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Abstract
In this study, the influence of potassic additives (K2CO3 and biomass ash (BA)) on sludge gasification under model flue gases 
was investigated. Two model gases consisting of O2/CO2/N2 and O2/CO2/H2O/N2 were used as gasifying agents. Under O2/
CO2/N2 atmosphere, the lower heating values (LHV) of produced gas were in a range of 3.07–3.79 MJ/Nm3, and cold gas 
efficiency (CGE) were in a range of 47–66%. When steam was introduced into the gasification atmosphere, the efficiency 
of the process significantly improved. LHV of the produced gas under O2/CO2/H2O/N2 atmosphere was in a range of 6.48–
7.18 MJ/Nm3, and CGE was in a range of 73–88%. K2CO3 had an obvious catalytic effect on sludge gasification process. 
Additionally, K2CO3 had stronger catalytic effect under steam-free atmosphere and it was better in promoting CO generation 
when compared with BA. BA exhibited the ability to increase gas yield under steam-free atmosphere, while it only had a 
slight effect under steam-containing atmosphere. Based on continuous monitoring of gas during gasification process, LHV 
of the produced gas could be increased by nearly twofold, possibly up to 11.96 MJ/Nm3, by controlling the proper reaction 
time (10–12 min) to prevent the dilution effect from excessive gasifying agents.
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Statement of Novelty

Sludge gasification under model flue gas was conducted to 
assess the feasibility of using flue gas as gasifying agent. It 
was observed that LHV of the produced gas and CGE were 
higher under O2/CO2/H2O/N2 atmosphere than those val-
ues under O2/CO2/N2 atmosphere. In addition, more H2 was 
formed in the presence of H2O. Both K2CO3 and BA mainly 
promoted CO and H2 production. The additives had stronger 
catalytic effect under steam-free atmosphere. Moreover, flue 
gas can be used as a gasifying agent as well as heat carrier 
for endothermic reaction of gasification. K2CO3 works effec-
tively for gasification under both flue gas with and without 
steam atmospheres.

Introduction

Sewage sludge is a by-product from wastewater treatment 
plant which enriched by pollutants during wastewater treat-
ment process, so it must be treated in a safe and effective 
manner [1, 2]. The annual production of mechanically 
dewatered sewage sludge in China is over 40 million tons 
with roughly 80% moisture. This large amount of sludge 
has become a big challenge to the sustainable development 
of cities. It was also reported that around 80% of sewage 
sludge was improperly disposed, while the rest was disposed 
through landfill (13.4%), land application (2.4%), building 
material (0.24%), and incineration (0.36%) [3]. However, 
these methods have weaknesses, such as large area occupa-
tion, long retention time, and low efficiency [3].

A few studies have reported that calorific value of dried 
sludge could reach 12 MJ/kg, making it potential to be uti-
lized as energy resource [4, 5]. Thermochemical gasifica-
tion is the process of converting carbonaceous materials 
into combustible gases by reacting it with a certain amount 
of gasifying agent at a high temperature. The main factors 
determining the outcome of gasification include gasifying 
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agent or gasifying atmosphere [6–9], temperature [10], cata-
lyst [11, 12] and type of reactor [13, 14]. This study would 
focus on two of those factors, namely gasifying agent and 
catalyst.

The gasifying agents play an important role on the perfor-
mance of gasification in term of syngas yield, syngas com-
position, and cold gas efficiency (CGE). The commonly used 
gasifying agents are air, steam, and oxygen [15–17]. Air is 
the cheapest gasifying agent and widely used in biowaste 
gasification due to its abundant availability. However, the 
produced syngas has relatively lower calorific value due to 
the dilution effect of nitrogen [15]. The use of CO2 and H2O 
offers the higher heating value of product gas compared 
with that obtained from air gasification [16]. Introduction of 
steam in biomass gasification enhances the concentration of 
H2 in syngas since steam plays key role as a hydrogen source 
for gasification [17]. Recently, some studies have been focus-
ing on the use of CO2 as gasifying agent in gasification pro-
cess [18]. The use of CO2 provides several benefits such 
as reducing greenhouse gas emission, allowing high carbon 
conversion, reducing soot formation, and enhancing CO 
production in syngas [9, 16, 19]. Sadhwani et al. [20] con-
ducted CO2 gasification of southern pine wood in a bench-
scale atmospheric bubbling fluidized bed gasifier. The effect 
of temperature and CO2/C ratio have been studied. It was 
observed that CO2 gasification produced high microporous 
char and enhanced the conversion rate. The introduction of 
CO2 on biomass gasification resulted in higher concentration 
of CO and decreased H2 [9, 19, 21].

In chemical reactions, catalysts help promote or inhibit 
the formation of certain reaction products without itself 
being consumed as a reactant. Catalysts in gasification pro-
cess mainly include alkali metals, metals based catalyst and 
minerals [22]. Alkali metals are the most commonly used 
catalysts in gasification industry due to their relatively low 
cost. It has been shown that K2CO3 is the most effective 
catalyst for gasification compared with Na2CO3, CaCO3, 
CaO, and MgO [23].

Dual-bed gasifier technology has advantages in terms of 
operational stability and material adaptability [24, 25]. Fig-
ure 1 shows the proposed process diagram of dual-bed gasi-
fier which consists of a gasifier and a combustion chamber. 
The high heat recovery from flue gas can be achieved and 
gas component in the flue gas can be utilized as gasifying 
agent. The existing boilers such as in coal power plants or 
municipal solid waste incinerators could be utilized as the 
combustion furnace. This would allow co-disposal of sludge 
and conventional fuel, which will reduce the cost of sludge 
disposal. In order to adjust the atmosphere of the gasifier, 
hot air could be introduced into the gasifier to control the 
concentration of oxygen.

This study investigated the influence of potassic addi-
tives (K2CO3 and BA containing alkaline metals, mainly 

potassium) on syngas production under model flue gas 
atmosphere. The results and observations are expected to 
provide theoretical guidance for optimizing the operation 
of gasification under flue gas atmosphere.

Methodology

Material

Sludge sample was collected from Chengxi Sewage Treat-
ment Plant in Hangzhou, China. The sludge was mechani-
cally dewatered (81.58% moisture content), dried (5.76% 
moisture content), and ground to pass 100-mesh sieve 
(< 0.15 mm). The proximate analysis and ultimate analy-
sis of the dried sludge sample are presented in Table 1. A 
large amount of sludge sample was collected in one time 
to ensure homogeneity of sample and its abundance for the 
whole experiments.

Fig. 1   Dual bed gasification system

Table 1   Properties of sludge sample

Parameters Value
Proximate analysis (wt%, air dried basis)

Moisture 5.76
Ash 53.89
Volatile matter 35.24
Fixed carbon 5.11

Ultimate analysis (wt%, dry basis)

C 21.72
H 3.05
O 12.59
N 2.55
S 0.44
LHV (MJ/kg) 8.13
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Potassium carbonate (K2CO3) and biomass ash (BA) were 
used as catalysts for sludge gasification. K2CO3 (purity: 
99.99%) was purchased from Shanghai Lingfeng Chemical 
Reagent Co., Ltd and used without any further purification. 
BA was obtained by burning palm oil shell at 800 °C in a 
muffle furnace. The chemical composition of BA was exam-
ined by X-ray fluorescence spectrometer, and the results are 
presented in Table 2. The dominant composition of BA was 
potassium (27.77%). Alkaline metals in the BA are expected 
to positively affect the gasification process [26].

Experimental Set‑up

A downdraft fixed bed gasifier was used in the experiment, 
the main part of the installation consists of a quartz fixed bed 
tubular gasifier with an inner diameter of 30 mm and length 
of heating section of 300 mm and an electric furnace with 
PID temperature controller. The experimental sludge gasi-
fication system is illustrated in Fig. 2. In this study, model 
flue gas was used as a gasifying agent. The flow rate and the 
composition of model flue gas were individually controlled 
by mass flow controllers. All experiments were conducted 
at 950 °C with the total gasifying agent flow rate of 300 ml/
min. The composition of different model flue gases are 
shown in Table 3.

5  g of dried sludge were used in each experiment. 
The potassic additives were added into sludge at 6% by 
weight. The reaction time was set to 20 min. The gas evo-
lution profile during gasification process was examined 

by collecting the produced gas sample periodically in gas 
sampling bags. Afterward, the composition of produced 
gas was analyzed by gas chromatography (Fuli GC-9790, 
China) with thermal conductivity detector and equipped 
with TDX-01 column. High-purity helium (99.99%) was 
used as the carrier gas at a flow rate of 30 ml/min. The 
total volume of produced gas was measured by water dis-
placement method. The tar composition was analyzed by 
using GC-MS (JEOL-JMS, Q1050GC Master Quad) with 
DB5 column (30 m × 0.25 mm × 0.25 µm). Every experi-
ment has been carried out with two replications and the 
data presented were the average values of two experiments.

Data Interpretation

The total gas yield, combustible gas yield, lower heating 
value (LHV), and CGE were determined to evaluate the 
process efficiency. All calculations were based on the gas 
volume at [normal temperature and pressure (NTP), taken 
as 20 °C and 1 atm] The total gas yield was defined as the 
total gas volume obtained from gasification process per one 
kilogram sludge and was calculated using Eq. (1).

The combustible gas yield was defined by the volume of 
H2, CO and CH4 in the obtained gas per 1 kg sludge and was 
calculated using Eq. (2).

(1)Total gas yield

(

L

kg

)

=
Vgas

msludge

Table 2   Chemical composition 
of BA (wt%)

Element K Si Mg Cl P S Al Na

Content 27.77 11.60 6.27 3.09 1.95 1.50 0.98 0.85

Fig. 2   Schematic diagram of 
experimental sludge gasification 
system
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The LHV of the gas was calculated based on the content 
of the gas components that have combustion value (H2, CO, 
CH4) using Eq. (3) [27].

CGE is the ratio of the energy content in the gas to the 
energy content in sludge feedstock. CGE was calculated 
according to Eq. (4).

where Vgas (L) is the volume of the obtained gas at NTP, 
msludge (kg) is the mass of sludge, ϕH2, ϕCO, and ϕCH4 
are volume fractions of H2, CO and CH4, respectively, at 
NTP, LHVgas (MJ/Nm3) is lower heating value of gas at NTP, 
LHVsludge (MJ/kg) is lower heating value of sludge.

(2)
Combustible gas yield

(

L

kg

)

=
(

φH2 + φCO + φCH4

)

× Total gas yield

(3)

LHVgas

(

MJ∕Nm3
)

=
(107.98 × φH2 + 126.36 × φCO + 358.18 × φCH4)

1000

(4)CGE =
LHVgas × Vgas

LHVsludge × msludge

Result and Discussion

The experimental results of sludge gasification under 
model flue gases are shown in Table 4. There were notable 
differences in the produced gas components and gas yields 
between two different flue gas conditions (NS and WS). N2 
concentrations were maintained consistent among steam-
free (NS) atmosphere series (64%) and with steam (WS) 
atmosphere series (24%). N2 is inert so it does not involve 
in the reaction. However, it will affect the LHV of pro-
ducer gas as dilution effect, which can be seen that the vol-
ume of total gas in NS was higher than that of WS atmos-
phere but the heating value of total gas was lower. Under 
flue gas atmosphere without steam (NS), the combustible 
gas yields were in a range of 255.1–363.8 L/kg, the LHV 
of produced gases were in a range of 3.07–3.79 MJ/Nm3, 
and the CGE were in a range of 47.02–65.56%. In contrast, 
under flue gas with steam (WS), the combustible gas yields 
were in a range of 407.2–508.9 l/kg, the LHV of produced 
gases were in a range of 6.48–7.18 MJ/Nm3, and the CGE 
were in a range of 73.03–87.98%.

Effect of additives on the sludge gasification 
under O2/CO2/N2 atmosphere

The effect of different flue gas atmosphere and catalyst addi-
tion on the gas yield and gas composition is presented in Fig. 3. 

Table 3   The experimental 
conditions

a Gas composition are in volume percentage (vol%)
b Model flue gas atmosphere without steam (O2/CO2/N2) is denoted as NS
c Model flue gas atmosphere with steam (O2/CO2/H2O/N2) is denoted as WS

Model flue gas com-
position

Experiment no.

NS1b NS2 NS3 WS1c WS2 WS3

O2
a 16 16 16 16 16 16

CO2 20 20 20 20 20 20
H2O 0 0 0 40 40 40
N2 64 64 64 24 24 24
Additives None K2CO3 BA None K2CO3 BA

Table 4   Experimental results 
of sludge gasification under 
different conditions

a Other gas components are mainly N2, CO2, and O2
b Gas components that have combustion value, namely H2, CO, and CH4

No. Volume fraction (%) Total gas 
yield (l/kg)

Combustible 
gas yield (l/kg)b

LHV (MJ/Nm3) CGE (%)

H2 CO CH4 Othera

NS1 8.86 8.85 2.78 79.51 1245 255.1 3.07 47.02
NS2 8.65 14.32 2.94 74.09 1404 363.8 3.79 65.56
NS3 8.77 12.48 2.98 75.77 1376 333.4 3.59 60.78
WS1 23.74 15.11 5.61 55.54 916 407.2 6.48 73.03
WS2 24.39 21.65 5.06 48.90 996 508.9 7.18 87.98
WS3 23.61 16.21 5.67 54.51 946 430.3 6.63 77.13
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According to experimental data under steam-free atmosphere 
(NS1–NS3), it was found that the additives enhanced the pro-
cess efficiency on sludge gasification. Both gas yield and LHV 
of produced gases were obviously increased when K2CO3 and 
BA was added. The results listed in Table 4 showed that the 
CGE of the non-catalytic experiment was as low as 47.02%, 
and it was increased to 65.56% and 60.78% with the addition 
of K2CO3 and BA, respectively. As a result, the improvement 
of CGE catalyzed by K2CO3 (NS2) and BA (NS3) accounted 
for 39.43% and 29.26%, respectively, when compared with the 
non-catalytic reaction (NS1).

The results from Fig. 3a showed that K2CO3 (NS2) pro-
duced the highest yield of H2 (121.4 l/kg), CO (201 l/kg), and 
CH4 (41.3 l/kg) compared with other experimental conditions. 
CO yield increased about 82.7%, after K2CO3 was added. The 
BA had comparable effects to K2CO3 on both H2 and CH4 
yields, though, the enhancement on CO yield was smaller. 
Figure 3b showed that the CO fraction in NS2 and NS3 were 
higher than that without additives (NS1) due to a large increase 
in CO yield. These results indicated that both K2CO3 and BA 
could promote the generation of CO.

The catalytic mechanism of K2CO3 in gasification has been 
investigated by many studies with different kinds of feedstock. 
The reaction mechanism is recognized as follows [28]:

Under steam-free atmosphere, K2CO3 mainly promotes 
the generation of CO, and the presence of CO2 is also benefi-
cial to improve the catalytic effect of K2CO3 on gasification. 
These results are in good agreement with those obtained 
from catalytic study of K2CO3 in CO2 gasification of bio-
mass [29].

On the basis of produced gas composition, the gas evolu-
tion profiles of sludge gasification under O2/CO2/N2 were 
evaluated, as shown in Fig. 4. The generation rate of com-
bustible gases reached a maximum value around 2 min reac-
tion time for H2 and CH4, while 5 min for CO, under three 
experimental conditions. CO generation also took a longer 
time to complete than that of H2 and CH4 in all profiles. The 
overall gas generation rate increased significantly with the 
addition of K2CO3 and BA. The maximum CO generation 
rate greatly increased from 86.1 to 182.3 ml/min (K2CO3) 
and 133.1 ml/min (BA), respectively. The addition of cata-
lyst caused the waveform of CH4 generation to become nar-
rower. The generation rate of CH4 increased from 81.4 ml/
min (NS1) to 114 ml/min (NS2) and 115.7 ml/min (NS3). 
The peaks of H2 also became higher and sharper in both NS2 
and NS3 (Fig. 4b, c), the generation rate of H2 increased 
from 124.9 ml/min (NS1) to 218.9 ml/min and 148.4 ml/min 
in NS2 and NS3, respectively. In addition, the completion 
of CO and H2 generation was slightly delayed when catalyst 
was added, while CH4 shifted a little forward. According to 
the monitoring of gas evolution, it was found that the gasi-
fication reactions had mostly completed after 10 min. By 
optimizing the reaction and gas collection time, the dilution 
of the gasifying agents could be avoided. The fraction of 
combustible gases in the total gas could be enlarged and the 
heating value would be proportionally increased.

Effect of Additives on Sludge Gasification under O2/
CO2/H2O/N2 Atmosphere

According to the results of LHV and CGE in Table 4, the 
sludge gasification performed better under O2/CO2/H2O/
N2 atmosphere than under O2/CO2/N2 atmosphere in both 
with and without potassic additives. Moreover, the potassic 
additives, especially K2CO3, had obviously positive influ-
ence in the gasification under O2/CO2/H2O/N2 atmosphere. 
The addition of K2CO3 increased the CGE from 73.03 to 
87.98%. The ratio of combustible gases in produced gas 

(R1)K2CO3 + C → 2K + CO + CO2

(R2)2K + CO2 → K2O + CO

(R3)K2O + CO2 → K2CO3

Fig. 3   Effect of flue gas atmosphere and catalyst on a gas yield and b 
combustible gas fraction
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increased from 44.46 to 51.10% and the LHV of produced 
gas increased from 6.48 to 7.18 MJ/Nm3. The CO yield also 
significantly increased from 138.4 to 215.6 l/kg with addi-
tion of K2CO3, which accounted for 55.8%. The experimen-
tal results are similar to those of K2CO3 in lignite gasifica-
tion under steam atmosphere [30]. In contrast, BA additive 
only had a slightly positive effect on sludge gasification 
under O2/CO2/H2O/N2 atmosphere. The improvement in 
CGE and LHV were < 6%, indicating that BA might not 
be a suitable additive for gasification under flue gas with 
steam atmosphere. By considering different gasification 
atmosphere, the enhancement of CO generation catalyzed by 
K2CO3 under steam atmosphere (55.8% in WS2) is weaker 
than under steam-free atmosphere (82.7% in NS2). Under 
flue gas with steam atmosphere, the catalytic reactions of 
K2CO3 are as follows [31]:

(R4)K2CO3 + 2C → 2K + 3CO

(R5)2KOH + 2H2O → 2KOH + H2

(R6)2KOH + CO → K2CO3 + H2

(R7)2C + 2H2O → 2CO + 2H2

Combustible gas evolution profiles over a time period 
of sludge gasification under O2/CO2/H2O/N2 atmosphere 
are shown in Fig. 5. Compared with NS1–NS3 conditions, 
the gas generation was slightly delayed with the addition 
of steam. The highest generation rate of all gases could be 
found at around the 3rd min. When K2CO3 and BA were 
added, the peaks of curve notably shifted. With BA addi-
tive (WS3), the times of H2 and CO peaks occurred at the 
4th min instead of the initial 3rd min in WS1. The H2 gas 
had highest formation rate in all cases. The maximum gen-
eration rate of produced gases was ranked in the order of 
H2 > CO > CH4. The gas evolution profiles showed that the 
gasification reactions had completed after approximately 
12 min. Hence, the reaction time could be shortened from 
20 to 12 min to minimize the dilution effect from gasifying 
agents. The LHV of produced gas could consequently be 
increased to 11.96 MJ/Nm3 in the case of K2CO3 additive 
(WS2).

Composition of Tar from Gasification of Sewage 
Sludge under Different Model Flue Gas Atmospheres

The composition of tar from the gasification under two model 
flue gases, namely O2/CO2/N2 and O2/CO2/H2O/N2 with 

Fig. 4   Evolution rate curves of combustible gas products from sludge gasification under a NS1, b NS2, and c NS3
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different additives are listed in Table 5. The major components 
detected in all tars were the heavy-hydrocarbon with C10–C20. 
These were produced by the rupturing of aliphatic side chains 
non-aromatic rings which were then released as part of tar 
[32]. Three compounds, namely caprolactam (C6H11NO), tet-
radecane (C14H30), and octadecane (C18H38), were detected 
in all tar samples. The proportions of these three compounds 
were in a range of 34.85–63.92% of the total composition. Tet-
radecane (C14H30) was the main component in tar from most 
of the conditions, except WS3. In contrast, the dominant com-
pounds in tar from WS3 was hexadecane (33.88%) followed 
by azulene (14.84%). Hexadecane (C16H34) was the main 
component in tar from WS3, accounting for 33.9%, followed 
by azulene (14.8%) and dodecane (10.4%). Phenol was found 
only in tar from NS2 (11.81%) and WS1 (7.74%). Butylated 
hydroxytoluene and 1,2-bezenedicarboxylic acid were found 
only in tar from the conditions with addition of K2CO3 (NS2 
and WS2). In addition, it is noteworthy that cyclopentasiloxane 
(C10H30O5Si5) was found only in NS3 and WS3, which BA 
was added in the gasification. This compound may be formed 
by Si contained in BA.

Conclusions

In this study, K2CO3 and BA were added to sludge gasi-
fication process under model flue gas and the following 
results were obtained:

1.	 Under O2/CO2/N2 atmosphere, the combustible gas 
yields were in the range of 255.1–363.8 l/kg, and the 
dominant component was CO. LHV of produced gas 
was in a range of 3.07–3.79 MJ/Nm3, and CGE was in a 
range of 47.02–65.56%. Under O2/CO2/H2O/N2 atmos-
phere, the combustible gas yields were in the range of 
407.2–508.9  l/kg, the dominant component was H2. 
LHV of produced gas was in a range of 6.48–7.18 MJ/
Nm3 and CGE was in a range of 73.03%–87.98%. The 
potassic additives mainly promoted CO generation in 
both flue gas atmospheres.

2.	 Both K2CO3 and BA had more obvious catalytic effect 
under steam-free atmosphere (O2/CO2/N2) than the 
atmosphere with steam (O2/CO2/H2O/N2). Under O2/
CO2/N2 atmosphere, CGE increased by 39.4% and 
29.3% with the addition of K2CO3 and BA, respectively. 
While under O2/CO2/H2O/N2 atmosphere, BA only 
slightly improved the cold gas efficiency Therefore, BA 

Fig. 5   Evolution rate curves of combustible gas products from sludge gasification under a WS1, b WS2, and c WS3
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is not a suitable additive for the gasification under flue 
gas with steam.

3.	 Based on the combustible gas evolution profiles, the gas-
ification reactions had finished since the 10th–12th min 
of reaction time. The gasification process could be 
improved by setting a shorter reaction time to reduce 
the dilution from gasifying agents. LHV of the produced 
gas could be increased by nearly twofold. The maximum 
LHV of 11.96 MJ/Nm3 could be achieved with K2CO3 
additive under O2/CO2/H2O/N2 atmosphere.

4.	 Although the increase in percentage of CO generation 
in WS2 (55.8%) was lower than in NS2 (82.7%) but the 
volume of generated CO in WS2 (215.63 l/kg) was still 
higher than in NS2 (201.05 l/kg). Moreover, the yield of 
all combustible gases in WS2 were higher than in NS2, 
resulting in both higher LHV and CGE. By considering 
the results, gasification under flue gas with steam will 
give better performance than without steam.
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