
of dry cellulose when subjected to the same conditions in a 
closed system at 200 °C. Gray and co-workers [16] found that 
the presence of moisture increased the char yield by as much 
as 5 yield wt % (relative to dry sample). A recent study 
investigated the effect of wood moisture content on the flash 
pyrolysis oil yield [18]. They found that, as the wood moisture 
content increases, the char and gas yield increase and the 
produced water decreases but the liquid organics yield remains 
constant. In contrary, another researcher [19] found that the 
pyrolysis oil yield produced from conventional pyrolysis at a 
low heating rate of 0.1-1.0 c/s, was increased with increasing 
fuel moisture content and the oil obtained from dry feedstock 
was very viscous especially at higher temperatures. This paper 
reports results of a study on the effect of straw moisture 
content on wheat straw pyrolysis yield and the obtained 
product distribution. 
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II.  MATERIALS AND METHOD  

A. Material 
 The wheat straw pellets used in this study were 
manufactured by compressing straw and extruding it to pellets 
in a ‘Pellet Mill’. The pellets were crushed in a roller mill and 
were further screened into a fraction with a particle diameter < 
1.40 mm. The particles appeared to have a more or less 
spherical shape. An analysis of the wheat straw is shown in 
Table I. Straw samples with moisture contents of 1.5 % wt 
(‘dry’), 6.2 % wt (‘as received’) and 15.0 % wt (‘wet’) were 
used for the experiments. Wet straw samples were prepared by 
sprinkling water on it to achieve a moisture content of 15.0 ± 1 
% wt and storing it for 3 to 4 days to ensure that the water had 
been fully distributed. Dry straw samples were prepared by 
drying at 105 °C for at least 24 hr.  
 

TABLE I 
ANALYSIS OF WHEAT STRAW 

 
 

B. Apparatus and Procedure 
The flash pyrolysis experiments were conducted in a bench 

scale Pyrolysis Centrifuge Reactor (PCR) as depicted in Fig. 1 
[11], [12]. The set-up consists of a screw type feeder, an 
ablative centrifuge reactor, an electric heater, a cyclone, a 
condenser, a coalescer, a gas dryer and a pump. The biomass 
was introduced by the screw feeder into the horizontally 
oriented Ø 82 x 200 mm tubular reactor. Here, a three-blade 
rotor with a clearance of 2 mm to the reactor wall rotate at a 
fixed speed of 14800 rpm creating a centrifugal force at the 
pipe wall of approximately 1.0 x 104 g (acceleration), and 
thereby provides rotation of the gas and the biomass particles.   
The reactor wall was heated electrically by four independent 
heating zones located on the outer surface of the reactor tube. 
While undergoing reaction, the particles moved down the 
reactor pipe before leaving suspended in the gas through the 
tangential outlet. Larger char particles were removed by a 
change-in-flow separator whereas fines were collected by the 
cyclone. Vapors were condensed in a direct water cooled 
condenser (bubble chamber) filled with previously produced 
bio-oil. The temperature in the condenser was controlled to be 
55 to 75 °C by means of a pipe coil cooled by tap water. 
Aerosols that were not retained by the condenser were 
collected in a coalescer filled with ROCKWOOL® (fibers). In 
the coalescer aerosols were removed and the bio-oil was 
collected in a conical flask. The gas was pumped to the 
preheater and heated to 400 °C before it is recirculated to the 
reactor in order to maintain a desired gas residence time of 
0.2-0.3 s and avoid condensation of liquid products within the 
reactor. The amount of produced gas was measured by a 
temperature compensated gas meter and a sample was 
collected in a gas bag. Before the gas volume was measured, it 
was cooled to ambient temperature in order to remove water. 
The gas residence time in the reactor was calculated based on 
the experimental data obtained (from pyrolysis product yield). 
Details about the reactor are presented in previous work [12], 
[20]-[21]. 
 
 

 
 
 

Fig. 1 Schematic diagram of the ablative pyrolysis bench scale 
reactor system 

 
In this work, samples of straw with different moisture contents 

(1.5 wt %, 6.2 wt % and 15.0 wt %) were treated to investigate the 
moistures effect on the pyrolysis products distribution of bio-
oil, char, water and gas. To start an experiment, a 500.0 g 

World Academy of Science, Engineering and Technology
International Journal of Chemical and Molecular Engineering

 Vol:6, No:10, 2012 

932International Scholarly and Scientific Research & Innovation 6(10) 2012 ISNI:0000000091950263

O
pe

n 
Sc

ie
nc

e 
In

de
x,

 C
he

m
ic

al
 a

nd
 M

ol
ec

ul
ar

 E
ng

in
ee

ri
ng

 V
ol

:6
, N

o:
10

, 2
01

2 
pu

bl
ic

at
io

ns
.w

as
et

.o
rg

/1
43

42
.p

df



 

sa
pu
tu
te
Th
ex
th
40
co
Th
ga
ch
gr
th
m
m
th
#4
bi
us
bu
de
co
co
m
as
th
co
py
co
th
th
st
py
ex
gi
pr
co
 

Py

m
D
w

H

 
w
th
th
 

%

 
W

ample of straw
urged with ni
ube was turne
mperature, th
he obtained st
xperiment was
he coalescer p
00 mbar. The 
ondenser noz
herefore the 
as flow in the 
har yield in a
ravimetrically
he measured

measurement o
minimize the p
he gas bag.  Li
4 filter paper 
io-oil. The ch
sing ethanol a
ulb for 10 m
etermined. Th
ondenser (bub
oalescing fil

measurements 
ssumed to be s
he condenser a
oalescer befo
yrolysis oil w
ondenser and 
he char collect
he char in the o
andard devia
yrolysis produ
xperiments at 
iven on a dry 
resented are a
onfidence inte

C. Higher He
yrolysis Produ
The higher h

measured by a b
IN 51900-1, 

was calculated 
 

gas
HH

HHV =

where HHV rep
he yield of eac
he pyrolysis pr

% diEnergy

Where a is the p

w was placed 
itrogen. The 
d on and afte
e rotor speed 
traw feed rate 
s run for 14-2
pressure meter
pressure was 
zle that has 
experiment w
system. After

addition to spe
y. The gas yie
d gas volum
obtained imm
potential effec
iquid samples
on a Buchne

har left on th
and acetone a

minutes. Then
he water conte
bble chamber)
ter was de
[21]. The li

similar in com
and the amoun
ore and after 
as determined
coalescer. Th
ted in the dire
oil (char left o

ations of the 
ucts were det
each conditio
 ash-free feed

average value
erval. 

eating Value a
ucts 
heating value
bomb calorim
whereas the h
by difference 

(biomass HHV −

presents the h
ch pyrolysis p
roducts were c

=onistributi

pyrolysis prod

in the feeder
heat tracing o

er the reactor 
was adjusted 
was approxim

20 minutes and
r reading reac
decreasing du
an inner di

was stopped to
r the system h
end raw mate
eld was calcul
me and a 
ediately after
ct of light gas
s were filtered
r funnel to re
he filter was 
and dried und

n the residual
ent in the liqu
) and the con
etermined by
iquid left in 

mposition to th
nt was determi

the run. Ov
d from the con
he char yield w
ect char separa
on the filter). T

mean values
termined by m
on. All yields s
dstock basis (
s and the ran

and Energy Di

e (HHV) of b
meter IKA C20
heating value 
[22]. 

)
gas

oiloil

Y
YHHV ×

igher heating 
product. The e
calculated as: 

×
=

biomass

a

HHV
YHHV

ducts (bio-oil,

r and the syste
of the reactor
reached the s
to about 1480

mately 23 g/m
d stopped just
ched a pressu
ue to blocking
ameter of 4.
o avoid a de
ad cooled, liq
erial was dete
lated on the b

molecular 
r the run in o
sses diffusing

d through a W
emove char fr

washed thor
der an infrare
l mass of ch

uid products fr
nical flask bel
y refractive 

the coalesc
he liquid colle
ined by weigh
verall, the y
ndensed liquid
was determine
ator, the cyclo
The mean valu
s for each y
making two t
shown in Figu
(daf). All data
nge indicates 

istribution in 

bio-oil and ch
00 using the s
of the pyroly

( charHHV ×−

value in J/g a
energy distribu

100×
s

aY
 

, char and gas)

 

em was 
r outlet 
selected 
00 rpm. 

min. The 
t before 
ure of -
g of the 
.0 mm. 
creased 

quid and 
ermined 
basis of 
weight 

order to 
g out of 

Whatman 
rom the 
roughly 
ed light 
har was 
rom the 
low the 

index 
er was 
ected in 
hing the 
yield of 
d in the 
ed from 
one and 
ues and 

yield of 
to three 
ures are 
a points 
a 95 % 

har was 
tandard 
ysis gas 

)charY×  

and Y is 
ution of 

).  

py
dif
ch
org
de
the
wa
rea
ma
lev
ran

fee
pre
ge
ob
the
app
at 
bio
co
stu
tem
wt
ob

bio
on
dif
 
 

 

F

I

A. Mass Balan
Fig. 2 shows

yrolysis produ
fferent reacto

har, gas and bi
ganics and 
termined on a
e ash and mo
ater yields pre
action exclud
ass balance c
vels were bet
nge of 475-57

B. Bio-oil 
Fig. 3 presen
edstock moist
esented bio-oi
nerated durin

btained is in th
e investigated
proximately 6
the temperatu
o-oil produced
ntent: 5.8 wt %

udy [11] wa
mperature ran
t.% also occur
btained is com

Further increa
o-oil yield du

n Figure 3 th
fferent straw m

Fig. 2 Pressure O

III. RESULTS 

nce 
s an example 
ucts distribut
or temperatur
o-oil and the l
produced wa
a dry ash free
isture content

esented is the 
ding the water
closures for 
tween 89 and

75 °C.  

nts the obtaine
ture contents 
il yields are t
ng the pyroly
he range of 4
d temperature
60 wt % for a
ure range from
d from anothe
% and ash con

as around 50
nge. The maxi
rred around 5

mparable to the
asing of react

ue to conversio
hat similar bi
moisture conte

Overall mass ba
(6.2 w

AND DISCUSS

of mass bala
tion from as 
res. The pyro
latter is subdi
ater. The pr
e (daf) basis, 
t of the feeds
water genera

r input of th
all investiga

d 103 wt %, 

ed bio-oil yie
and pyrolysi

the liquid orga
ysis process.

40-60 wt.%, f
es. Maximum
all straw mois
m 525 °C to 55
er type of wh
ntent: 6.8 % d
0-57 wt % 
mum bio-oil o
25 °C. The le

e current resul
tor temperatur
on of tar to g
io-oil yields w
ent. 

 

 

 

 

 

 

 

 

 

 
alance closures 

wt. % water) 

SIONS 

ance closures 
received str

olysis produc
vided into the
roduct yields
taking into a
tock. Therefo

ated by the py
e feed. The 

ated straw m
in the temp

elds as a func
s temperature
anics plus the
 The bio-oil

for all straws 
m bio-oil yie
sture levels oc
50 °C. The yi
heat straw (m
db) done by pr

within the 
of approximat

evel of bio-oil
ts.  
res, cause a lo
gases. It can b
were obtained

for as received

of the 
raw at 
cts are 
e liquid 
s were 
account 
ore, the 
yrolysis 
overall 

moisture 
erature 

tion of 
es. The 
e water 
l yield 
within 

elds of 
ccurred 
ields of 

moisture 
revious 
similar 
tely 57 
l yields 

ower of 
be seen 
d with 

d straw 

World Academy of Science, Engineering and Technology
International Journal of Chemical and Molecular Engineering

 Vol:6, No:10, 2012 

933International Scholarly and Scientific Research & Innovation 6(10) 2012 ISNI:0000000091950263

O
pe

n 
Sc

ie
nc

e 
In

de
x,

 C
he

m
ic

al
 a

nd
 M

ol
ec

ul
ar

 E
ng

in
ee

ri
ng

 V
ol

:6
, N

o:
10

, 2
01

2 
pu

bl
ic

at
io

ns
.w

as
et

.o
rg

/1
43

42
.p

df



 

th
fe
py
w
(d
[2
m
60
co
th
str
fo
co
co
in
fe
be
th

 

Fig. 3 Total bi

C. Water Con
The water co

he bio-oil or
eedstock and 
yrolysis proce

water content in
dry basis), dep
24], [25]. H

measured in the
0 wt % (dry b
ontent in bio-o
he water conte
raw oil and 1

ormed during 
ontain 24-35 w
ontain 10-13 w
n bio-oil mos
eedstock. The
efore pyrolysi
he water in the

Fig. 4 Wate

io-oil yields as 

ntent 
ontent in the b
riginates from

dehydration 
ess [23]. It is 
n bio-oil varie
pending on the
owever, for 
e bio-oil is rat
basis) [26].  I
oil seen in Fig
ent was 33-44
19-22 wt % in
the pyrolysis 
wt % water a
wt % water. I
stly originate
erefore it is a
is, to less than
e bio-oil. 

er content in bio

 
a function of py

bio-oil was an
m the origin

reactions oc
reported in m

es over a wide
e feedstock an

rice straw, 
ther high, typi
In this work t
g. 4 showed t

4 wt.%, 24-32
n dry straw o
 process, the 

and the dry st
It can be conc
s from the o
an advantage 
n 10 % water 

 
 

o-oil as a functi
 

yrolysis temper

nalyzed. The w
nal moisture 
ccurring duri

many studies t
e range 15 – 3
nd process con

the water 
ically in betw
the analysis o
that in wet str
 wt.% in as re

oil. If no wate
wet straw oil

traw straw oil
cluded that th
original mois
to dry the b

in order to m

on of temperatu

 

 

rature 

water in 
in the 

ing the 
that the 

35 wt % 
nditions 
content 
een 50-

of water 
raw oil, 
eceived 
er were 
l would 
l would 
e water 

sture in 
biomass 

minimize 

 

ure 

mo
the
lev
55
At
org
(m
dif
use
Th
the
rem
in 
[18
dif
wt
co
yie
mo

is 
yie
dif
wa
ob
str
str
sur
low

py
tem
ga
vap
[29
inf
go
wo
of 
in 
co
pre
 

D.  Liquid Org
Fig. 5 shows 
oisture conten
e liquid organ
vels. The max
0 °C and the 

t these temper
ganic yields w

moisture conte
fference is du
ed but the pyr

he current stu
e liquid organ
mains constan
line with exp

8]. In their 
fferent moistu
t.%, in a fluidi
ncept and an
elds (on a dry
oisture levels 

E. Char Yield
As seen in Fi
observed for a
eld of approx
fference in ch
as only observ
bserved at 475
raw) and 51 w
raw moisture a
rface tempera
w particle hea

F. Pyrolysis G
Generally the

yrolysis gas yi
mperature inc
as yield at hig
apor being con
9]-[31]. How
fluence the fo

ood agreement
oodex materia
f 300 °C/min. I

the range of 
ncluded that 
esence of fuel

 

ganics Yield 
the liquid org

nts. In the tem
nics yields w

ximum liquid o
maximum yie
ratures also, a

was produced u
ent: 5.8 wt.
ue to the diffe
rolysis operat
dy shows tha
nics distributi
nt at each reac
perimental res
work, they 

ure contents 
ized bed react
n approximate
y feedstock b
at a reactor te

d 
ig. 6, a decrea
all straw mois
ximately 18 

har yield for th
ved at 475 °C
 °C; 41 wt.% 

wt.% (wet straw
at 475 °C cou
ature rise bec
ating rate caus

Gas Yield 
e temperature
ield as seen in
crease for all 
gh temperature
nverted into g

wever, the str
rmation of the
t with previou
al in a batch f
In the present

f 5-20 wt % f
the gas form

l moisture con

ganics produc
mperature rang

were similar at
organic yields
elds were appr
approximately
using another
%) in a PC

ferent characte
ting condition
at the effect o
ion is insignif
ctor temperatu
sults reported 
pyrolysed th
ranged betw

tor by applyin
ely 46 wt %
basis) was ob
emperature of 

asing char yie
sture levels, w
wt.% at 575

he different st
C. The maximu

(dry straw), 4
w). The high 

uld be explaine
cause of wate
e an increased

e has a dom
n Fig.7. The ga

straw moistu
es are causes 
gases through 
raw moisture
e gases. The c

us study [16] a
fluid-bed reac
t work, the gas
for all straw 
mation was n
ntents. 

ed at differen
ge of 475 - 5
t all straw m
s appear at 525
roximately 50
y 40 wt.% of
r type of whea
CR unit [12]
eristics of fee
ns remains the
of straw moist
ficant and the

ure. These resu
by Westerho

he pine wood
ween 0 wt.% 
ng the flash py

% of liquid or
btained for all

480 °C [18].

eld with temp
with a minimu
5 °C. A sign
traw moisture
um char yield
47 wt.% (as re
char yield wit
ed by a slow p
er evaporation
d char yield. 

minant effect 
as yield incre

ure levels. Th
by the pyroly
secondary cr

e content do
current results
although they 
ctor at a heatin
s yields obtain
types and it 

not affected b

nt straw 
575 °C, 

moisture 
5 °C to 

0 wt.%. 
f liquid 
at straw 
]. The 
edstock 
e same. 
ture on 
e yield 
ults are 

of et al. 
d with 

to 20 
yrolysis 
rganics 
l wood 

erature 
m char 

nificant 
e levels 
ds were 
eceived 
th high 
particle 
n. The 

on the 
ases as 

he high 
ysis oil 
racking 
es not 
s are in 
used a 

ng rate 
ned are 
can be 
by the 

World Academy of Science, Engineering and Technology
International Journal of Chemical and Molecular Engineering

 Vol:6, No:10, 2012 

934International Scholarly and Scientific Research & Innovation 6(10) 2012 ISNI:0000000091950263

O
pe

n 
Sc

ie
nc

e 
In

de
x,

 C
he

m
ic

al
 a

nd
 M

ol
ec

ul
ar

 E
ng

in
ee

ri
ng

 V
ol

:6
, N

o:
10

, 2
01

2 
pu

bl
ic

at
io

ns
.w

as
et

.o
rg

/1
43

42
.p

df



 

 

 
 

 
Fig. 5 Effect of straw moisture content and reactor temperature on the 

liquid organics yield 
 

 

 
 

Fig. 6 Effect of straw moisture content and reactor temperature on the 
pyrolysis char yield 

 

G.  Water Yield 
     The water yield discussed here is referring to the water that 
formed from the dehydration reactions throughout the 
pyrolysis process. The water produced by reaction for all 
straw moisture levels was measured as shown in Figure 8. The 
curves showed that the change in feedstock moisture content 
and reactor temperature has no significant effect on the water 
yield, and that a mean yield of 9 wt.% water was produced. 
The similar water yield of approximately 9.9 wt.% was 
obtained from forest-residue pyrolysis done at the VTT 
laboratory [32]. 

H.  Gas Molecular Weight 
Fig. 9 shows the effect of straw moisture contents and 

reactor temperatures on the pyrolysis gas molecular weight. It 
is seen that the gas molecular weight was not significantly 
affected by straw moisture content or temperature. The gas 
molecular weight was in the range of 31-35 g/mol. Bech et al. 
(2007) found the pyrolysis gas molecular weight from wheat 
straw to be approximately 37 g/mol and not affected by 

reactor temperatures [12], [21]. It was slightly higher probably 
due to the different characteristic of the used wheat straw. 

 

 
 

Fig. 7 Effect of straw moisture content and reactor temperature on the 
pyrolysis gas yield 

 

 
 

Fig. 8 Effect of straw moisture content and reactor temperature on the 
produced water yield 

 
 

 
 

Fig. 9 Effect of feedstock moisture content and reactor temperature 
on the pyrolysis gas molecular weight. 
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I. Gas Residence Time 
The gas residence times in the reactor was calculated based 

on the performance curve of the positive displacement gas 
pump and the yield data obtained from the experiments. The 
molecular weight of tar was taken to be 350 g/mol [11], [33] 
and it was assumed that the straw was instantaneously 
pyrolyzed when subjected to the reactor entrance. It was found 
that the gas residence time only changed a little with varying 
straw moisture content as seen in Fig. 10. In this experimental 
series, the hot gas residence time varied between 0.19 and 0.23 
s. It can be concluded that within this range the yields of 
products at different moisture content of feedstock were 
probably not affected by the small gas residence time changes 
seen in Fig. 10.  

 

 
 

Fig. 10 Effect of straw moisture content and reactor temperature on 
the gas residence times 

                 

J. Heating Values and Energy Distribution of the Pyrolysis 
Products 

The higher heating value of bio-oil and char were 
determined and their energy distributions were calculated as 
shown in Fig. 11. Bio-oils have a medium heating value in the 
range of 15-17 MJ/kg (as produced or wet basis), 
approximately half that of conventional fuel such as gasoline, 
kerosene and diesel [34]. However, the heating value of bio-
oil is very close to those of methanol and ethanol [34]. Char 
has a higher heating value of about 19-21 MJ/kg (as produced) 
and it is comparable with lignite and bituminous coal [34]. 
The energy distribution of bio-oil, char and gas for all straw 
types were around 56-69 %, 24-33%, 2-19 %, respectively, as 
seen in Fig. 11. At higher temperatures, the energy content of 
bio-oil and char reduce while the energy content in the 
pyrolysis gas increases. It is seen that an increased gas heating 
content can be obtained at high temperatures. This is 
important if the gas shall be used to supply energy for the 
pyrolysis process. 

 
Fig. 11 The percentage of energy distributions of pyrolysis products 
from different straw moisture content as a function of temperature 

IV. CONCLUSIONS 
The influence of straw moisture content and reactor 

temperature on the flash pyrolysis product yield has been 
experimentally investigated. In the current study the fraction 
of bio-oil, char and gases produced from pyrolysis of straw 
were in the range of 40-60 wt %, 18-50 wt.% and 5-22 wt.%, 
respectively, regardless of the straw moisture levels. The straw 
bio-oil yields obtained are slightly lower than the 50-75 wt.% 
that reported in the literatures for woody material [4], [5]. 
However the yield is reasonable due to the different feedstocks 
used. The optimal reaction temperature for the production of 
bio-oil was around 525 °C to 550 °C for all straw moisture 
contents. The presence of moisture in the feedstock has shown 
no significant effect on the pyrolysis product distribution. The 
liquid organics yields were similar for all straw types and the 
yields were almost constant at each reactor temperature. The 
similar observation was discovered by another study [18]. The 
gas and water yields were neither affected by the feedstock 
moisture level. The effect of straw moisture on char yield only 
can be observed at the lower temperature, 475 °C. At this 
temperature, wet straw produces the highest char yield 
followed by as received straw and finally dry straw. Gray et al. 
[16] and Westerhof et al. [18] also found that more moisture in 
the feedstock results in an increased char yield. 

Apparently, the pyrolysis temperatures have a dominant 
effect on the pyrolysis product yield. In general, the yield of 
liquid organics increased with increasing pyrolysis 
temperature from 475 °C to 550 °C and then decreases at 
higher temperatures. The gas yield kept increasing with 
reactor temperature due to secondary cracking takes place at 
higher temperatures, which in turn lead to a reduction of the 
liquid organics yield and an increased production of light 
hydrocarbon gases. There were no affect on produced water 
yield with increasing temperatures.  

Regardless of straw moisture contents, the maximum liquid 
organics yield occurred around 525 °C to 550 °C with the 
yield ranging from 45 to 53 wt.% (Fig. 5). The yields of liquid 
organics were comparable for all straw moisture levels at each 
reactor temperatures. The yields of reaction water and 
pyrolysis gas also were not affected by the moisture content of 
the feedstock. 

Overall, the change in straw moisture content has no 
significant effect on the distribution of pyrolysis product 
yields except for char. 

The water content in bio-oil increases with increasing of 
straw moisture content. The water content in dry straw oil was 
19-22 wt.%, 24-32 wt.% for as received straw oil and 33-44 
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wt.% for wet straw oil. It can be concluded that the water in 
bio-oil mostly originates from the original moisture in 
feedstock. The high water content in bio-oil may cause a phase 
separation and lowers the heating value of the oil. The 
presence of water in bio-oil with higher amount also limits its 
utilization as a fuel, especially in combustion, as it reduces the 
combustion rates, delay the ignition and lower the adiabatic 
flame temperatures during combustion. Therefore it is an 
advantage to use a relatively dry feedstock in order to have a 
better quality of the bio-oil. 
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