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Abstract Biomass-based synthetic natural gas (Bio-

SNG) has attracted extensive attention in recent years. In

order to analyze the energy efficiency of Bio-SNG pro-

duction system, a simulation model of this system via

interconnected fluidized beds and fluidized bed methana-

tion reactor is built and validated. Then, the influences of

operating conditions and biomass categories on the energy

efficiency are studied. The results show that the Bio-SNG

production process can achieve energy efficiency higher

than 64 %. There exists an appropriate gasification tem-

perature (around 750 �C), gasification pressure (about

0.3 MPa), ratio of steam to biomass (ranging from 0.4 to

0.8), methanation temperature (around 350 �C), and pres-

sure (around 0.3 MPa) to maximize the energy efficiency.

With respect to the typical biomass, the highest energy

efficiency is found in sawdust, while the lowest is in rice

straw. After comparing with the hydrogen production and

diesel oil production from biomass, the Bio-SNG produc-

tion is more competitive in the energy efficiency.

Keywords Biomass � Synthetic natural gas �
Interconnected fluidized beds � Fluidized bed methanation

reactor � Energy efficiency

Abbreviations

ad Air dried basis

db Dry basis

HHV Higher heating value (kJ kg-1)

mM Mass flow rate of the produced methane (kg s-1)

mg Mass flow rate of biomass feedstock fed to the

gasifier (kg s-1)

mc Mass flow rate of biomass feedstock fed to the

combustor (kg s-1)

pg Gasification pressure

pm Methanation pressure

qM HHV of methane (kJ kg-1)

qbio HHV of biomass (kJ kg-1)

S/B Ratio of the mass flow rate of steam to biomass

Tg Gasification temperature

Tm Methanation temperature

W Total work consumption of the whole Biomass-to-

SNG system (kW)

g Energy efficiency

Introduction

Natural gas is one of the primary clean energy sources and

high-quality raw materials. The consumption of natural gas

is significantly increasing with the rapid growth of econ-

omy and population, making the supply of natural gas more

inadequate. As a result, biomass-based synthetic natural

gas (Bio-SNG) produced by thermo-chemical biomass

conversion (i.e., Biomass-to-SNG technology) has attracted

extensive attention in recent years. Through biomass

gasification process, the biomass is converted to bio-syngas

(CO and H2). Then, the bio-syngas enters the methanation

unit after proper cleaning and conditioning. Through
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methanation process, the bio-syngas is synthesized into

crude methane (Heyne et al. 2010; Dagle et al. 2007). Bio-

SNG is finally obtained through gas separating and

upgrading.

Researchers all over the world have done a great deal of

work around the Biomass-to-SNG technology (Kopyscin-

ski et al. 2010; Wu et al. 2013). For instance, the Energy

Research Center of the Netherlands developed the

MILENA technology combined with OLGA technology to

produce Bio-SNG and the gas yield reached 0.8 Nm3/

kgbiomass (Meijden 2010; Ahrenfeldt et al. 2010). In

Switzerland, Paul-Scherrer Institute (PSI) combined the

Fast Internally Circulating Fluidized Bed with the

isothermal fluidized bed methanation technology and the

gas yield was reported as high as 1 Nm3/kgbiomass (Meijden

2010). In the meanwhile, researchers also carried out

technical and economic analysis of the Biomass-to-SNG

system to assess the feasibility of this technology (Gassner

and Maréchal 2009; Vitasari et al. 2011; Felder and Dones

2007). For example, Jurašcı́k et al. (2010) conducted

exergy analysis of the conversion from biomass to syn-

thetic natural gas. The results showed that the gasifier, the

CH4 synthesis unit, and the CO2 capture unit have larger

exergy losses than other equipments of the system. The

overall exergetic efficiency of the whole process was

estimated to be 62.8–63.9 %. However in China, the rele-

vant research work on numerical analysis just started (Guo

et al. 2012), while experimental work has not been carried

out yet (Wu et al. 2013).

Method and objectives

In this paper, an energy efficiency analysis of Biomass-to-

SNG process using the interconnected fluidized beds (IFB)

and fluidized bed methanation reactor (FBMR) was carried

out to assess the whole system from the perspective of

energy costs and benefits. The whole process was set up

with Aspen Plus. Based on the minimization of Gibbs free

energy and the balance of energy and mass, the methane

yield was obtained. In the meanwhile, the energy inputs

from mechanical equipments such as pumps and fans were

also calculated. Finally, the energy efficiency under various

operating conditions was calculated.

The results of energy efficiency analysis will provide

theoretical reference for experimental study or investiga-

tion on Biomass-to-SNG technology.

Simulation model of Bio-SNG production system

The simulation model of Bio-SNG production system was

built by using Aspen Plus software. The whole model is

composed of four units, as shown in Fig. 1.

The biomass is first fed to the gasification unit, where

biomass is transformed into bio-syngas through thermo-

chemical conversion. The interconnected fluidized beds

(IFB) technology is adopted in this unit, which is composed

of a bubbling fluidized bed as a gasifier and a circulating

fluidized bed as a combustor. IFB can produce high quality

of bio-syngas and the bio-syngas from its gasifier is free of

N2. This is favorable to the later chemical reaction

(Basavaraj and Jayanti 2015). The modeling of the gasifi-

cation units uses the Gibbs free energy minimization

approach and chemical equilibrium model. In this case, the

product gas of biomass gasification includes H2, CO, CO2,

CH4, H2O, N2, H2S, NH3, COS, and SO2, and the solid

products are ash and unburnt carbon. Tar is not taken into

account at this moment. In unit (2), the bio-syngas cleaning

and conditioning model is used to remove SO2, NH3,

particles, and coke from the syngas (Johan Isaksson et al.

2014). Then, in unit (3), a methanation model is built to

synthesize the purified bio-syngas into methane in a flu-

idized bed methanation reactor (FBMR). The modeling of

the methanation unit via FBMR also uses the Gibbs free

energy minimization approach and chemical equilibrium

model, combined with the temperature correction

methodology. Finally, the crude methane enters the gas

separating and upgrading unit (4), where CO2 is separated

from the crude SNG by Selexol technology and the SNG is

compressed to the required pressure. Among these units,

units (2) and (4) are relatively mature and have some

successful applications in the industry. As a result, their

efficiencies are relatively unchangeable, and thus, the

highest efficiencies are chosen in this study and remain

constant in the discussion.

The main energy output of the system is the product of

methane, while its energy consumption is mainly from

biomass burning in the combustor and the power con-

sumption of the pumps and compressors.

Compared to the previous work, this simulation model

shows improvements in the following aspects:

1) Most of previous work paid more attention on the

gasification process under atmospheric pressure; the

present study focuses on pressurized gasifier and

analyzes the influence of gasification pressure on

energy efficiency.

2) A modified design program was used to calculate the

energy balance of the IFB, which can automatically

determine the exact mass flow rate of biomass and its

allocation to the gasifier and combustor of the IFB.

3) Since the biomass utilization scale has a certain limit

in terms of efficiency, the methanation pressure in

FBMR is set to be atmospheric pressure or slightly

higher. This is quite different from the coal gasifi-

cation pressure in conventional SNG production.
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The gasification unit and methanation unit have been

validated in the previous research work (Feng et al. 2013;

Song 2013). The simulation model of whole Bio-SNG

production process is validated by the comparison between

the simulation results and the reference data in Vitasari

et al. (2011). Under the condition that the gasification

temperature is 737 �C, the gasification pressure ranges

from 0.1 to 1.0 MPa, and the methanation pressure is

2 MPa, the composition of crude SNG is illustrated in

Table 1.

As shown in Table 1, the simulation results are nearly in

the same range as the reference data, which means that the

model in this study is correct and capable of energy effi-

ciency analysis.

Simulation inputs of Bio-SNG production process

using IFB and FBMR technologies

The biomass feedstock in the Biomass-to-SNG system via

IFB and FBMR is rice straw from Jiangsu province, China.

The proximate analysis of the straw and the ultimate

analysis of its biomass are listed in Table 2.

Besides rice straw, some typical kinds of biomass are

also listed in Table 2 for the later comparison.

The operating parameters of the Biomass-to-SNG sys-

tem using IFB and FBMR technologies are listed in

Table 3.

Results and discussion

Energy efficiency g is an important performance indicator

to assess the Biomass-to-SNG process from the perspective

of energetic cost-benefit, which is the ratio of the heat
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Fig. 1 Flow chart of Bio-SNG

production process using IFB

and FBMR technologies

Table 1 Comparison between reference data and simulation results

of Bio-SNG production process

Composition of crude

SNG (vol%, db)

Reference data

(Vitasari et al. 2011)

Simulation

results

CH4 84.84–85.64 81.21–87.4

CO2 7.72–7.92 6.33–7.81

CO 0.16–0.17 0.21–0.35

H2 6.49–7.06 2.02–6.80
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released from Bio-SNG burning to the input energy. g is

defined in the following formula:

g ¼ mMqM

ðmg þ mcÞqbio þW
� 100%; ð1Þ

where mM (kg s-1, db) is the mass flow rate of the pro-

duced methane, qM (kJ kg-1) is the higher heating value

(HHV) of methane, mg and mc are the mass flow rates

(kg s-1, db) of biomass feedstock fed to the gasifier and

combustor, qbio (kJ kg-1) is the HHV of biomass, and

W (kW) is the total work consumption of the whole Bio-

mass-to-SNG process.

Higher energy efficiency means more energy benefit is

gained out of the same energy cost. The operation condi-

tions and biomass categories may have significant influ-

ences on energy efficiency.

For the convenience of discussion, the following reac-

tions need to be considered in the IFB system. The reac-

tions in the gasifier include the following (Lasa et al. 2011;

Kumar et al. 2009):

Cþ H2O $ COþ H2 þ 130:4 kJ=mol ðR1Þ
COþ H2O $ CO2 þ H2 � 42:2 kJ=mol ðR2Þ
Cþ CO2 $ 2COþ 172:6 kJ=mol ðR3Þ
Cþ 2H2 $ CH4 � 74:9 kJ=mol ðR4Þ
CH4 þ H2O $ COþ 3H2 þ 205:3 kJ=mol: ðR5Þ

The reactions in the combustor include the following:

Cþ O2 $ CO2 � 394:5 kJ=mol ðR6Þ
COþ 1=2O2 $ CO� 111:5 kJ=mol: ðR7Þ

The methanation reactions taking place in the FBMR

include the following (Kopyscinski et al. 2011):

COþ 3H2 $ CH4 þ H2O� 206 kJ=mol ðR8Þ
CO2 þ 4H2 $ CH4 þ 2H2O� 165 kJ=mol ðR9Þ
COþ 3H2O $ CO2 þ H2 � 42:2 kJ=mol ðR10Þ
CH4 $ Cþ 2H2 þ 74:9 kJ=mol ðR11Þ
2CO $ CO2 þ C� 172:5 kJ=mol ðR12Þ
COþ H2 $ Cþ H2O� 175:3 kJ=mol: ðR13Þ

Influence of operating conditions on energy

efficiency

The energy efficiency may be affected by the operating

conditions of the four units shown in Fig. 1. However, in

this paper, efforts will be focused on the influences of the

operating conditions of IFB biomass gasification system

and the FBMR unit, since the other two units are techni-

cally mature and the energy consumption is relatively

constant. Figures 2, 3, and 4 illustrate the effects of oper-

ating conditions on the energy efficiency of the whole

Biomass-to-SNG process.

As shown in Fig. 2, in the case of pg = 0.1 MPa,

pm = 0.3 MPa, and Tm = 350 �C, the Bio-SNG produc-

tion system using IFB and FBMR technologies can reach

high energy efficiencies (g) and the maximum g is larger

than 64 %. In the meanwhile, the ratio of steam to biomass

(S/B) and gasification temperature (Tg) have great influ-

ences on the energy efficiency. At relatively lower gasifi-

cation temperature (Tg\ 900 �C), with the rise of S/B, the

energy efficiency increases firstly and then decreases

slowly, which means there exists an optimal S/B with

respect to the highest energy efficiency. This is because

larger S/B means more steam is involved in the gasification

process and the reactions R1, R2, and R5 are more thor-

ough. Therefore, more bio-syngas is produced in the

gasifier, which further promotes the methane production in

the later FBMR and thus leads to higher energy efficiency.

Table 2 Proximate analysis

and ultimate analysis of typical

biomass (Song 2013)

Biomass Proximate analysis (wt%, ad) Ultimate analysis (wt%, ad) HHV (MJ/kg, db)

M VM FC A C H O N S

Wheat straw 8.61 64.98 17.91 8.50 36.57 4.91 40.70 0.57 0.14 15.52

Rice straw 9.10 63.69 16.75 1.46 35.37 4.82 39.15 0.96 0.14 15.14

Corn stalk 9.36 70.74 16.75 3.15 39.24 4.92 42.40 0.81 0.12 16.60

Sawdust 7.89 75.78 14.77 1.56 40.06 5.61 43.88 0.90 0.10 17.39

Table 3 Simulation inputs of Biomass-to-SNG process

Inputs Value

Room temperature 25 �C
Biomass flow rate of gasifier 35 t/h

Air inlet temperature 20 �C
Excess air coefficient of combustor 1.5

Flue gas temperature of combustor outlet 150 �C
Combustor temperature 700–1000 �C
Gasification temperature 650–950 �C
Gasification pressure 0.1–0.3 MPa

Methanation temperature 200–500 �C
Methanation pressure 0.1–0.5 MPa
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However, excessive amount of steam means more biomass

needs to be supplied to the combustor to meet the heat

requirement of the steam vaporization. This may cause

negative impact on the energy efficiency, and finally g
decreases accordingly. In the meantime, at relatively high

gasification temperature (Tg[ 900 �C), it can be seen that

the energy efficiency decreases with the increase of S/

B. This is because higher Tg means more biomass should be

supplied to the combustor and the energy benefits from

larger S/B are less than the energy cost from biomass

burning. This also explains why lower gasification tem-

perature improves the energy efficiency, as can be seen in

Fig. 2.

Figure 2 also shows the effects of the gasification tem-

perature Tg on the energy efficiency. At relatively lower

S/B, higher gasification temperature enhances the energy

efficiency, while at larger S/B, the situation is reverse. This

is because higher gasification temperature leads to more

thorough gasification reactions of R1, R3, and R5, and thus

the following yields of the methane increase. However, too

high gasification temperature means more biomass needs to

be burnt in the combustor to maintain the reaction tem-

perature, and therefore, the energy efficiency declines with

the influence of larger S/B.

Figure 3 shows the influence of S/B on the energy effi-

ciency g under different gasification pressures pg. With the

rise of S/B, the energy efficiency increases firstly and then

decreases. The reason is the same as the explanation stated

in last paragraph. What is more, the gasification pressure pg
also has significant influence on the energy efficiency as

shown in Fig. 3. Higher gasification pressure is beneficial

to the energy efficiency at the same S/B, especially when S/

B is larger than 0.4. This is because higher gasification

pressure promotes the bio-syngas production and the

heating value of methane (Zyryanova et al. 2011), which

exceeds the energy input from power consumption of

pumps and compressors caused by gasification pressure

rise. However, the differences between the values of

energy efficiency under different gasification pressures are

reduced with the rise of S/B due to more biomass con-

sumption at larger S/B as stated above.

Figure 4 shows the influence of the operating conditions

of methanation reactor (methanation pressure pm and

methanation temperature Tm) on the energy efficiency. In

the case that the gasification temperature (Tg), gasification

pressure (pg), and S/B are 750 �C, 0.1 MPa and 0.4,

respectively, the energy efficiency (g) decreases with the

rise of methanation pressure pm at different methanation
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Fig. 2 Influence of S/B on the energy efficiency at different

gasification temperatures (pg = 0.1 MPa, pm = 0.3 MPa,

Tm = 350 �C)
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Fig. 3 Influence of S/B on the energy efficiency under different

gasification pressures (Tg = 750 �C, pm = 0.3 MPa, Tm = 350 �C)
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temperatures Tm. In the meanwhile, under the same

methanation pressure, the energy efficiency increases with

the rise of methanation temperature. Since the methanation

reactions R8 and R9 are exothermic and volumetric, lower

reaction temperature and higher pressure favor the methane

yields. However, by taking the light-off temperature of the

catalysts into account, the methanation temperature must

retain certain value for better catalytic activity. In this

sense, suitable reaction temperature within the limits of

catalysts deactivation temperature can guarantee the yield

of methane and thus increase the energy efficiency of the

whole system. Similarly, higher methanation pressure may

cause the methane yield to increase. However, this also

means more power is consumed in the system, which

exceeds the energy output from methane yield increase and

thus results in the decline of energy efficiency.

Influence of biomass categories

Figure 5 shows the influence of different kinds of biomass

on the energy efficiency of the Bio-SNG production sys-

tem. Under the specified operating condition, the energy

efficiency (g) varies significantly among different biomass.

The energy efficiency from sawdust is the highest at

72.52 %, while the rice straw has the lowest energy effi-

ciency of 61.34 %. This is because at the same biomass

input of gasifier, more bio-syngas from sawdust gasifica-

tion process is produced since the volatile matter in the

sawdust is more than that of other biomass. Therefore,

more methane is generated in the FBMR unit.

Comparison of energy efficiency between Bio-SNG

production and some biomass-based fuels

Besides Bio-SNG, some fuels can be produced from bio-

mass, such as hydrogen production based on the biomass

gasification. A high-quality liquid transportation fuel also

can be acquired through the biomass-to-liquid technology

via biomass gasification and Fischer–Tropsch synthesis

(Mohamed et al. 2014). The energy efficiency of Bio-SNG

production is compared to that of hydrogen production and

liquid fuel and the result is shown in Table 4.

As indicated in Table 4, the Bio-SNG production from

IFB and FBMR technologies can achieve the highest

energy efficiency than the other two typical fuels, i.e.,

hydrogen and diesel oil, which are both considered

promising way to utilize the biomass residuals. As a result,

the Bio-SNG production shows greater advantage than the

other biomass-based fuels from the perspective of energy

efficiency.

Conclusions

A simulation model of the Bio-SNG production process

using IFB and FBMR technologies is proposed and built.

Then, an energy efficiency analysis of the whole process is

conducted and the influences of operating conditions and

biomass categories are analyzed. Finally, three typical

biomass-based fuels are compared from the point of energy

efficiency.

The results show that Bio-SNG production process using

IFB and FBMR technologies can achieve energy efficiency

higher than 64 %, which is higher than that of the hydrogen

production and diesel oil production from biomass.

In regard to the highest energy efficiency, there exists an

optimal gasification temperature, pressure, and S/B. Higher

methanation temperature favors the energy efficiency, but

higher methanation pressure causes the efficiency to
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Fig. 5 Influence of biomass categories on the energy efficiency (Tg =

750 �C, pg = 0.1 MPa, S/B = 0.4, Tm = 350 �C, pm = 0.3 MPa)

Table 4 Comparison of energy efficiency among typical biomass-based fuels

Highest energy

efficiency (%)

Description

Bio-SNG production 64.79 Using IFB and FBMR technologies to produce Bio-SNG

Hydrogen production Cohce et al. (2011) 22.0 Using novel gasifier and PSA process for the purification of syngas

Liquid transportation fuel production

Manganaro et al. (2011)

42.1 Using the autothermal reforming (ATR) to syngas and Fischer–Tropsch

(FT) synthesis to diesel oil
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decline. With respect to the typical types of biomass,

sawdust has the highest energy efficiency, while rice straw

has the lowest.

In summary, Bio-SNG production has more advantages

in energy efficiency. The recommended operating condi-

tions are as follows: gasification temperature is around

750 �C, gasification pressure is about 0.3 MPa, S/B is in

the range of 0.4–0.8, the methanation temperature is about

350 �C, and the methanation pressure is around 0.3 MPa.
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