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A B S T R A C T   

Biomass Chemical Looping Gasification (BCLG) is an autothermic gasification process that provides pure syngas 
for many applications, including liquid biofuels production. Finding low-cost materials that can be used in the 
process is a key issue, especially when they come from waste. In this sense, LD Slag is a by-product of the steel 
industry used as an oxygen carrier in Chemical Looping Combustion with good results. This work investigates the 
use of LD Slag as oxygen carrier in a continuous 1.5 kWth BCLG unit. The effect of the main operational variables 
(temperature, oxygen-to-fuel and steam-to-biomass ratios) and the use of CO2 instead of steam as gasification 
agent were analysed. LD slag allowed the process with high biomass conversions, Xb > 90%, carbon conversion 
efficiencies, ηcc > 90%, and syngas yields, Y ≈ 0.66 Nm3/kg of dry biomass, at conditions corresponding to 
autothermal operation. A lifetime of 300 h under reducing conditions was inferred and agglomeration problems 
were never detected. LD slag can be considered a suitable material for BCLG since it is possible to obtain high- 
quality syngas at autothermal conditions from different types of biomass with low tar generation and CO2 
emissions.   

1. Introduction 

Biomass gasification is one of the promising technologies for pro-
ducing syngas from renewable energy sources. The syngas has a direct 
application in many fields including the production of heat and power, 
biofuels, or chemicals [1]. Today, emerging biofuels represent one of the 
most important alternatives as an energy source that guarantees envi-
ronmental and economic sustainability, since it focuses on limiting 
greenhouse gas emissions [2]. 

Obtaining a non‑nitrogen diluted syngas stream represents a clear 
advantage in any biofuel production route. Among the different options 
available, two technologies based on interconnected fluidised bed re-
actors can solve this problem without using expensive gaseous oxygen 
for gasification: Dual Fluidized Bed (DFB) [3,4] and Chemical Looping 
Gasification (CLG) [2,5,6]. 

Dual fluidized bed uses a reactor for gasification and a second reactor 
to produce the heat required for the gasification process through the 
combustion of the char generated in the gasifier. This last process leads 
to CO2 emissions to the atmosphere. Larsson et al. [4] have recently 
compiled relevant results of the 6 large-scale DFB gasifiers existing 

currently in Europe, ranging from 5 to more than 100 MW and using 
biomass as fuel. 

Chemical looping gasification uses the same principles to Chemical 
Looping Combustion (CLC) that has reached a high status of develop-
ment during last years [5,7]. CLG is also based on two interconnected 
fluidised bed reactors, but the process has several advantages with 
respect to DFB [2,7,8]: i) the bed material is an oxygen carrier based on 
metal oxides, which is responsible for transporting oxygen and heat from 
the air reactor to the fuel or gasification reactor, saving the cost of pure 
oxygen or large amounts of steam, ii) the heat necessary for the gasifi-
cation process is generated through the oxidation of reduced oxygen 
carrier and partial combustion of the biomass, iii) the oxygen carrier has 
also catalytic properties that improve syngas quality and reduce tar 
content in syngas. Since the syngas is non-diluted in nitrogen, the gas 
needing clean-up are reduced, iv) CO2 is majorly concentrated with the 
syngas, avoiding CO2 emissions to the atmosphere. If CO2 capture and 
storage technologies are applied, negative emissions can be achieved 
[9,10], v) corrosion and fouling are avoided in the air reactor since the 
heat exchangers are free from impurities coming from biomass ashes 
[11]. 
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Fig. 1 shows the Biomass Chemical Looping Gasification (BCLG) 
process diagram. When the biomass enters the fuel reactor it undergoes 
drying and devolatilisation (reaction R1). Then, a large number of 
simultaneous reactions occur among the gasification agent (steam or 
CO2), the oxygen carrier and the different products of pyrolysis. The 
char produces synthesis gas or CO when it is gasified with steam (R2) or 
CO2 (R3), respectively. Then, redox reactions occur between the active 
phases of the oxygen carrier (MexOy) and the released gases during the 
biomass pyrolysis and char gasification (R4)–(R7). In addition, the 
reforming of methane and light hydrocarbons with steam or CO2 to give 
synthesis gas (R8)–(R9) and the Water-Gas-Shift (WGS) (R10) should 
also be considered. 

biomass →
pyrolysis

char + tar + pyrolysis gas (R1)  

C+H2O→H2 +CO (R2)  

C+CO2→2CO (R3)  

MexOy +H2→MexOy− 1 +H2O (R4)  

MexOy +CO→MexOy− 1 +CO2 (R5)  

4 MexOy +CH4→4 MexOy− 1 +CO2 + 2H2O (R6)  

MexOy +CH4→MexOy− 1 +CO+ 2H2 (R7)  

CH4 +H2O→3H2 +CO (R8)  

CH4 +CO2→2CO+ 2H2 (R9)  

CO+H2O ↔ CO2 +H2 (R10) 

Finally, the reduced oxygen carrier is sent to the air reactor where it 
is oxidised (R11) to be ready for the new redox cycle. Some of the char 
can reach the air reactor and it is burnt (R12). Contrary to what happens 
in DFB, this reaction is not the desired one since it reduces the CO2 
capture in the BCLG process. 

MexOy− 1 + 1
/

2O2→MexOy (R11)  

C+O2→CO2 (R12) 

The level of maturity of the BCLG process is lower than that of DFB. 
Although much progress has been made in the last decade [12,13], the 
work on BCLG continuous units is still scarce. Huseyin et al. [14] and 
Wei et al. [15,16] assessed the behaviour of two synthetic oxygen car-
riers, Fe3O4/Al2O3 and bimetallic Fe–Ni, in a 10 kWth CLG unit. They 
used sawdust pine as fuel to analyse different operating conditions 
including temperature and biomass-feeding rate. Ge et al. [8,17] re-
ported the behaviour of two oxygen carriers, a synthetic NiO/Al2O3 and 
a natural hematite, in a 25 kWth CLG unit. Shen et al. [18] investigated 
the CLG performance of coal in a 5 kWth circulating fluidised bed unit 
composed of a two-stage-based fuel reactor to reduce CH4 content and 
improve gasification performance. They used natural hematite alone as 
oxygen carrier although a mixture of hematite-silica sand was tested for 
improving fluidisation in some tests. Later, Samprón et al. [19] and 
Condori et al. [20] analysed the behaviour of synthetic Fe20Al and 
ilmenite, respectively, in a 1.5 kWth BCLG unit. They reported satisfac-
tory results using a new method for controlling the lattice oxygen used in 
the fuel reactor for syngas production through the control of the oxygen 
fed into the air reactor. Moldenhauer et al. [9] performed gasification 
tests at 10 kWth scale using high-volatile fuels, i.e., black and wood 
pellets, and obtained a highly concentrated raw gas containing mostly 
hydrogen. 

A key issue in the BCLG process is the oxygen carrier to be used. The 
highly reduced conditions existing in the fuel reactor leads to higher 
attrition rates of the oxygen carrier compared to the behaviour exhibited 
by the same material under oxidation conditions in CLC [20]. The most 
common synthetic materials used in BCLG are based on transition metals 
Fe or Mn [14–16]. The use of oxygen carriers based on Ni or bimetallic 
Fe–Ni has also been tested due to their good behaviour regarding hy-
drocarbon conversion although their high price and harmful impact on 
the environment need to be considered [16,17]. 

The use of natural ores, their derivatives and industrial wastes as 
oxygen carriers is preferred by large-scale chemical looping processes 
because of its availability and low cost compared to synthetic oxygen 
carriers [12,13]. Among the low-cost materials suitable for use in solids 
fuelled chemical looping processes, natural materials, such as hematite 
[8] and ilmenite [20], have been usually considered. 
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Fig. 1. Biomass chemical looping gasification (BCLG) process.  
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However, industrial wastes enriched in compounds with redox 
properties could also been considered suitable oxygen carriers. A good 
example is the LD slag [21–24]. It is formed by reactions of slag formers 
(e.g., burned lime), silica, iron and other components during the con-
version of carbon-rich molten pig iron into steel in the basic oxygen- 
blown converter process (Linz-Donawitz process). The molten steel is 
tapped from the converter at temperatures close to 1600 ◦C and slag 
remains in the converter vessel. The molten slag is then poured into a 
slag pot which, subsequently, discharged outside. Thus, large lumps of 
slag are formed on cooling and solidification. The resulting slag solid 
particles has high skeletal density (3500 kg/m3), but its particulate bulk 
density in crushed form (1500–2000 kg/m3) is similar to sand [22]. LD 
slag is available in high amounts considering that generation of 100–300 
kton/year has been reported by a typical steel mill [9], and with prices 
close to sand due to their low demand for any application [22]. This 
residue from the steel industry mainly contains Ca and Fe, and minor 
amounts of others as Mg, Si, Mn, Al and V. The presence of Fe-Mn-Si 
gives interesting characteristics to this material to be used as an oxy-
gen carrier. In fact, this material has been used in different processes 
including tar reforming [21] and oxygen carrier aided combustion, 
OCAC, at large scale in a 12 MWth circulating fluidised bed boiler 
[22,23], However, the experience in chemical looping gasification 
[9,11,24] is limited, especially in continuous units operation. In addi-
tion, the experimental data available does not consider the isolated ef-
fect of the different operating variables as a consequence of the method 
used for controlling the oxygen used in the process. 

This work studied the behaviour of LD Slag as an oxygen carrier in a 
1.5 kWth BCLG unit during 60 h of continuous operation. An accurate 
method for controlling the lattice oxygen used for syngas production 
allowed us to analyse the effect of the main operating variables (tem-
perature, oxygen-to-biomass ratio, and steam-to-biomass ratio) at steady 
state and under the same fluid-dynamic conditions for each variable. 
The overall performance of the process was followed through different 
parameters including syngas quality and the amount of tar generation. 
The use of different gasification agents, H2O or CO2, and biomasses was 
also analysed. 

2. Experimental 

2.1. Materials 

Steel conversion slag or “LD Slag” from SSAB Merox (Sweden) was 
used as oxygen carrier in BCLG due to its favourable properties 
demonstrated in previous works on Chemical-Looping processes 
[21–24]. The solid particles obtained after cooling and solidification of 
the LD slag was subjected to grinding and sieving to obtain a particle size 
of 100–300 μm. Table 1 shows the main physical characteristics and 
elemental composition for both the fresh and after reaction material. 
They were determined using several characterization techniques, 
including helium pycnometry, Hg porosimetry, and crushing strength. 

Thermogravimetric analysis (TGA CI Electronics) revealed that the 
oxygen transport capacity (Roc) of fresh LD Slag was 1.8 wt% at 950 ◦C 
using a mixture of 15% H2 + 20% H2O as reducing gas and air for 
oxidation. This fact is due to the presence of Fe- and Mn- oxides that can 
suffer redox cycles in the process and has demonstrated to be valid also 
for the CLG process [25]. It must be considered that the oxygen transport 
of LD slag is much lower than any other material used as oxygen carrier 
in chemical looping processes. Some examples for comparison could be 
ilmenite (Roc ≈ 5.0), iron ore (Roc = 2.5), or other manganese ores (Roc 
≈ 5). The use of materials with high Roc is required in CLC, allowing the 
use of lower solids circulation rate in the system. However, the transport 
of oxygen needed in CLG is much lower than in CLC because this ratio 
should be below the stoichiometric value for combustion. Therefore, the 
use of materials with high Roc needs to be diluted with an inert when 
they are used in the CLG process [9,17]. In this sense, the low Roc of the 
LD slag is therefore an interesting quality of this residue to be used as 

oxygen carrier in CLG processes. 
The elemental composition of the LD Slag was determined using an 

ICP-OES Xpectroblue-EOP-TI FMT26 spectrophotometer. The crystalline 
phases were determined by powder XRD analysis in a Bruker D8 
Advance equipment. The fresh LD slag (after calcination) contains a high 
number of oxide compounds from the interaction of the different ele-
ments present in the material. Although the crystal phase assignation 
was difficult due to the overlapping and uncertain peaks, main and 
minor phases have been identified as are reported in Table 1 for both 
fresh sample (calcined) and used. These phases agreed with previous 
works using LD slag [9,11]. In fact, Hildor et al. [23] determined the 
presence of 4 major phases: a) a metal oxide containing Fe, Mg, Mn and 
V, b) a Mg-FeO phase, c) a calcium phase containing Si and other metals, 
and d) a silicon phase containing Al. Finally, the surface morphology of 
the samples was analysed in an SEM-EDX Hitachi S-3400 N with the EDX 
Röntec XFlash of Si (Li) analyzer. 

Industrial wood pellets (IWP) from Darmstadt (Germany) were used 
as fuel in most of the study. In addition, olive stone and almond shells 
were also selected as representative of agricultural wastes with great 
availability in Spain. The composition resulting from the proximate and 
ultimate analyses is shown in Table 2. The fuel particle size fed to the 
BCLG unit was in all cases in the range 0.5–2 mm, which it was obtained 
after crushing and sieving the raw materials. 

Table 1 
Physical characteristics and composition of the LD Slag.   

Fresh After used (60 h) 

Particle diameter 
(μm) 

100–300 100–300 

Bulk density (kg/ 
m3) 

2764 2406 

Crushing 
strength (N) 

3.7 1.7 

Porosity (%) 14.1 16.5 
Oxygen transport 

capacity, Roc 

(%) 

1.8 1.2 

Composition (wt 
%)   
Ca 30.9 32.0 
Fe 15.4 12.5 
Si 5.4 6.4 
Mg 4.6 4.4 
Mn 2.3 1.9 
Al 0.72 0.81 

XRD phases   
Major phases Lime (CaO), Larnite 

(Ca2SiO4), Srebrodolskite 
(Ca2Fe2O5), Anthophyllite 
(Mg2Fe2Si2O5) 

Lime (CaO), Larnite 
(Ca2SiO4), Srebrodolskite 
(Ca2Fe2O5) 

Minor phases Braunite (CaMn14SiO24), 
Merwinite (Ca3Mg (SiO4)2), 
Ringwoodite (Mg2SiO4) 

(MgO)0.593(FeO)0.407, 
(MgO)841(MnO)0.159  

Table 2 
Composition of the biomasses (as received).   

IWP Olive stone Almond shell 

Proximate analysis (wt%)    
Moisture 5.5 9.4 2.3 
Ash 0.6 0.8 1.1 
Volatile matter 78.5 72.5 76.6 
Fixed carbon 15.3 17.3 20.0 

Ultimate analysis (wt%)    
C 49.7 46.5 50.2 
H 5.7 4.8 5.7 
N 0.1 0.2 0.2 
S 0.0 0.0 0.0 
O (by difference) 38.4 38.3 40.5 
LHV (kJ/kg) EN14918 17,434 17,807 18,071 
Ωb (mol O/kg biomass) 87.4 77.8 87.1  
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2.2. 1.5 kWth chemical looping gasification unit at ICB-CSIC 

The gasification tests were carried out in a 1.5 kWth chemical looping 
unit located at the ICB-CSIC (Spain), whose scheme is shown in Fig. 2. 
The unit consists of two fluidised bed reactors, fuel and air, inter-
connected using loop-seals that allow the solids circulation and avoid a 
mixture of gases between both reactors. A solid valve located at the 
upper entrance to the fuel reactor allows control of the solids circulation 
rate in the whole system. The total solid inventory in the unit is 2.4 kg, of 
which 0.8 corresponds to the fuel reactor. 

This unit has a fuel supply system consisting of two screw feeders in 
series. The first one regulates the feeding of biomass and the second one 
is a high velocity screw feeder that introduces it into the fuel reactor, 
preventing in this way the pyrolysis of biomass in the feeding pipe. The 
oxygen carrier is reduced in the fuel reactor giving lattice oxygen for the 
gasification process. The unit allows the use of steam or CO2 as gasifi-
cation agents. The water was fed using a pump and evaporated before 
entering the fuel reactor. The rest of gases were fed using specific mass 
flow controllers. The reduced oxygen carrier is sent to the air reactor 
where it is oxidised again to be ready for the next cycle. The air reactor 
was fluidised with a mixture of air and N2 to perfectly control the lattice 
oxygen used in the fuel reactor for syngas production. This method has 
been previously used for the CLG process with good results since allows 
the study of the different operating variables maintaining constant the 
fluid-dynamics in the whole unit. Most of the biomass ash, unburned 
char, and fine oxygen-carrier particles generated by attrition were 
collected in cyclones and filters located at the outlet of the FR and AR. A 
more detailed description of the unit and the control method used can be 
found in previous works [19,20]. A tar collection system that follows the 

European Tar Protocol [26] was installed at the gas outlet of the FR. 
According to that, the first two condensers must be at 0 ◦C to collect 
water and to avoid pipe blocking due to ice formation. The following 6 
condensers must be filled with isopropanol at − 20 ◦C for tars collection. 
The water and tar contents were determined by means of titration 
(Mitsubishi KF-31) and gas chromatography coupled to a mass spec-
trometer (GC-2010 - Shimadzu QP2020). 

The off-gas streams from both reactors were continuously analysed 
during the process. The FR output stream was divided into two streams. 
One of them went to a post-combustor where all the gas was burnt with 
oxygen, and subsequently analysed for CO2, CO and O2 determination 
(Siemens Ultramat/Oxymat 6). This measurement increases the accu-
racy of the mass balance. The other part of the stream was sent to the tar 
collection system, which also cleaned the gas before reaching the on-line 
gas analysers including the determination of O2 (Siemens Oxymat 6), 
CH4, CO2 and CO (NDIR), and H2 (Sick Maihak S710). Moreover, sam-
ples of clean gas were collected and then analysed in a gas chromato-
graph (Clarus 580 Perkin Elmer) to determine C2-C5 hydrocarbons. In 
addition, CO2, CO and O2 were determined at the AR outlet stream, 
(Siemens Ultramat 23 and Oxymat 6). 

2.3. Operating parameters and data evaluation 

The main operational variables analysed in this work were the 
gasification temperature, the oxygen-to- biomass ratio, λ, and the steam- 
to-biomass ratio, S/B. 

The oxygen-to-biomass ratio, λ, is the variable representing the 
amount of oxygen transferred to FR through the oxygen carrier. It is 
calculated as the ratio between the oxygen fed to the AR and the stoi-

Fig. 2. Scheme of the 1.5 kWth CLG unit at ICB-CSIC.  
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chiometric oxygen necessary for the full combustion of the biomass. 

λ =
2FO2 ,AR,in

FbΩb
(1)  

where FO2,AR,in is the flow of O2 fed into the air reactor (mol/h), Fb is the 
biomass flow fed into the fuel reactor (g/h) and Ωb represents the oxygen 
demand for the full combustion of the biomass (mol O/g biomass). The 
total oxygen demand of the biomass is calculated considering the ulti-
mate analysis of the biomass, so it depends on the type of biomass used. 

Ωb =

(

xc
32
12

+ xH
16
2
+ xs

32
32

− xo

)
1000
16

(2)  

where xi is the fraction of component i in the biomass. See Table 2 for the 
value corresponding to each biomass. 

The steam-to-biomass ratio, S/B, is the relationship between the 
amount of water fed into the fuel reactor, including biomass moisture, 
and the amount of dry biomass fed into the fuel reactor. 

The parameters used to evaluate the performance of the BCLG pro-
cess were the following:  

• 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. 

Xb =
FC,FR,out + FC,AR,out

FC,b
=

FC,b − FC,elut

FC,b
(3)  

where 

FC,b =
1000

12
FbxC (4)  

FC,FR,out =
[
FCO2 + FCO + FCH4 + xFCxHy

]

FR,out (5)  

FC,AR,out = FCO2 ,AR (6)  

FC,elut = FC,b −
(
FC,FR,out + FC,AR,out

)
(7) 

Thus, the char elutriated during the process, FC,elut, is not considered 
as solid converted into gas. 

• Carbon conversion efficiency, ηCC, is the fraction of the carbon con-
verted to gas in the fuel reactor regarding to the total carbon con-
verted to gas in the whole system. 

ηCC =
FC,FR,out

FC,FR,out + FC,AR,out
(8)    

• Syngas yield, Y (Nm3/kg dry biomass), considers the amount of H2 
and CO produced with respect to the dry biomass fed to the unit. 

Y = YH2 + YCO =
GH2

Fb,dry
+

GCO

Fb,dry
(9)  

where GH2 and GCO are the outlet gas flowrate of H2 and CO from the fuel 
reactor (Nm3/h). H2/CO ratio considers the ratio between the pro-
ductions of H2 and CO in the process. It depends on the gasification 
agent used and it is useful to consider the final use of the syngas. 

H2

/

CO =
YH2

YCO
(10)    

• Cold gas efficiency, ƞg, is the fraction of chemical energy contained in 
the product gas from the fuel reactor over the total energy of the 
biomass. 

ηg =
Fg,FR,out⋅LHVg

Fb⋅LHVb
(11)  

where Fg,FR,out consider the molar flowrate of the gas obtained at the fuel 
reactor outlet (mol/h), LHVg the low heating value of the produced gas 
(kJ/mol), and LHVb the low heating value of the biomass (kJ/kg). 

3. Results 

This study was carried out in a 1.5 kWth CLG unit using LD Slag as the 
oxygen carrier. A batch of 2.4 kg of LD slag was loaded and circulated for 
3.5 h at 900 ◦C in an air atmosphere to remove fines that were not 
removed during sieving. Later, the gasification agent and a mixture of 
air/N2 were introduced at the fuel and air reactors, respectively, and 
biomass feeding was started. Under these reducing conditions, LD Slag 
was gradually reduced until reaching the steady state, which was held 
for at least 1 h. At the end of the day and the following days, the CLG unit 
was cooled and heated under N2 atmosphere to avoid oxidation of the 
oxygen carrier. 

This work has been focused on reaching the steady state operation 
under different operating conditions, which are valid to know the effect 
of the different variables. The change from one condition to another was 
smooth and gradual, with a stabilisation time of about 1 h. After that, the 
steady state conditions were maintained at least 1 h for each test. 

A total of 25 tests were carried out accounting for 60 h of continuous 
BCLG operation. Table 3 shows a summary of the experimental condi-
tions and performance results obtained under steady state operation. 
Carbon, hydrogen and oxygen mass balances were checked and, in all 
cases, deviations <5% for carbon and hydrogen and <8% for oxygen 
were found. The operational conditions analysed were the oxygen-to- 
biomass ratio (λ), gasification temperature and steam-to-biomass ratio 
(S/B) using crushed industrial wood pellets as fuel (Tests 1–13). The 
effect of each of these operating conditions was analysed independently 
but keeping the rest of the conditions constant to avoid cross effects. The 
effect of λ was conducted by controlling the oxygen fed to the AR, which 
has relevant advantages in the CLG process where sub-stoichiometric 
conditions are used [20]. In addition, the effect of the gasification 
agent was analysed to consider the possibility of using steam and/or CO2 
in the CLG process (Tests 14–19). The flow of gasification agent was 
maintained constant in all cases. The effect of the biomass type on the 
process performance was extended to the use of other biomasses, 
almond shell and olive stone, with relevant production in Spain (Tests 
20–25). 

3.1. Effect of oxygen-to-biomass ratio, λ 

The effect of the oxygen-to-biomass ratio on the performance of the 
BCLG process was performed in the range of values of λ from 0.15 to 
0.45, keeping the temperature and the S/B ratio constant at 930 ◦C and 
0.6, respectively. A relevant advantage of the method used in this work 
to control the oxygen used for the production of synthesis gas is that a 
variation of the λ is possible without affecting other fluid dynamics 
parameters, as occurs in other options [19,20]. In fact, other works 
analyse the effect of λ by varying the biomass feed for the same circu-
lation of solids, or by varying solids circulation rate for a fixed biomass 
feed [15,17]. 

Fig. 3 shows the effect of the oxygen-to-biomass ratio (λ) on gas 
composition and performance parameters of the process (Tests 10–13). 
It is observed that the concentration of CO2 increases and the concen-
trations of CO and H2 decrease with increasing λ because the amount of 
lattice oxygen available for combustion reactions, (R4)–(R6), is 
increased. This trend was also observed in previous studies based on the 
same oxygen control method to the used in this work [17,18], as well as 
in other research based on the biomass-feeding variation for controlling 
oxygen [8,16,17]. 
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Although the best synthesis gas was obtained for low values of λ, the 
partial combustion of the biomass is necessary to maintain the thermal 
balance in the whole system and to make the process auto thermal. The 
amount of CH4 and C2-C3 hydrocarbons remained constant, due to the 
poor contact between the volatiles generated during the devolatilisation 
of the biomass and the oxygen carrier. Other works achieve concentra-
tions around 7–13% CH4 and 0.5–4% C2-C3, which are similar or even 
higher values to those obtained using LD slag [8,15,19,20]. 

Regarding the performance of the process, the variation of λ had a 
low impact on the biomass conversion (Xb) and on the carbon conversion 
efficiency (ηcc), considering the high values obtained for these parame-
ters (above 95%). In contrast, as expected, the cold gas efficiency and 
the syngas yield were highly dependent on λ. Both parameters followed 
a decreasing trend as λ increased. Although the tests shown above are 
useful to know the effect of using various oxygen-to-fuel ratios, the 
operating conditions normally desired in BCLG will be those that comply 
with autothermal operation [10]. In a previous work [27], it was 

determined that autothermic conditions in a BCLG process are reached 
at λ values between 0.33 and 0.38. Therefore, considering a λ value of 
0.35 for the autothermic conditions, a cold gas efficiency of 70.5 ± 3.3, 
and a synthesis gas yield of 0.66 ± 0.05 Nm3/kg dry biomass would be 
obtained. These parameters were slightly better than those obtained in a 
previous work using ilmenite as an oxygen carrier [20]. In addition, Ge 
et al. [8] reported 0.74 Nm3/kg as the best syngas yield obtained at 
860 ◦C and S/B = 1. Wei et al. [15], reported syngas yield values in the 
range 0.9–1.2 Nm3/kg at 850 ◦C. However, no information about 
autothermal conditions is given in those experimental works. 

3.2. Effect of gasification temperature 

The effect of gasification temperature was studied in a range from 
820 ◦C to 930 ◦C, which are typical values in gasification processes, and 
using λ ≈ 0.36 and a S/B ≈ 0.6, which are representative conditions of 
the BCLG autothermal process. 

Table 3 
Tests of biomass gasification carried out in the 1.5 kWth CLG unit using LD Slag as oxygen carrier.  

Test Gasification 
agent 

TFR S/B, CO2/B λ Gas composition (vol%, dry and N2 free) Xb ηcc ηg Y H2/CO 

◦C kg/kg – CO2 CO H2 CH4 C2 C3 % % % Nm3/kg 

Industrial wood pellets 
1 Steam 820 ± 3 0.58 0.17 28.3 22.0 39.4 8.0 2.3 0.1 87.8 ± 0.4 94.5 ± 0.4 80.9 ± 1.5 0.81 ± 0.02 1.79 ± 0.01 
2 Steam 820 ± 4 0.59 0.28 34.8 20.4 34.2 8.1 2.3 0.1 90.6 ± 1.3 92.6 ± 0.8 71.1 ± 2.9 0.67 ± 0.04 1.67 ± 0.03 
3 Steam 820 ± 4 0.59 0.37 42.8 17.8 28.8 8.2 2.3 0.0 92.3 ± 1.9 92.7 ± 1.5 61.5 ± 2.5 0.54 ± 0.03 1.61 ± 0.03 
4 Steam 880 ± 6 0.58 0.17 26.3 24.9 39.5 8.0 1.4 0.1 92.2 ± 0.9 96.9 ± 0.3 86.8 ± 2.4 0.93 ± 0.03 1.59 ± 0.01 
5 Steam 880 ± 4 0.58 0.28 33.1 23.2 34.2 8.1 1.3 0.1 91.5 ± 2.4 95.6 ± 0.6 73.2 ± 2.6 0.75 ± 0.05 1.47 ± 0.03 
6 Steam 880 ± 4 0.55 0.36 41.4 20.1 28.2 8.5 1.7 0.1 95.9 ± 1.1 95.6 ± 1.4 65.7 ± 2.2 0.60 ± 0.03 1.40 ± 0.02 
7 Steam 880 ± 10 0.55 0.45 46.3 19.4 25.1 8.5 0.7 0.0 92.7 ± 2.8 93.7 ± 1.3 53.5 ± 2.7 0.51 ± 0.06 1.30 ± 0.04 
8 Steam 930 ± 4 0.05 0.26 19.6 40.2 31.1 8.4 0.6 0.1 78.6 ± 0.4 92.2 ± 0.5 66.6 ± 1.6 0.74 ± 0.03 0.77 ± 0.02 
9 Steam 930 ± 4 0.38 0.26 27.5 30.0 33.7 8.1 0.7 0.1 83.7 ± 0.2 97.5 ± 0.3 71.0 ± 2.0 0.78 ± 0.02 1.12 ± 0.04 
10 Steam 930 ± 3 0.58 0.17 22.6 29.8 39.2 7.8 0.6 0.0 96.1 ± 0.2 97.4 ± 0.3 91.7 ± 2.7 1.05 ± 0.04 1.32 ± 0.01 
11 Steam 930 ± 7 0.58 0.27 32.4 24.5 33.6 7.9 1.4 0.1 93.2 ± 2.1 97.7 ± 0.9 76.2 ± 3.6 0.78 ± 0.07 1.37 ± 0.03 
12 Steam 930 ± 7 0.55 0.36 38.5 22.2 29.2 8.2 1.9 0.1 97.4 ± 1.2 96.5 ± 1.1 70.5 ± 3.3 0.66 ± 0.05 1.32 ± 0.01 
13 Steam 930 ± 2 0.55 0.43 45.2 21.0 24.8 8.3 0.6 0.0 99.0 ± 0.3 96.6 ± 0.4 59.2 ± 1.2 0.58 ± 0.02 1.18 ± 0.01 
14 CO2 820 ± 3 1.66a 0.32 44.2 33.7 14.5 5.8 1.6 0.0 93.5 ± 1.2 66.7 ± 1.9 77.9 ± 1.9 0.78 ± 0.03 0.43 ± 0.01 
15 CO2 880 ± 2 1.66a 0.21 46.2 36.8 11.1 4.8 1.0 0.0 85.9 ± 1.6 98.1 ± 0.2 80.0 ± 2.9 0.87 ± 0.04 0.30 ± 0.01 
16 CO2 880 ± 4 1.49a 0.28 51.1 32.1 10.6 5.0 1.1 0.0 92.3 ± 2.2 97.8 ± 0.4 73.2 ± 2.2 0.75 ± 0.03 0.33 ± 0.01 
17 CO2 880 ± 6 1.66a 0.42 63.0 23.8 7.4 4.8 1.0 0.0 95.8 ± 0.3 97.4 ± 0.5 60.9 ± 2.1 0.57 ± 0.04 0.31 ± 0.01 
18 CO2 930 ± 2 1.49a 0.28 47.8 35.3 11.4 5.0 0.4 0.0 93.5 ± 0.5 97.6 ± 0.2 75.5 ± 2.0 0.84 ± 0.03 0.32 ± 0.01 
19 Steam:CO2 930 ± 3 1.19a 0.32 48.2 27.7 17.6 5.9 0.4 0.1 89.0 ± 0.7 98.5 ± 0.2 66.0 ± 2.4 0.71 ± 0.03 0.64 ± 0.01  

Almond shell 
20 Steam 930 ± 2 0.62 0.23 28.4 26.0 38.1 6.9 0.6 0.0 90.3 ± 1.0 98.7 ± 0.2 75.5 ± 2.4 0.87 ± 0.03 1.46 ± 0.01 
21 Steam 930 ± 2 0.62 0.34 37.3 23.0 31.5 7.5 0.6 0.0 93.2 ± 1.6 98.7 ± 0.2 64.7 ± 2.4 0.70 ± 0.04 1.37 ± 0.01 
22 Steam 930 ± 2 0.62 0.45 45.9 21.1 25.1 7.4 0.5 0.0 93.1 ± 0.2 98.7 ± 0.2 52.6 ± 2.1 0.54 ± 0.02 1.19 ± 0.01  

Olive stone 
23 Steam 930 ± 1 0.78 0.26 27.6 26.3 38.7 6.6 0.8 0.0 93.0 ± 1.7 97.9 ± 0.2 73.2 ± 3.0 0.91 ± 0.03 1.47 ± 0.05 
24 Steam 930 ± 1 0.75 0.39 37.8 22.6 31.7 7.1 0.7 0.0 95.9 ± 1.5 97.7 ± 0.2 60.9 ± 2.1 0.71 ± 0.03 1.40 ± 0.03 
25 Steam 930 ± 2 0.78 0.52 48.1 19.3 24.4 7.6 0.6 0.0 95.8 ± 1.0 97.5 ± 0.2 48.4 ± 2.8 0.51 ± 0.03 1.27 ± 0.04  

a The CO2/B ratio expressed in moles/kg is equivalent to S/B ≈ 0.6 kg/kg. 

Fig. 3. Effect of oxygen-to-biomass ratio, λ on gas composition and process performance parameters. TFR = 930 ◦C. S/B ≈ 0.6. (Tests 10–13.)  
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As can be seen in Table 3 (Tests 3–6–12), the differences in the gas 
composition are negligible with respect to the fuel reactor temperature, 
including the CH4 and C2-C3 compounds generated from the biomass 
devolatilisation. The same low effect of temperature on the gas 
composition was observed in previous works of the group [19,20]. 

Otherwise, better yields and process efficiencies were obtained at 
higher temperatures due to the higher gasification reaction rates, as can 
be observed in Fig. 4. This fact is because better biomass char gasifica-
tion leads to higher biomass conversion, syngas yield, and cold gas ef-
ficiency. In addition, less carbon is transferred from the fuel to the air 
reactor, which increases the carbon conversion efficiency and therefore 
less CO2 is emitted into the atmosphere. 

It is worth mentioning the high values of Xb and ηcc, reaching values 
close to 100% at 930 ◦C. Furthermore, an increase of about 10% was 
found in the synthesis gas yield and cold gas efficiency values, reaching a 
value of 0.66 Nm3/kg dry biomass at 930 ◦C and conditions close to the 
autothermal. Other authors found a maximum syngas yield at a given 
temperature, 750 ◦C [17], 860–870 ◦C [8,14]. This fact was a conse-
quence of two opposing factors with increasing temperature: syngas 
yield increased by the improvement on carbon conversion at lower 
temperatures, and decreased due to the increase on the oxygen-to- 
biomass ratio needed to keep temperature constant at higher tempera-
tures. However, note that this was due to the method for controlling the 
oxygen used in those continuous units, that it was different from the 
used in this work. 

3.3. Effect of steam-to-biomass ratio, S/B 

The effect of the steam-to-biomass ratio, S/B, was analysed at 930 ◦C 
and using an oxygen-to-biomass ratio close to autothermal conditions, λ 
≈ 0.3 (Tests 8–9–11). Steam is normally used as a gasification agent in 
BCLG, but its use produces a significant energy penalty in the process 
due to the heat of vaporisation. Therefore, the steam used in the fuel 
reactor should be high enough for gasification and fluidisation of the 
biomass, but as low as possible to decrease the energy needs. In this 
work, the effect of the S/B ratio was analysed using two values, 0.4 and 
0.6. In addition, a reference test was conducted using N2 instead of 
steam for fluidisation. In the latter case, only the moisture contained in 
the biomass (5.5% by weight) was considered. The flow of gases intro-
duced into the fuel reactor was kept constant in all cases to avoid vari-
ations in the fluid dynamic behaviour of the system. 

Fig. 5 shows the effect of the S/B ratio on the main gasification pa-
rameters. It can be seen that the worst values were obtained for the 
reference case operating with N2 and the BCLG performance improved 
by increasing the S/B ratio. The increase was especially relevant for 

biomass conversion, Xb, and the carbon conversion efficiency, ηcc, due to 
the contribution of gasification reaction in the process. The improve-
ment in the syngas yield and the cold gas efficiency was also relevant 
within the values of S/B ratios analysed. In any case, a S/B ratio of 0.6 is 
considered sufficient to obtain adequate values in the process and 
without excessive energy penalty for steam production. 

Another effect of the use of steam is due to the displacement of the 
WGS reaction, favouring the formation of H2. This fact is even favoured 
by the use of LD slag. In fact, the study of the feasibility of using LD slag 
as oxygen carrier for BCLG performed by Hildor et al. [24] revealed that 
this material catalyses the WGS reaction due to the presence of CaO in 
their composition, and can produce hydrogen through water-splitting 
due to the presence of wüstite during the experiments. In this study, 
the increase in the S/B ratio from 0.05 to 0.6 produced an increase in the 
H2/CO ratio from 0.7 to 1.4 at these conditions. A similar effect of the S/ 
B ratio on syngas yield was also observed in other BCLG studies in 
continuous units, even using S/B ratios as high as 1.4, much higher than 
those used in this work. 

However, to meet the stoichiometric requirement for Fischer- 
Tropsch synthesis (2.05 < H2/CO <2.15), the raw syngas will need a 
WGS reactor downstream the CLG system and a carbon dioxide removal 
process. If this captured CO2 is further storage, negative emissions could 
be reached in the BCLG process [9,10]. According to previous works [8], 
it was also observed that water had a slight effect on the reforming of 
CH4 and other hydrocarbons (C2-C3), although the range of S/B values 
analysed was small. Finally, it should be considered that the excessive 
increase in the amount of steam introduced to the FR lead to a relevant 
energetic penalty. 

3.4. Effect of the biomass type 

Three biomasses were used to analyse the effect of the type of 
biomass in the BCLG process: crushed industrial wood pellets, almond 
shell and olive stone. The last two were selected due to their high pro-
duction in Spain. The effect of the oxygen-to-biomass ratio was inves-
tigated for the three types of biomass under similar conditions, T =
930 ◦C and S/B ≈ 0.6 kg/kg dry biomass (Tests 10–13, 20–22, 23–25). 
Fig. 6 shows the results obtained regarding gas composition and process 
performance. 

As shown in Fig. 6, small differences in gas composition were ob-
tained for the different biomasses. They followed the same trend as a 
function of λ, and the gas concentration for each gas was similar. This 
fact was a consequence of the similar composition of the biomasses 
despite their different origins. The only difference was the CH4 con-
centration, which was 1% lower for olive stone and almond shell 
compared to pine wood. 

The process performance of the biomasses was again similar for all of 

Fig. 4. Effect of the fuel reactor temperature on biomass conversion, carbon 
conversion efficiency, cold gas efficiency and syngas yield. λ ≈ 0.36. S/B ≈ 0.6. 
(Tests 3–6–12.) 

Fig. 5. Effect of S/B ratio on the gasification parameters and the syngas yield. 
TFR = 930 ◦C. λ ≈ 0.3. (Tests 8–9–11.) 
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them. In fact, high values of biomass conversion (Xb) and carbon con-
version efficiency (ηcc) were observed, with values above 92% and 96%, 
respectively, when using steam as gasification agent. All biomasses 
followed the same tendency regarding syngas yield (Y) and cold gas 
efficiency (ηg). The small differences observed for some biomass are a 
consequence of the different CH4 content in syngas. 

3.5. Biomass gasification with CO2 

The use of H2O increases the cost of the BCLG process due to the 
energy used in steam production. The use of CO2 as a gasification agent 
can help improve the economy of the process, although the reaction rate 
of dry gasification is normally slower than that of steam gasification. The 
CO2 required for gasification could come from the recirculation of the 
CO2 separated downstream of the WGS reactor, by a conventional amine 
absorption process. To analyse the effect of the different gasification 
agents, H2O was partially or fully replaced by CO2 in Tests 14–19, but 
maintaining the same gas flow in all cases. The study was carried out at 
three temperatures in the fuel reactor and different oxygen-to-fuel ra-
tios. The temperature in the air reactor was maintained constant at 
930 ◦C. As an example, Fig. 7 shows the effect of λ on the gas compo-
sition using CO2 as a gasification agent, and Fig. 8 shows a comparison of 
the process performance obtained using pure H2O, CO2 or a mixture of 
H2O:CO2. 

The oxygen-to-biomass ratio has the same effect as that observed 
during the operation with water, that is, an increase in λ decreases the 
quality of the synthesis gas due to the greater relevance of the 

combustion reaction. Obviously, higher concentrations of CO2 were 
observed compared to gasification with steam, and lower concentrations 
of the other species due to dilution in CO2. It should be considered that 
the gas obtained during steam gasification is given after water 
condensation (see Fig. 3). In addition, the H2/CO ratio obtained during 
dry gasification (≈0.3) reaches values up to five times lower than those 
obtained during gasification with steam (≈1.3), as observed in Fig. 8a. 
This fact has important consequences for the end use of the syngas. The 
H2/CO ratio obtained in dry gasification would be very far from that 
required in a Fisher-Trospch process for the production of liquid biofuels 
(2.05 < H2/CO < 2.15). The use of a WGS reactor located downstream of 
the fuel reactor would be necessary to achieve the desired H2/CO ratio. 
In any case, the use of H2O:CO2 mixtures could be used to obtain 
different H2/CO ratios for several end uses. 

The process efficiency parameters are represented in Fig. 8b. It was 
observed that, despite the large difference observed in gas composition, 
the cold gas efficiency and the syngas yield were similar during the 
operation with steam, CO2 or a mixture of both. This result is surprising 
considering the lower reactivity of char with CO2 compared to its 
reactivity with H2O. 

Another effect observed in the BCLG process when using LD slag as 
an oxygen carrier and CO2 as a gasification agent was the result obtained 
when working at low temperature in the fuel reactor. Fig. 9 shows the 
composition of the gas obtained in the fuel and air reactors, as a function 
of the fuel temperature and maintaining constant the air reactor tem-
perature at 930 ◦C. A significant decrease in CO2 concentration and an 
increase in H2 were observed in the fuel reactor when operating at 
820 ◦C in the fuel reactor. Simultaneously, a high increase in CO2 con-
centration was observed at the outlet of the air reactor, which produced 
a relevant decrease in the CO2 capture. This fact would weaken one of 
the advantages of the BCLG process where all the CO2 generated in the 
system is present together with the syngas in the fuel reactor outlet 
stream, ready for capture and sequestration [10,11]. 

This fact did not follow the usual trend that is followed when using 
steam as a gasification agent or other oxygen carriers [19,20]. The 
reason behind cannot be attributed to a decrease in biomass gasification 
derived from the lower reactivity of biomass char with CO2, which 
would increase the amount of carbon passing from the fuel to the air 
reactor, since similar biomass conversion efficiencies were obtained for 
steam and CO2 (see Tests 11 and 18 for comparison). The reason was 
attributed to the presence of calcium compounds in the oxygen carrier 
(30.1 wt%). Hildor et al. [24] determined that calcium is present in LD 
slag as different compounds (calcium silicates and srebrodolskite) and 
only a few percentage corresponds to free calcium, including CaO, Ca 
(OH)2 and CaCO3. In their sample, that it was similar to the used in this 
work, they determined that free calcium was approximately 4 wt% for 
heat-treated samples. The distribution between CaCO3 and CaO depends 
on the temperature and partial pressure of CO2. 

Fig. 6. Effect of the type of biomass on gas composition and process performance: crushed industrial wood pellets (●–), olive stone (□ - -), and almond shell (Δ ⋅⋅⋅⋅). 
TFR = 930 ◦C. S/B ≈ 0.6. (Tests 10–13, 20–22, 23–25.) 

Fig. 7. Effect of oxygen-to-biomass ratio, λ, on gas composition using CO2 as 
gasification agent. T = 880 ◦C. CO2/B ≈ 1.6 kg/kg dry biomass. 
(Tests 15–16–17.) 
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CaCO3 ↔ CaO+CO2 (R13) 

Fig. 10 shows the theoretical equilibrium curve for the calcination/ 
carbonation process as a function of temperature and CO2 partial pres-
sure. The points corresponding to the tests carried out at different 
temperatures using CO2 (Tests 14–16–18) or H2O (Tests 2–5–9) as the 
gasification agent were also plotted. 

Hildor et al. [24] performed calcination/carbonation studies of LD 
slag in a thermobalance and compared the results to the equilibrium of 
the reaction (R13). They found that the LD slag followed the same trend 
as the equilibrium curve, but the partial pressure of CO2 required for 
carbonation was higher. Other authors have also observed the deviation 
from the thermodynamic curve of the CO2 values needed for calcination 
[28]. 

It is observed in Fig. 10 that all tests performed using steam as 
gasification agent and those using CO2 and temperatures above 850 ◦C 
would correspond to calcination conditions. In such cases, CaO is the 
calcium compound that is present in the LD slag both in the fuel and air 
reactors. However, conditions existing in Test 14 allow the calcina-
tion‑carbonation reactions during the presence of the LD slag in the air 
and fuel reactors, respectively. Therefore, the carbonation of CaO in the 
fuel reactor produced a displacement of the water gas shift reaction 
towards the production of more H2, similar to what happens during the 
sorption enhanced reforming process [29]. Later, the CaCO3 formed is 
calcined in the air reactor that operated at higher temperature (930 ◦C) 
and produced a release of CO2 to the atmosphere. In any case, the 
improvement observed in the syngas yield when operated with CO2 (0.8 
g/Nm3, Test 14) with respect the use of steam (0.67 g/Nm3, Test 2) does 
not compensate the CO2 emissions observed when operating at low 
temperatures in the fuel reactor. 

3.6. Tar content 

A problem found in conventional gasification processes is the gen-
eration of tars that penalise the overall economy of the process due to 
syngas-cleaning requirements. However, the presence of an oxygen 
carrier in the BCLG process contributes to reducing tar generation 
[11,19,20]. Experience about tar removal using LD slag is limited. Keller 
et al. [21] compared the capacity of different synthetic and natural 
materials for tar removal in biomass–derived gasification gas. They 
demonstrated that the LD slag exhibited a low catalytic conversion of 
C2H4 used as tar surrogate compared to any other material. However, it 
is well known that the presence of calcium and magnesium reduces tar 
generation in biomass gasification [30]. 

In this work, an exhaustive study of the tars generated during the 
BCLG process using LD slag as an oxygen carrier was performed. The 
effect of various operational parameters, such as temperature or the use 
of H2O or CO2 as a gasification agent, is compared in Fig. 11. 

It was observed that an increase in the temperature of the fuel reactor 

Fig. 8. Effect of gasification agent on the process performance. H2O (circle), CO2 (square) at 880 ◦C and H2O:CO2 = 50:50 (triangle) at 930 ◦C.  

Fig. 9. Effect of temperature on the gas composition during gasification with 
CO2 in the fuel and air reactors. λ ≈ 0.3 mol/mol. TAR = 930 ◦C. 
(Tests 14–16–18.) 

Fig. 10. Equilibrium curve of the calcination/carbonation reaction, and con-
ditions existing in the FR (circle) and AR (square) using CO2 and H2O as 
gasification agent. 
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decreases the amount of tars generated. The use of high temperatures 
promotes thermal cracking and combustion of the tars in the presence of 
an oxygen carrier. This effect was observed regardless of the gasification 
agent used, H2O or CO2. However, the differences between them were 
critical. In fact, gasification with CO2 reduced tar content by up to 50%, 
reaching values as low as 1.5 g/kg dry biomass at 930 ◦C. In all cases, the 
H2O/H2 and CO2/CO ratios obtained in the fuel reactor atmosphere 
were well above the required to obtain metallic Fe during the operation, 
which is a well-known catalyst in the reforming of tars. Therefore, the 
reason behind this behaviour is unclear and additional studies would be 
necessary to determine it. 

There are other suitable materials for use in BCLG. In a previous work 
by the group, the use of ilmenite as an oxygen carrier was analysed in the 
same BCLG facility [20]. Values from 1.3 to 2.8 g/kg dry biomass were 
obtained during the gasification with steam in the same temperature 
range, 820 to 940 ◦C, to the used in this work. Hence, ilmenite per-
formed better than LD slag when steam was used. However, the 
improvement observed in the LD slag when using CO2 led to values 
similar to those obtained when using ilmenite and steam. Unfortunately, 
no data are available on the tar values obtained when using ilmenite 
during dry gasification. 

3.7. Characterization of the LD Slag after BCLG operation 

One of the properties that a suitable oxygen carrier must have to be 
used in a chemical looping process is resistance to attrition. It should be 
considered that the oxygen carrier can suffer from thermal stress when 
operating at high temperature, chemical stress due to the structural 
changes suffered during redox cycles, and attrition happening when 
solid particles strike the reactor wall or collide due to its use in circu-
lating fluidised beds. In addition, the stress suffered in BCLG with 
respect to CLC is favoured due to the more reducing atmospheres 
existing in the fuel reactor. In fact, previous studies using ilmenite as an 
oxygen carrier showed a 2 times shorter life in BCLG (630 h) compared 
to similar studies in CLC (1300 h) [20]. 

Attrition fines that are elutriated out of the system make it necessary 
to increase the make-up flow of solids to keep the total solids inventory 
constant, which increases the cost of the process. However, it should also 
be considered that LD slag is a waste and the cost is lower than other 
synthetic materials. Therefore, the useful lifetime of this oxygen carrier 
would not be as important as it is with other materials, although 
excessive fine formation could affect to the fluid-dynamic behaviour 
inside the interconnected fluidised beds. 

In this work, the attrition rate of the solids stabilised after the initial 
40 h of operation at a value of approximately 0.3 wt%/h, which 

corresponds to a lifetime of ~300 h. For this calculation, only fine 
particles below 40 μm were considered. Fines that are unconverted char 
were not quantified, but their influence on the total amount of fine 
production can be considered negligible, considering the small amount 
of ashes in the biomass and the high biomass conversion reached in the 
tests. These values are in the same order of the found by Hildor et al. 
[23] during the 68 h of continuous operation under OCAC conditions in 
the 12 MWth boiler located at Chalmers and using LD slag as an oxygen 
carrier. They reported values ranging from 0.3 and 0.66 wt%/h ac-
counting for lifetimes ranging from 333 h to 150. In another work, 
Moldenhauer et al. [9] estimated an oxygen carrier lifetime of 100–170 
h during combustion tests in the 10 kW unit. 

Compared with other materials used in CLG processes, the lifetime 
exhibited by LD slag under different conditions, including CLC, OCAC 
and BCLG, is lower than that obtained when using ilmenite, [20] and in 
the same order of magnitude of other synthetic materials based on iron 
[19]. 

Another relevant aspect for selecting a suitable oxygen carrier ma-
terial in CLG is the tendency to agglomerate, especially considering the 
highly reducing conditions existing in the fuel reactor and the use of 
biomass as fuel that may contain compounds prone to agglomeration. 
However, during the entire duration of the experiment under BCLG 
conditions, agglomeration of the LD slag was never detected. This fact is 
consistent with the previous experience of using this material in the 12 
MWth unit in Chalmers under CLC conditions [23] or under OCAC 
conditions [22]. 

Samples of LD slag were regularly taken from the BCLG unit and 
characterised by different techniques. Thermogravimetric analyses 
showed that LD slag suffered a gradual loss in the oxygen transport 
capacity, from 1.8 of the fresh material to 1.2 after 60 h of operation. 
This fact can be partially attributed to the loss of Fe and Mn in the LD 
slag during operation, as shown in the ICP analysis (see Table 1). 
However, it appears that new compounds based on Fe and Mn without 
redox properties are formed during the operation under reduced con-
ditions that decrease the oxygen transport capacity of the LD slag. It 
must be considered that the method used here for the control of oxygen 
leads to the presence of highly reduced particles in both the FR and AR 
[19,20]. In fact, XRD analysis of the material after 60 h of operation 
showed (MgO)0.593(FeO)0.407, (MgO)841(MnO)0.159 as reduced phases. 

Fig. 12 shows SEM-EDX photographs of samples taken at several 
operation times. The samples were embedded in resin and cut to observe 
the internal structure. Only the EDX corresponding to major phases has 
been shown in the figure. Fresh particles exhibited a compact structure 
where it is possible to distinguish among different phases within the 
same particle, as proposed by Hildor et al. [23]. However, the presence 
of cracks is visible in the reacted samples. In addition, some accumu-
lation of iron in the surface of the particles or in the surface of the cracks 
was observed. This fact indicates that there was some migration of iron 
towards the external parts, and could be the reason for the loss of iron 
observed in the used particles. The migration of Fe during the CLG 
process has also been observed in other oxygen carriers used in BCLG, a 
synthetic Fe-based oxygen carrier [19] or using ilmenite [20]. In any 
case, the loss of Fe and Mn observed during operation, i.e. in the oxygen 
transport capacity of the LD slag, did not represent any problem for the 
operation since the demand for oxygen in the BCLG process is not as 
restrictive as in CLC. 

4. Conclusions 

The suitability of using as an oxygen carrier a by-product of the steel 
industry, LD slag, has been investigated during 60 h of continuous 
operation in a 1.5 kWth BCLG unit. LD slag allows the process with high 
biomass conversions, Xb > 90%, carbon conversion efficiencies, ηcc >

90%, and syngas yields, Y = 0.66 Nm3/kgdry biomass, at conditions cor-
responding to autothermal operation. The oxygen-to-biomass ratio, λ, 
was the most relevant operating parameter affecting syngas yield and 

Fig. 11. Effect of temperature and gasification agent on tar generation during 
the BCLG process using LD Slag as oxygen carrier. λ ≈ 0.3. 
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values similar to other oxygen carriers such as ilmenite were reached. 
The hydrocarbon content, including CH4 and C2-C3, was in the order of 
10 vol% (dry basis). 

It was demonstrated the possibility to use CO2 as gasification agent 
instead of steam although the H2/CO ratio was much lower. Similar 
yields were obtained for both gasification agents although the gas 
composition obtained using CO2 was very far from the needed for Fisher- 
Tropsch processes. In addition, the calcium present in the LD slag 
affected to the process at low fuel reactor temperatures. The carbonation 
of the CaO produced a displacement of the WGS equilibrium towards H2 
formation, similar to the happening in the sorption enhanced reforming 
process. However, the CO2 emissions to the atmosphere produced dur-
ing calcination of CaCO3 in the air reactor did not make advisable the 
gasification with CO2 at these low temperatures. 

The use of different biomasses, pine or agricultural residues such as 
olive stone of almond shells, did not show differences in the syngas 
quality and so all three can be used in the process. Low tar contents were 
generated in the process, ≈3 g/kg dry biomass at 930 ◦C, which were 
half reduced when CO2 was used as the gasification agent instead of 
steam. 

The fluid-dynamic properties of the LD slag were maintained stable 
during operation, accounting for a lifetime of about 300 h, and 
agglomeration problems were never detected. Therefore, LD slag can be 
considered as a suitable material to be used as oxygen carrier in a BCLG 
process. 
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[10] P. Dieringer, F. Marx, F. Alobaid, J. Ströhle, B. Epple, Process control strategies in 
chemical looping gasification—a novel process for the production of biofuels 
allowing for net negative CO2 emissions, Appl. Sci. 10 (2020) 4271. 

[11] T. Mattisson, F. Hildor, Y. Li, C. Linderholm, Negative emissions of carbon dioxide 
through chemical-looping combustion (CLC) and gasification (CLG) using oxygen 
carriers based on manganese and iron, Mitig. Adapt. Strateg. Glob. Chang. 25 
(2020) 497–517. 

[12] L. Yu, W. Zhou, Z. Luo, H. Wang, W. Liu, K. Yin, Developing oxygen carriers for 
chemical looping biomass processing: challenges and opportunities, Adv. 
Sustainable Syst. 4 (2020) 2000099. 

[13] Y. Lin, H. Wang, Y. Wang, R. Huo, Z. Huang, M. Liu, G. Wei, Z. Zhao, H. Li, Y. Fang, 
Review of biomass chemical looping gasification in China, Energy Fuel 34 (2020) 
7847–7862. 

[14] S. Huseyin, G. Wei, H. Li, F. He, Z. Huang, Chemical-looping gasification of 
biomass in a 10 kWth interconnected fluidised bed reactor using Fe2O3/Al2O3 
oxygen carrier, J. Fuel Chem. Technol. 42 (2014) 922–931. 

[15] G. Wei, F. He, Z. Huang, A. Zheng, K. Zhao, H. Li, Continuous operation of a 10 
kWth chemical looping integrated fluidized bed reactor for gasifying biomass using 
an iron-based oxygen carrier, Energy Fuel 29 (2015) 233–241. 

[16] G. Wei, F. He, Z. Zhao, Z. Huang, A. Zheng, K. Zhao, H. Li, Performance of Fe-Ni 
bimetallic oxygen carriers for chemical looping gasification of biomass in a 10 kWth 
interconnected circulating fluidised bed reactor, Int. J. Hydrog. Energy 40 (2015) 
16021–16032. 

Fig. 12. SEM-EDX photographs of LD slag particles at different operation times.  

O. Condori et al.                                                                                                                                                                                                                                

https://doi.org/10.1002/9781119137696
https://doi.org/10.1002/9781119137696
http://refhub.elsevier.com/S0378-3820(21)00241-1/rf0010
http://refhub.elsevier.com/S0378-3820(21)00241-1/rf0010
http://refhub.elsevier.com/S0378-3820(21)00241-1/rf0010
http://refhub.elsevier.com/S0378-3820(21)00241-1/rf0015
http://refhub.elsevier.com/S0378-3820(21)00241-1/rf0015
http://refhub.elsevier.com/S0378-3820(21)00241-1/rf0015
http://refhub.elsevier.com/S0378-3820(21)00241-1/rf0020
http://refhub.elsevier.com/S0378-3820(21)00241-1/rf0020
http://refhub.elsevier.com/S0378-3820(21)00241-1/rf0020
http://refhub.elsevier.com/S0378-3820(21)00241-1/rf0025
http://refhub.elsevier.com/S0378-3820(21)00241-1/rf0025
http://refhub.elsevier.com/S0378-3820(21)00241-1/rf0025
http://refhub.elsevier.com/S0378-3820(21)00241-1/rf0030
http://refhub.elsevier.com/S0378-3820(21)00241-1/rf0030
http://refhub.elsevier.com/S0378-3820(21)00241-1/rf0030
http://refhub.elsevier.com/S0378-3820(21)00241-1/rf0035
http://refhub.elsevier.com/S0378-3820(21)00241-1/rf0035
http://refhub.elsevier.com/S0378-3820(21)00241-1/rf0035
http://refhub.elsevier.com/S0378-3820(21)00241-1/rf0040
http://refhub.elsevier.com/S0378-3820(21)00241-1/rf0040
http://refhub.elsevier.com/S0378-3820(21)00241-1/rf0040
http://refhub.elsevier.com/S0378-3820(21)00241-1/rf0045
http://refhub.elsevier.com/S0378-3820(21)00241-1/rf0045
http://refhub.elsevier.com/S0378-3820(21)00241-1/rf0045
http://refhub.elsevier.com/S0378-3820(21)00241-1/rf0045
http://refhub.elsevier.com/S0378-3820(21)00241-1/rf0050
http://refhub.elsevier.com/S0378-3820(21)00241-1/rf0050
http://refhub.elsevier.com/S0378-3820(21)00241-1/rf0050
http://refhub.elsevier.com/S0378-3820(21)00241-1/rf0055
http://refhub.elsevier.com/S0378-3820(21)00241-1/rf0055
http://refhub.elsevier.com/S0378-3820(21)00241-1/rf0055
http://refhub.elsevier.com/S0378-3820(21)00241-1/rf0055
http://refhub.elsevier.com/S0378-3820(21)00241-1/rf0060
http://refhub.elsevier.com/S0378-3820(21)00241-1/rf0060
http://refhub.elsevier.com/S0378-3820(21)00241-1/rf0060
http://refhub.elsevier.com/S0378-3820(21)00241-1/rf0065
http://refhub.elsevier.com/S0378-3820(21)00241-1/rf0065
http://refhub.elsevier.com/S0378-3820(21)00241-1/rf0065
http://refhub.elsevier.com/S0378-3820(21)00241-1/rf0070
http://refhub.elsevier.com/S0378-3820(21)00241-1/rf0070
http://refhub.elsevier.com/S0378-3820(21)00241-1/rf0070
http://refhub.elsevier.com/S0378-3820(21)00241-1/rf0075
http://refhub.elsevier.com/S0378-3820(21)00241-1/rf0075
http://refhub.elsevier.com/S0378-3820(21)00241-1/rf0075
http://refhub.elsevier.com/S0378-3820(21)00241-1/rf0080
http://refhub.elsevier.com/S0378-3820(21)00241-1/rf0080
http://refhub.elsevier.com/S0378-3820(21)00241-1/rf0080
http://refhub.elsevier.com/S0378-3820(21)00241-1/rf0080


Fuel Processing Technology 222 (2021) 106963

12

[17] H. Ge, L. Shen, F. Feng, S. Jiang, Experiments on biomass gasification using 
chemical looping with nickel-based oxygen carrier in a 25 kWth reactor, App. 
Thermal Eng. 85 (2015) 52–60. 

[18] T. Shen, J. Wu, L. Shen, J. Yan, S. Jiang, Chemical looping gasification of coal in a 5 
kWth interconnected fluidized bed with a two-stage fuel reactor, Energy Fuel 32 
(2018) 4291–4299. 

[19] I. Samprón, L.F. de Diego, F. García-Labiano, M.T. Izquierdo, A. Abad, J. Adánez, 
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