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ABSTRACT 

Biomass Chemical Looping Gasification is a novel technology allowing high quality syngas 

production at autothermal conditions without CO2 emissions to the atmosphere and low tar 

generation. This work compiles gasification results corresponding to 38 hours of continuous 

operation in a 1.5 kWth unit using pine wood as fuel and a synthetic Fe-based oxygen carrier, 

Fe20Al. The main operating conditions such as temperature (T=820-940 ºC), steam-to-biomass ratio 

(S/B=0.05-0.6), and oxygen-to-biomass ratio (=0.2-0.6) were analyzed at steady state conditions 

using a novel method for controlling oxygen in the process. A syngas composed by 37% H2, 21% 

CO, 34% CO2 and 7% CH4, and tars below 2 g/Nm3 could be obtained at autothermal conditions, 

leading to a syngas yield of 0.8 Nm3/kg dry biomass and a cold gasification efficiency of 68%. The 

material maintained a high reactivity although some Fe lost was observed.
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1. INTRODUCTION.  

The Paris Agreement set the limit of 2ºC as maximum increase of global temperature average 

regarding the pre-industrial levels, and proposed further efforts to keep it in 1.5ºC in order to reduce 

the effects of Climate Change. In addition to power plants and industries, the transport sector 
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(terrestrial and aviation) is responsible of almost one quarter of CO2 emissions, the major contributor 

to global warming, accounting for 8040 MT CO2 in 2017 (IEA, 2019a). To reduce both CO2

emissions and fossil fuels dependence, the research on renewable alternatives has been accelerated in 

the last years. It has to be considered that “transport biofuel consumption needs to almost triple by 

2030 (to 298 Mtoe) to be on track with the Sustainable Development Scenario (SDS)” (IEA, 2019b). 

However, global biofuel production is not increasing quickly enough due to both economic and 

technical reasons. A techno-economic comparison of the different pathways for the thermochemical 

biofuel production can be found in the work of Brown (2015). Among the possible options, 

gasification is one of the most suitable processes for biomass-to-liquid (BTL) production, normally 

through the use of a Fischer-Tropsch, FT, process (Kim et al., 2013). A well-to-wake analysis carried 

out by Han et al. (2013) revealed that relevant GHG emission reductions (up to 89%) can be 

achieved using renewable FT fuels in comparison with petroleum. They also indicated the 

importance of carbon capture and storage options in reaching those values. 

The synthesis gas obtained using pure oxygen and steam has the best characteristics to be used in a 

FT process, but oxygen production is expensive. In addition, the high sensitivity of FT catalysts to 

contaminants (mainly tars and S, Cl, and N compounds) makes necessary the introduction of a 

syngas cleaning section (Kim et al., 2013). Biomass Chemical Looping Gasification (BCLG) has 

emerged during last years as a novel technology that could solve many of those problems for current 

biomass gasification (Wei 2015a; Ge et al., 2015; Shen et al., 2018; Mendiara et al., 2018a; Lin et al., 

2020). The process shares the same principles as the Chemical Looping Combustion (CLC), but 

using partial oxidation of fuel for syngas production instead of complete oxidation required in CLC. 

BCLG uses a solid oxygen carrier which transfers oxygen between two interconnected fluidized bed 

reactors, the fuel and air reactors. In the fuel reactor, FR, oxygen carrier reduction takes place by 

reaction with the gaseous products obtained during biomass devolatilization and char gasification. 

The heat required for the endothermic reactions producing syngas is given by the partial combustion 
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of the biomass and by the hot solids coming at high temperature from the air reactor. In addition, 

oxygen carrier is able to react with tars generated and even can act as a catalyst for tar reforming. In 

this way, high purity (non-diluted in N2) and clean syngas can be produced at the outlet of the fuel 

reactor at autothermal operation without CO2 emissions to the atmosphere, and avoiding the need of 

expensive gaseous oxygen produced in an ASU plant. In the air reactor, AR, oxygen carrier is 

regenerated in contact with the oxygen present in air, producing heat owing to the exothermic 

character of oxidation reactions. 

Regarding oxygen carriers, most of the studies have shown that Fe based materials seems to be 

adequate for BCLG since they have demonstrated good mechanical properties, stable reactivity 

through redox cycles and no evidence of agglomeration or sintering under usual operating 

conditions. Low-cost materials, especially natural hematite, represent an attractive option because of 

its abundance, low price and environmental compatibility (Huang et al., 2013; Ge et al., 2016). In 

contrast, synthetic materials could have improved properties although at higher cost. Some previous 

works include the use of pure Fe2O3 (Huang et al., 2015; Hu et al., 2017; Xu et al., 2018) or 

supported on an inert high-temperature material, which can significantly improve the reactivity, 

durability and lifetime of oxygen carrier (Hu et al., 2018). The preferred support for the preparation 

of these materials has been Al2O3 (Huseyin et al., 2014; Wei et al., 2015a; Hu et al., 2019a; Hu et al.,

2019b).  The use of bimetallic compounds such as Fe-Ni (Huang et al., 2017), Fe-Ni-Al (Wei et al., 

2017), Fe-Cu (Niu et al., 2018; Shen et al., 2018) and Fe-CaO (Wu et al., 2018) has been also 

proposed. 

Most of the above works were carried out in batch reactors but operation in continuous units is still 

scarce. Huseyin et al. (2014) and Wei et al. (2015a) assessed the behaviour of synthetic Fe2O3/Al2O3 

as oxygen carrier in a 10 kWth CLG unit using pine sawdust as fuel. Initially they carried out an 

analysis of the effects of different temperatures and feeding rates for 20 hours and later they carried 

out a 60 h long term test where the conditions were maintained constant. In other work, Wei et al. 
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(2015b) used Fe2O3/NiO bimetallic oxygen carriers to improve the gasification efficiency and the 

CO and H2 composition with respect to the results obtained previously with the Fe2O3/Al2O3 

material. Ge et al. (2015) evaluated the behaviour of different oxygen carriers based on Ni in a 25 

kWth CLG unit using rice husk as fuel. The syngas quality was improved using a CaO-decorated 

NiO/Al2O3 oxygen carrier. Later, Ge et al. (2016) used natural hematite mixed with silica sand as 

oxygen carrier in the same 25 kWth CLG unit. Shen et al. (2018) used natural hematite to investigate 

the CLG performance of coal in a 5 kWth unit. They used a two-stage-based circulating bed in the 

fuel reactor to increase the residence time of the oxygen carriers and therefore improve the 

gasification efficiency.  

Although several goals have been reached during last years, relevant aspects of the BCLG 

technology are still unsolved. Some of them include the way to control the lattice oxygen used in the 

syngas production, the syngas composition obtained at autothermal operation, the finding of relevant 

gasification data at steady state operation and the determination of the tar production at different 

operating conditions. In addition, oxygen carrier is a key issue in any Chemical Looping process. 

The experience acquired in the development of oxygen carriers for CLC could be very useful 

although the use of these materials in CLG processes is still a challenge. It is likely that more 

reducing conditions in the fuel reactor in comparison to CLC will lead to a different materials 

performance. In this sense, ICB-CSIC has proven experience on the development of oxygen carriers. 

A promising synthetic material based on iron, Fe20Al, has been satisfactorily used in CLC 

continuous units for combustion of different fuels including natural gas (Cabello et al., 2014a), acid 

(García-Labiano et al., 2014) and sour gas  (de Diego et al., 2014), liquid fuels, or even solid sulphur. 

The objective of this work was to assess the optimal operation parameters when a synthetic iron 

based oxygen carrier, Fe20-Al, is used in a 1.5 kWth BCLG continuous unit. The effect of 

gasification temperature, steam-to-biomass ratio (S/B) and oxygen-to-biomass ratio () were 

analyzed during pine sawdust biomass gasification. A qualitative and quantitative analysis of tar 
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produced in gasification was carried out at different operating conditions. Characterization of the 

oxygen carrier was done to analyze the variation of their properties with operating time.  

2. EXPERIMENTAL 

2.1. Materials and characterization techniques  

A forestry residue, pine sawdust, from the locality of Ansó (Spain) was used as fuel. The biomass 

was crushed and sieved to obtain particles in the range 0.5-2.0 mm. The proximate analysis in dry 

basis includes 0.4 wt% ash (EN 14775), 84.1 wt% volatile matter (EN 15148), and 15.6 wt% fixed 

carbon.  The ultimate analysis in dry basis, determined in a Thermo Flash 1112, consisted of 53.6 

wt% C, 6.1 wt% H, 0.1 wt% N, 0.0 wt% S, 40.2 wt% O (by difference). The low heating value of the 

pine was 19309 kJ/kg.  

A batch of synthetic oxygen carrier, Fe20-Al, containing 20 wt.% Fe2O3 on γ-alumina, was 

prepared by the hot incipient wetness impregnation method. The main characteristics of the material 

were the following: particle size, dp=100-300 mm; skeletal density, = 3950 kg/m3; porosity, 

=50.5%. More details about the oxygen carrier preparation, characterization and kinetic data can be 

found elsewhere (Cabello et al., 2014b). 

A Bruker D8 Advance polycrystalline powder X-ray diffractometer (XRD) was used to carry out 

qualitative and quantitative analyses of crystalline phases that integrate the oxygen carrier in its 

reduced and oxidized forms. XRD analysis showed that this oxygen carrier has a special feature

derived from the support used in the preparation. In fact, XRD analysis detected the presence of 

Fe2O3 and -Al2O3 in the fresh oxidized particles. However, the spinel FeAl2O4 was the reduced 

stable specie since the presence of H2O and CO2 in the reacting atmosphere prevented FeO or Fe 

formation. Considering therefore the pair Fe2O3·(Al2O3)-FeAl2O4 as the active iron compounds

during redox reactions, an oxygen transport capacity, Ro,OC, of 2.0% was inferred. 

Microstructural analyses of the fresh and used oxygen carrier particles were carried out in a Scanning 

electron microscope Hitachi S-3400 N variable pressure microscope of up to 270 Pa with the energy-
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dispersive X-ray Röntec XFlash of Si (Li) analyser (SEM-EDX). The dispersion of the different 

components (Fe, Al, O) throughout a cut of the particles was also determined. The internal view of 

the particles was determined after being embedded in epoxy resin, polished and cut. 

Inductively plasma atomic emission spectroscopy (ICP-AES) analysis were carried out in a Jobin 

Ybon 2000 spectrometer to assess the Fe content in the after used oxygen carrier and also in the fine 

particles elutriated from the CLG unit.

2.2. Chemical looping gasification unit at ICB-CSIC 

The biomass gasification study was carried out in a 1.5 kWth continuous unit whose scheme is shown 

in Figure 1. The unit consists of two bubbling fluidized bed reactors interconnected through loop 

seals to avoid gas mixing between fuel and air. Electrical furnaces were used to control the 

temperature inside reactors. A steam flow of 130 lN/h was introduced as gasification agent in the 

fuel reactor (0.05 m i.d) and a N2 flow of 60 lN/h was introduced in the loop seal (0.03 m i.d). 

Different mixtures of air and N2 for a total flow of 2100 lN/h were fed into the air reactor (0.08 m 

i.d.). With this method for controlling oxygen, the gas velocity in the air reactor and the solids 

circulation rate (30 kg/h kW) were maintained constant for the different oxygen-to-fuel ratios. The 

use of the same fluid-dynamic conditions allowed a better comparison among the different tests. 

Further description about the design and operation of the unit can be found elsewhere (Mendiara et 

al., 2018b).  

A part of the syngas produced in the fuel reactor was sent for tar recovery and syngas analysis and 

the rest stream was burnt with O2 in an external reactor. The analysis of the exhausted gases and 

oxygen consumption were used for the mass balances.  Clean stream composition from the fuel and 

air reactors were measured in several on-line analyzers. CO2, CH4 and CO were analyzed in non-

dispersive infrared analyzers (Siemens Ultramat 23). H2 concentration was measured using a thermal 

conductivity detector (Siemens Calomat 6), and paramagnetic analyzers were used for measuring O2
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concentrations (Siemens Ultramat-Oxymat 6). In addition, C1-C4 hydrocarbons were determined off-

line in a gas chromatograph (Perkin Elmer CLARUS 580) through gas samples taken from the unit. 

Tar recovery was carried out following the recommendations of the European tar protocol (Simell et 

al., 2000). Water content was determined by Karl-Fischer titration in a Mitsubishi Karl-Fischer 

titrator KF-31. Tars were quantified in a Gas Chromatograph coupled to a Mass Spectrometer

(Shimadzu GC-2010 Plus + GCMS – QP2020) using three standards for calibration: Benzene 99.8% 

purity, Naphthalene 99%+ purity and EPA 525 PAH MIX-A certified reference material that 

contains a total of 13 analytes (500 μg/mL each component in dichloromethane). Furthermore, 

standard solution of four different concentration levels by suitable dilutions of the standard reference 

were prepared to implement the calibration.

2.2.1. Operation 

To carry out the tests, the pilot unit was loaded with 1.8 kg of Fe20-Al oxygen carrier and it was 

heated in air at 900 ºC. The oxygen carrier was circulated for a period of 6 hours to clean it from 

fines and to obtain a homogeneous batch of particles. After that, the required oxygen concentration 

for syngas production was fixed in the air reactor mixing N2 and air, and steam and biomass were fed 

to the fuel reactor. However, although defect of oxygen was introduced in the air reactor (sub-

stoichiometric conditions, <1), the lattice oxygen present in the fresh oxygen carrier was high 

enough to burn the biomass, similarly to the happening in the in situ gasification Chemical Looping 

Combustion (iG-CLC) process, giving mostly CO2 and H2O as final products. Later, these 

concentrations decreased gradually meanwhile the CO and H2 concentrations began to increase until 

reaching stable gas composition in the fuel reactor. In contrast, the oxygen concentration quickly 

decreased in the air reactor when the biomass was fed, obtaining pure N2 at the gas outlet stream. In 

this way, the oxygen carrier suffered repeated redox cycles during its stay in the system although 

always in highly reduced conditions in both reactors. Once reached a stable gas composition, the 

steady state conditions were maintained for at least 90 minutes in each test. Samples of oxygen 
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carrier were regularly taken from the fuel and air reactors to analyze the behavior of the material at 

each specific condition and along the operation time. N2 atmosphere was used to avoid oxidation of 

the oxygen carrier during cooling and heating periods taking place at the end and beginning of the 

consecutive operation days.  

2.3 Reactions  

Multiple gas-solid reactions can occur in BCLG processes. Biomass devolatilization is the first step 

taking place when the biomass is fed into the fuel reactor (R1). After that, the carbon present in the 

char can react with the gasifying agents, H2O (R2) or CO2 (R3) producing CO and H2. The gaseous 

products generated during biomass devolatilization and gasification can react with the oxygen carrier 

for the total combustion, (R4)-(R6), or for partial oxidation, (R7). The extent of those reactions 

depends on the available lattice oxygen. Other gas-gas reactions that can take place are the methane 

or light hydrocarbons (CxHy) reforming with H2O or CO2, (R8)-(R9), or the water gas shift, (R10), 

which can be catalyzed by the iron compounds present in the bed. Some potential reactions of tar

(CnHm) have been reported in the literature (Lind et al. 2011; Huseyin et al., 2014; Shen and 

Yoshikawa, 2013), the most relevant being tar cracking (R11), tar reforming (R12) due to the 

catalytic effect of the iron compounds in the fluidized bed, or even tar combustion with lattice 

oxygen from the oxygen carrier, (R13).

biomass  char + tar + gases (H2O, CO2, H2, CO, CH4, CxHy) ΔH298K>0 (R1) 

C + H2O CO + H2  ΔH298K= 131.3 kJ/mol (R2) 

C + CO2 2CO ΔH298K= 172.4 kJ/mol (R3) 

4 Fe2O3 + 8 γ-Al2O3 + CH4 (CxHy) 8 FeAl2O4 +2 H2O+ CO2 ΔH298K =-62.3 kJ/mol (R4)

Fe2O3 + 2 γ-Al2O3 +H2 2 FeAl2O4 + H2O  ΔH298K =-56.8 kJ/mol (R5)

Fe2O3 + 2 γ-Al2O3 +CO  2 FeAl2O4 + CO2  ΔH298K =-98.0 kJ/mol (R6)

Fe2O3+2 γ-Al2O3+CH4 (CxHy) 2 FeAl2O4 + CO +2 H2 ΔH298K=149.3 kJ/mol (R7)

CH4 (CxHy )+ H2O CO +3 H2 ΔH298K= 206.1 kJ/mol (R8)
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CH4 (CxHy)+ CO2 2 CO + 2 H2 ΔH298K =247.3 kJ/mol (R9) 

CO + H2O  CO2 + H2 ΔH298K= -41.1 kJ/mol (R10) 

CnH2n+2  Cn-1H2(n-1) + CH4 ΔH298K >0 (R11) 

CnHm + H2O/CO2 CO + H2 ΔH298K >0 (R12) 

CnHm +(2n+m/2) Fe2O3 +  2(2n+m/2) γ-Al2O3  2(2n+m/2) FeAl2O4 + m/2 H2O+ nCO2

ΔH298 K<0 (R13) 

The reduced oxygen carrier produced by the above reactions is sent to the air reactor for 

regeneration, (R14). In addition, char passing together with the oxygen carrier is burnt to CO2, 

decreasing the efficiency of the carbon conversion in the system.  

4 FeAl2O4+ O2  2 Fe2O3 + 4 Al2O3 ΔH298K =-370 kJ/mol (R14) 

C + O2 CO2 ΔH298K =-393.5 kJ/mol  (R15)  

2.4 Data evaluation 

The main operating parameters affecting the BCLG process are the fuel reactor temperature, the 

steam-to-biomass (S/B) ratio, and the oxygen-to-fuel ratio. This last ratio, , is defined as the amount 

of oxygen fed into the air reactor with regard to the stoichiometric oxygen necessary for complete 

combustion of the biomass. =1 is the theoretical stoichiometric oxygen necessary to obtain 

complete combustion of the biomass to CO2 and H2O. Therefore,  values lower than 1 must be used 

for the BCLG process. 

O2,AR,in

b b

2F
F

 


 (1) 

where FO2,AR,in is the flow of O2 fed into the air reactor (mol/h), Fb is the flow of biomass fed into the 

system (kg/h), and b is the oxygen demand for the full combustion of the biomass (mol O/kg 

biomass). This last parameter was calculated considering the elemental composition of the biomass. 

32 16 32 1000
12 2 32 16

=     
 

b C H S Ox x x x  (2) 
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where xi is the fraction of component i in the biomass, and took a value of b= 95.3 mol O/kg 

biomass.  

The performance of the BCLG unit was evaluated based on the following parameters:  

- Biomass conversion, Xb., is a measurement of the amount of solid fuel converted to gas in the 

BCLG unit, both in the fuel and air reactors. Note that carbon not present in gaseous compounds is 

considered lost by elutriation (FC,elut).   

2 4 2 ,, , , , , , ,

, ,

F
= 1000

12

          
x yCO CO CH C H CO AR outC FR out C AR out FR out C b C elut

b
C b C b

b C

F F F xF FF F F
X

F FF x
  (3) 

- Carbon conversion efficiency, CC, represents the fraction of the carbon converted to gas in the fuel 

reactor with respect to the total carbon converted to gas in the whole unit. 

, ,

, , , ,

=
F 

C FR out
CC

C FR out C AR out

F
F

  (4) 

-Syngas yield, Y, indicates the amount of H2 and CO produced over the biomass fed into the system 

(Nm3/kg).  

2
2HY=Y Y

F F
   CO

H CO
b b

G G        (5) 

where GH2 and GCO are the flowrates of H2 and CO (Nm3/h) leaving the fuel reactor. From these 

values is also possible to determine the H2/CO ratio obtained during the BCLG process.

- Cold gas efficiency, ƞg or ƞg
*
. The first one represents the fraction of chemical energy contained in 

the syngas over the total energy contained in the biomass, and the second one represents the fraction 

of chemical energy contained in the syngas over the total energy coming from the transformed 

biomass, i.e. non considering the carbon lost by elutriation. 

, , .100
.

g FR out g
g

b b

F
LHV

.LHV  
=

F
     (6) 

, ,*

,

.100
.

.LHV  
=

F  g

g FR out g
o

b b C elut C

F
LHV F H

  (7) 
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where Fg,FRout is the molar flow rate of the gas obtained at the fuel reactor outlet (kmol/h), LHVg is 

the low heating value of the produced gas (kJ/mol), LHVb is the low heating value of the biomass 

(kJ/kg), and ΔH0
c is the CO2 enthalpy formation. 

3. RESULTS AND DISCUSION 

In this work a total of 13 tests under BCLG conditions were carried out to accomplish for a total of 

38 hours of continuous biomass gasification (52 hours circulating at hot conditions) in a 1.5 kWth

continuous unit. The experimental tests were designed to cover the typical ranges of the most 

relevant operating conditions in BCLG, including the gasification temperature (820-940 ºC), steam 

to biomass ratio (0.05-0.6), and oxygen to biomass ratio (0.2-0.6). Table 1 shows a summary of the 

experimental conditions used and the results obtained in the tests. It is noteworthy that the method 

used in this work for controlling the lattice oxygen used for syngas production allowed analyses of 

the effect of the different operating parameters in an independent way since it was possible to 

maintain the same fluid-dynamic conditions in the CLG unit for the different operating conditions 

analyzed. 

3.1 Evaluation of operational conditions 

3.1.1 Effect of oxygen-to-fuel ratio, λ

One of the most relevant operating parameters affecting the gasification process is the amount of 

oxygen used for converting a given amount of solid fuel, that is, the oxygen-to-fuel ratio. In this 

work the oxygen-to-fuel ratio was fixed by controlling the oxygen fed to the air reactor, which was 

transferred by the oxygen carrier to the fuel reactor. With this method, the total gas flow in the air 

reactor, the solids circulation rate and the biomass fed were maintained constant for the different 

oxygen-to-fuel ratios. This represented a relevant advantage with respect to other methods used for 

oxygen control since the fluid-dynamic conditions were kept constant allowing a better comparison 

among tests. Oxygen-to-fuel ratios, , ranging from 0.2 to 0.6 were used.  
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Figure 2 shows the effect of the oxygen-to-fuel ratio on the gas composition at the outlet of the fuel 

reactor and on the gasification parameters at TFR=940 ºC and S/B=0.6. It is seen that an increase in 

values from 0.2 to 0.58 produced an increase in the CO2 concentration from 27% to 58% (and also in 

H2O) and a decrease in the H2 (from 43.0% to 22.6%) and CO (from 21.5 to 12.0%) concentrations. 

This was a consequence of the higher lattice oxygen available for reaction inside the fuel reactor, 

increasing the contribution of combustion reactions, (R4)-(R6).  

It is remarkable the high amount of CH4 found during gasification with values about 7%, although 

was lower than that found in other works at similar conditions where values up to 10% were usual. 

Small amounts of C2-C3 hydrocarbons, ≈0.5%, also appeared in all the operating conditions. In 

contrast to the happening with the CO and H2 concentrations, the CH4 and C2-C3 concentrations 

remained almost constant at all  values. A possible reason for this fact could be the bad contact 

between the oxygen carrier and the devolatilization gases because the fuel reactor operated under 

bubbling regime. In this sense, it would be expected that the use of circulating fluidized beds in 

higher scale CLG units will produce a decrease in the amount of these hydrocarbons in the syngas by

improving the contact solid-gas inside the reactor and by increasing the residence time of the gases in 

the fuel reactor. 

Figure 2b shows the effect of the oxygen-to-fuel ratio on the different gasification parameters. It can 

be observed that very high carbon conversion efficiencies, cc>95%, were obtained at all conditions. 

It is also seen a high increase in the fuel conversion, Xb, as a function of λ, reaching values near 

100% at. The improvement in the fuel conversion was the result of the reduction of char 

elutriated through the fuel reactor cyclone. As no significant changes occurred in carbon conversion, 

it is suggested that high oxidized oxygen carrier promoted char gasification in the fuel reactor 

avoiding its elutriation through cyclone.  

Obviously, syngas yield, Y, and as a consequence cold gasification efficiency, g, decreased with 

increasing the oxygen-to-fuel ratio, . In the λ range from 0.21 to 0.58 (TFR=940ºC, S/B=0.6), values 
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of Y ranged from 0.94 Nm3/kg to 0.45 Nm3/kg and values of g from 79.1% to 44.4%. It is 

remarkable the tendency of the cold gas efficiency when no elutriated particles were considered. In 

this case, the g* parameter decreased from 92.0% to 45.1%, almost the value of g when all the 

biomass is converted into gas (Xb close to 100%). This means that higher cold gas efficiency could 

be obtained in those units with full char conversion.  

Through a simple heat balance using the typical gas compositions found in this work and assuming 

the preheating of gas flowrate fed to the fuel and air reactors by harnessing the energy contained in 

exit gases of both reactors through heat exchangers, it was estimated that a value of  around 0.3 

would be necessary to reach autothermal operation in the BCLG process. Therefore, a syngas 

composed by about 37% H2, 21% CO, 34% CO2, 7% CH4, and 0.4 C2-C3, could be obtained. This 

would represent a syngas yield of 0.80 Nm3/kg dry biomass and a cold gasification efficiency of 

67.9% (g*= 75.9%).

3.1.2 Effect of fuel reactor temperature.  

The temperature is a parameter affecting all the reaction rates taking place inside the reactors. In this 

work, the fuel reactor temperature was varied from 820 to 940 ºC that is a typical range used in 

previous gasification processes (Wei et al., 2015a; Ge et al., 2016; Shen et al., 2018). Figure 3 shows 

the gas composition and the gasification parameters obtained as a function of the fuel reactor 

temperature λ=0.3 and a S/B ratio of 0.6. It is observed that the temperature had a slight effect on gas 

composition. The amount of hydrocarbons present in the syngas decreased with increasing the 

temperature. The CH4 concentration was maintained constant at values around 7-8%, but the C2 and 

C3 hydrocarbons were significantly reduced from 1.6 to 0.4%. These effects were consequence of 

the increase of the reforming reaction rates (R8)-(R9) with increasing temperature. 

It was observed that, independently on the λ used, an increase in the gasification temperature did not

produced significant changes in fuel conversion, keeping stable over 88%, but produced an increase 

in the carbon conversion efficiency, reaching values close to 100% at 940 ºC. Obviously, the higher 
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gasification temperature, the faster gasification reaction rate and the lower amount of char passing 

into the air reactor. This fact indicates that it is possible to reach almost zero CO2 emissions in the 

BCLG process, which represents a clear advantage with respect to other gasification technologies, 

including the dual fluidized bed gasification (DFBG). It is also remarkable that the carbon 

conversion efficiencies were higher with lower values of  (see data in Table 1). For example, at 820 

ºC, cc takes the values of 92.7% (test1), 87.2% (test2), and 86.9% (test3) at  values of 0.2, 0.3, and 

0.4, respectively.  This was a consequence of the method used for controlling oxygen in the CLG 

unit. The oxygen fed to the air reactor reacted with both the oxygen carrier and the char coming from 

the fuel reactor. So, the higher oxygen fed (higher ) the higher char combustion in the air reactor. It 

must be taken into account that only combustion of a fraction of the char took place in the air reactor

and riser, producing the recirculation of char again to the fuel reactor until steady state operation. 

This fact probably would be avoided in a CLG unit at higher scale with a longer riser, or with the use 

of a carbon stripper between reactors to prevent char particles entering the air reactor. A compilation 

of the design and efficiency of carbon strippers used in chemical looping units for solid fuels can be 

found in the work of Adánez et al. (2018).

The increase in the carbon conversion efficiency produced a small improvement in the gas yield and 

as a consequence a slight increase of the cold gasification efficiency, which ranges from 60% to 

80%, being affected by the temperature but especially by the oxygen-to-fuel ratio. As showed in 

Figure 3b, the cold gas efficiency increased when it was calculated based on the converted biomass, 

that is, without considering the elutriated char instead of full fed biomass, ηg*. Similar tendencies 

were found by Ge et al. (2016), reaching values near 100% of ηcc and 85% of Xb at 900ºC and by

Huseying et al. (2014), who obtained a fuel conversion between 70 to 90% in the range of 

temperature 800-900ºC using a similar F2O3/Al2O3 oxygen carrier. 

3.1.3 Effect of steam to biomass ratio, S/B. 
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Steam is the most usual gasifying agent used in any gasification process. In BCLG, steam is used as 

gasifying agent to convert the char into syngas and as fluidizing medium in the fuel reactor. Since the 

steam production represents a relevant cost, the amount used in the CLG has important consequences 

on the energetic balance of the system as well as on the economy of the process.  

In this work, several steam-to-biomass ratios, S/B, ranging from 0.05 to 0.6 were analyzed at 940 ºC 

and an oxygen-to-fuel ratio, =0.3. The S/B ratio of 0.05 corresponded to the tests carried out using 

N2 as fluidizing agent in the fuel reactor, and the steam corresponded to the moisture of the biomass. 

Although these experimental conditions are never used in real units, these tests were considered as 

reference to better know the effect of water in the process. For the tests at S/B=0.4, the biomass 

feeding rate was maintained constant and steam input was reduced, introducing N2 to maintain 

constant the gas velocity in the fuel reactor. Figure 4a shows the effect of the S/B ratio on the syngas 

composition. It is seen that higher S/B ratios produced an increase in the H2 and CO2 concentrations 

and a decrease in the CO concentration. This was a consequence of the encouraged carbon 

gasification (R2) and the water gas shift equilibrium (R10), leading to an increase in the H2

concentration from 31.5% to 37.3% and a decrease in the CO concentration from 37.2 to 20.9%. As a 

result, the H2/CO ratio was increased from 0.85 to 1.8 when the S/B ratio increased from 0.05 to 

0.65. It has to be considered that H2/CO ratios close to 2 are required in syngas to be used in a 

Fischer-Tropsch process for the production of liquid fuels (Kim et al., 2013).  The concentration of 

CH4 remained almost constant with the increase in the S/B ratio, which meant that reforming 

reaction rate (R8) had little effect on the range of conditions herein used. 

Figure 4b shows the effect of S/B ratio on the gasification parameters. Fuel conversion efficiency, 

Xb, was enhanced, growing from 75.7 to 88%, due to the increase of the gasification rate with 

increasing steam concentration, reaction (R2). The carbon conversion efficiency, cc, was very high 

in all cases, with values above 95%. It can also be seen that the S/B ratio had a low effect on both the 
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syngas yield and the cold gas efficiency. This was because the increase in the H2 concentration was 

balanced with a decrease in the CO content, probably due to the effect of the WGS reaction (R10).  

3.2. Comparison with other CLG works 

The works existing in literature on CLG operation in continuous units usually analyze the effect of 

the operating conditions on syngas composition and gasification parameters. A key operating 

parameter in BCLG is the oxygen to biomass ratio since it determines the syngas composition and 

quality. Several methods have been used for controlling this ratio in CLG, but they are different to 

the method used in this work. In general, the ratio between the circulation rate of oxygen carrier 

material and the fuel load has been varied. Some authors increased biomass feeding rates for a given 

solids circulation rate changing from CLC to CLG when under-stoichiometric conditions were 

reached (Huseyin et al., 2014; Wei et al., 2015a; Wei et al., 2015b; Shen et al., 2018). In those cases, 

the variation in the biomass feeding rate changes also the S/B ratio and the specific solids inventory 

in the fuel reactor, i.e. the kg of oxygen carrier per MW, which may affect the results so obtained. 

Other authors dilute the oxygen carrier with inert materials such as silica sand to reduce the amount 

of lattice oxygen in contact with the biomass for a given solid circulation rate (Ge et al., 2015; Ge et 

al., 2016). In these cases, the different attrition of both materials could make difficult to know the 

amount of active material present in the bed along time. The same concept could be adopted by using 

oxygen carriers with low oxygen transport capacity, although no works have been found in literature. 

In this case, the issue related to the uncertainty about the amount of active material would be solved. 

It has to be considered that most of the experience on oxygen carriers is based on chemical looping 

combustion processes where oxygen carriers with high oxygen transport capacity is desirable 

(Adánez et al., 2018; Mattisson et al., 2018). 

In contrast, the method used in this work for controlling the oxygen used for syngas production 

through the control of the oxygen fed into the air reactor allowed a smooth operation of the unit and 

a perfect control of the process. At the same time, it allowed to maintain constant the hydrodynamic 
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of the CLG unit and the properties of the oxygen carrier under different operating conditions, leading 

to a better comparison among operating conditions.  In addition, this control method allowed 

supplying perfectly the oxygen needed to operate at autothermal conditions. Although there are no 

previous studies on CLG using this oxygen control method, similar tendencies were found in tests 

carried out in other continuous BCLG units that used variable biomass feeding rate (Wei et al., 

2015a; Ge et al., 2015; Shen et al., 2018).  

Most of the previous studies did not analyze the isolated effect of oxygen-to-fuel ratio and steam-to-

fuel ratio over syngas compositions and the rest of the gasification parameters, such as solids 

circulation rate and solids inventory per power unity. Ge et al. (2016) and Shen et al (2018) 

presented similar tendency with the oxygen to biomass ratio to that showed in Figure 2b, although 

with lower values of fuel conversion, reaching maxima of 90% and 95%, probably due to the lower 

gasification temperature used (860 ºC and 890 ºC, respectively).  Ge et al. (2016) varied the S/B ratio 

from 0.6 to 1.4, using hematite as oxygen carrier in a 25 kW reactor, and observed fuel conversions 

about 80-85%, an increment in the carbon conversion from 95% to values near 99%, and syngas 

yield values around 0.7 Nm3/kg, which were very similar results to those obtained in this work in 

Figure 4b. In other work using the same CLG unit but nickel oxide as oxygen carrier and a 

temperature of 750ºC, those authors studied S/B ratios from 0.4 to 2, obtaining less carbon 

conversion (between 90% and 95%), less fuel conversion (around 55%), and lower syngas yield 

(0.32 Nm3/kg), probably because of the lower temperatures used (Ge et al., 2015). 

3.3 Fate of tars 

One of the advantages put the CLG forward with respect to other gasification processes is the lower 

tar generation, although few studies have been carried out in continuous BCLG units. It must be 

considered that liquid fuels production, as for example Fisher-Trospch process, needs clean syngas in 

order to avoid catalyst poisoning (Kim et al., 2013). In this sense, the presence of a metal oxide, and 

especially iron compounds, can acts as a catalyst for the tar reforming reaction, (R12), and even to 
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burn the tar, reaction (R13). In fact, a decrease in the amount of tar production was observed in a 

previous work  (Virginie et al., 2012) when using olivine impregnated with Fe (2.6 g/Nm3) with 

respect to the use of only olivine (5.1 g/Nm3) in the dual fluidized bed gasification process at 850 ºC. 

Additional tar reduction could be achieved by using catalytic filter candles (Rapagna et al., 2010) or 

activated carbon (Mun et al., 2011) downstream the gasifier. 

In this work, tars obtained at different operating conditions were collected according to the European 

tar protocol (Simell et al., 2000) and quantified in a gas chromatograph GC-2010 Plus coupled to a 

mass spectrometer detector QP2020. Figure 5 shows a summary of the tar compounds determined for 

the different tests carried out in this work. They have ordered according to the gasification 

temperature although different operation conditions ( values and S/B ratios) are included at each 

temperature. Amounts between 0.9 to 2.0 g/Nm3 of tars were obtained depending on the operating 

conditions. This represented a relevant improvement of the CLG process with respect to the tests 

carried out in the same unit under DFBG conditions where values from 2.5 to 5.1 were obtained 

using olivine and Fe-olivine materials (Virginie et al., 2012). 

Tar compounds distribution was similar in all cases, which indicates that there is no any tar 

compound more prone to react than others. Naphthalene was the main product generated in all 

experiments (65%-90% of the total amount of tars) followed by biphenyl, benzene and phenantrene. 

It is also remarkable that negligible amounts of tar compounds above 3 rings appeared in the tests.  

A more detailed study showed that the amount of tars depended on the operating conditions with the 

gasification temperature being the most relevant factor. In fact, a significant tar cracking effect (R11) 

was detected when temperature increased from 820 ºC to 940 ºC, showing a decrease in the majority 

of tar compounds. Especially significant was the tar cracking observed for naphthalene, with a 

reduction of 67%, ranging from 1.43 g/Nm3 at 820 ºC to 0.82 g/Nm3 at 940ºC. The reforming 

reaction due to the steam presence (R12) and the tar combustion with the oxygen carrier (R13) also 

affected but in lower extension.  
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3.4 Oxygen carrier characterization 

A special characteristic to determine the suitability of a specific oxygen carrier to be used in a 

chemical looping process is to know the behavior regarding agglomeration and attrition processes 

during operation at high temperature. These aspects are especially relevant in CLG processes where 

the oxygen carrier reacts in a more reducing atmosphere in comparison with CLC. With the oxygen 

carrier used in this work, agglomeration problems were never detected during more than 50 hours of 

continuous operation. The attrition was evaluated along time through the measurement of the fine 

particles, below 40 µm, elutriated from the pilot plant and collected in the cyclones and filters 

located downstream of the reactors. Attrition was low during the first operating hours but suffered an 

increase up to reach values ≈0.3 %/h after 30 hours of operation and then it was maintained almost 

constant. Considering this value as representative of the behavior of the particles, a lifetime of 350 

hours was inferred. This attrition rate was markedly higher than the measured working in CLC 

conditions with the same oxygen carrier (0.09 wt%/h, lifetime of about 1100 h) using CH4 as fuel 

(Cabello et al., 2014a). Therefore, it is possible to conclude that a significant reduction in the lifetime 

of the particles was observed as a consequence of the more fragile internal structure derived from the 

highly reduced conditions under which the oxygen carrier operates in CLG. In fact, oxidation 

conversions lower than 50% were detected in the oxygen carrier samples obtained both from the fuel 

and air reactor during operation. XRD analysis confirmed that the major compound detected in the 

samples obtained from the fuel reactor was the iron aluminate FeAl2O4. The oxidized samples 

extracted from the air reactor showed the presence of Fe3O4/Fe2O3 depending on the operating 

conditions although they also contained important amounts of FeAl2O4. 

To determine the cause of oxygen carrier lifetime reduction, a microstructural analysis of the fresh 

and used oxygen carrier particles was carried out by SEM-EDX. Entire fresh particles exhibited a 

regular and smooth external surface with rounded shapes in the SEM photographs. The cross section 

view of the fresh particles showed an external layer concentrated on Fe due to the method used in 
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preparation, and that could be responsible for the increase in attrition rate during the first operating 

hours. In contrast, the entire used particles exhibited cracks and loss of material in the external 

surface, although with a core without cracks and more concentrated in iron, as demonstrated by the 

EDX profile data. This could be due to a possible migration of iron to the external part of the 

particles, and the eventually loss of this iron by attrition due to the stress suffered by the particles at 

the highly reduced conditions existing in CLG. This would lead to a loss of active phase in the 

material and the consequent loss of oxygen transport capacity.  

To corroborate this hypotheses, the reactivity and oxygen transport capacity, Ro,oc, of the fresh and 

after used material were determined through thermogravimetric analysis at 950 ºC. A gas composed 

by 15% CO and 20% CO2 (N2 balance) was used as reducing gas. The conversion versus time curves 

confirmed that the oxygen carrier maintained the reactivity of the fresh material although suffered a 

slight loss of oxygen transport capacity, about 13%, (from R0,oc≈2 to R0,oc≈1.74) after 52 hour of 

continuous operation (38 h under gasification conditions). In addition, ICP-AES data showed a 

decrease of ≈12% in the Fe content in the particles used during 52 h of continuous operation, and 

also an increase in the Fe content in the elutriated fines. According to these data, it can be concluded 

that iron is being lost from the particles during reaction in CLG conditions, but mainly during the 

first 35 h of operation.  

The results obtained from the experimental work at bench scale are promising and useful to the 

advance in the BCLG technology development. The advantage of the BCLG is that makes use of a 

well-known technology as are the fluidized beds. However, the development and testing of CLG 

oxygen carriers is still scarce and in lesser extent than in CLC. A compromise among costs and 

performance under reduced conditions should be reached. Natural ores are environmental friendly 

and cheaper than synthetic oxygen carriers. However, synthetic materials have high reactivity and 

minimize tar formation, one of the advantages of the BCLG technology, although it is necessary to 
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increase their lifetime to reduce operating cost. Kinetic determination and modelling are also 

necessary to fulfill the challenges of this technology.  

4. CONCLUSIONS 

Biomass Chemical Looping Gasification was performed during 38 h of continuous operation using 

pine wood and a synthetic Fe-based oxygen carrier. The method used for controlling the lattice 

oxygen allowed a smooth operation. The oxygen-to-fuel ratio was the most relevant CLG operating 

parameter. H2/CO ratios about 2 can be reached in the BCLG unit. The synthetic material behaved 

well although some Fe was lost, which produced a smaller oxygen carrier lifetime in comparison 

with operation under CLC conditions. Tar contents as low as 1 g/Nm3 were obtained in BCLG, 

which is one of the lowest values cited in literature.  
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Table 1: Experimental conditions used and results obtained in the tests. 

Test TFR S/B λ Xb ηcc Y  H2/CO ηg ng*

°C kg/kg mol/mol % % Nm3/kg mol/mol % %

Test 1 820 0.65 0.2 77.0 92.7 0.72 2.16 67.9 86.0

Test 2 820 0.63 0.3 87.3 87.2 0.69 2.43 65.8 74.4

Test 3 820 0.62 0.4 93.7 86.9 0.65 2.33 63.8 67.7

Test 4 820 0.63 0.5 97.2 82.7 0.45 2.23 49.2 50.5

Test 5 880 0.61 0.2 81.8 95.2 0.82 2.04 73.6 88.2

Test 6 880 0.64 0.3 88.5 93.6 0.74 2.05 66.3 74.1

Test 7 880 0.64 0.4 95.4 94.3 0.65 1.78 61.3 64.0

Test 8 940 0.05 0.3 78.4 95.4 0.74 0.85 64.4 76.0

Test 9 940 0.42 0.3 82.1 98.3 0.74 1.40 62.4 74.6

Test 10 940 0.61 0.2 84.6 98.9 0.94 1.70 79.1 92.0

Test 11 940 0.65 0.3 88.4 98.1 0.80 1.79 67.9 75.9

Test 12 940 0.65 0.4 91.8 95.4 0.67 1.68 58.2 62.9

Test 13 940 0.65 0.6 98.4 97.3 0.45 1.60 44.4 45.1
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Figure 1: Scheme of the 1.5 kWth Biomass Chemical Looping Gasification unit at ICB-CSIC.
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Figure 2. Effect of the oxygen to biomass ratio on the gas composition and on the gasification 

parameters. TFR=940 ºC. S/B=0.6. 
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Figure 3. Effect of temperature on the gas composition and on the gasification parameters. =0.3, 

S/B=0.6.  
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Figure 4. Effect of the steam to biomass ratio on the gas composition and on the gasification 

parameters. T=940ºC. λ=0.3.
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Figure 5. Tar concentration generated in BCLG using Fe20Al as oxygen carrier.
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