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Abstract  15 

Chemical looping combustion (CLC) processes combined with CO2 sequestration and 16 

sustainable management of biomass represent a promising BioEnergy with Carbon 17 

Capture and Storage (BECCS) technology. One of the aspects to be considered in the 18 

combustion of biomass is the formation of NOx and the possible existence of tar in the 19 

gaseous product stream. The advantage of the CLC technology compared to other CO2 20 

capture technologies is that only fuel-N contributes to nitrogen oxide formation. 21 

Moreover, scarce information is available about tar formation in CLC. Thus, this work 22 

focuses on these two aspects and compares the results obtained when two different 23 
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chemical looping combustion modes are used, namely In Situ Gasification Chemical 24 

Looping Combustion (iG-CLC) and Chemical Looping with Oxygen Uncoupling 25 

(CLOU). Important differences were observed depending on the combustion mode. In 26 

both cases most of the fuel-N appeared as N2 in the fuel reactor. However, in iG-CLC 27 

more than 94% of the nitrogen measured in the fuel reactor was N2 independently of the 28 

biomass used. These percentages under the CLOU mode were lower. In this case, low 29 

amounts of N2O were also detected, although it decreased to almost zero at 850ºC. In 30 

the air reactor, NO was found and its concentration remained below the legal limit for 31 

NOx emissions in power installations with all the types of biomass and operating modes. 32 

Tar species and concentrations found at the fuel reactor outlet stream were different 33 

under the two combustion modes. About 2.5- 3.7 g/Nm
3 

total tar could be found at 34 

980ºC burning under iG-CLC mode, mostly naphthalene. On the contrary, insignificant 35 

tar amounts were found in CLOU. 36 

Keywords: BECCS technologies; biomass; iG-CLC; CLOU; NOx; tar 37 

1.    Introduction 38 

The last report from the Intergovernmental Panel on Climate Change (IPCC) outlined 39 

the average increase of the global temperature that could be expected depending on the 40 

CO2 emission trends in the present century [1]. Considering this report and in order to 41 

restrict the impact of climate change, the Paris Agreement established a commitment to 42 

limit the global temperature increase to 2 ºC or less [2]. To reach this milestone it 43 

becomes necessary to decrease CO2 emissions to the atmosphere and even to reach 44 

negative CO2 emissions at the end of this century. If a safe CO2 storage is guaranteed, 45 

Biomass Energy with Carbon Capture and Storage (BECCS) can be considered as 46 

Negative Emission Technologies (NETs) [3]. Some studies anticipate that BECCS 47 

technologies could contribute to about 12% of the global CO2 emission reduction 48 
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needed in 2060 to mitigate the climate change [1]. Excluding emission from biomass 49 

transport and pretreatment, biomass combustion emits the same quantity of CO2 as that 50 

previously removed from the atmosphere (neutral CO2 emitter). Moreover, CCS 51 

technologies have reached an important level of development in recent years [4, 5]. 52 

CCS technologies allow generating a concentrated CO2 stream from stationary 53 

combustion sources and storing it, mainly in geological formations.  54 

Among CCS technologies, Chemical Looping Combustion (CLC) is one of the most 55 

promising due to its low energy penalty associated to CO2 capture [6]. In CLC, 56 

combustion takes place in two separate reactors so that there is no mixture between 57 

fuels and air (see Fig. 1). In one of the reactors, noted as fuel reactor in the figure, the 58 

fuel is burned with the oxygen supplied by a solid oxygen carrier (MxOy), which 59 

circulates between the fuel reactor and the air reactor. CO2 and steam are obtained in the 60 

combustion and once the steam is condensed, a highly-concentrated CO2 stream is 61 

obtained, which can be easily transported and stored. In the fuel reactor, the oxygen 62 

carrier is reduced. Afterwards, it is regenerated in air once it reaches the air reactor. 63 

Then it is ready for a new redox cycle and continuous combustion of the fuel is 64 

maintained.  65 

 66 

Fig. 1. Scheme of the CLC process.  67 

When solid fuels such as biomass are considered, CLC has developed two possible 68 

combustion processes [7]. One of them is the In Situ Gasification Chemical Looping 69 
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Combustion (iG-CLC). In this process, steam or carbon dioxide should be fed to the 70 

fuel reactor as fluidizing/gasifying agents. Once the solid fuel is introduced in the fuel 71 

reactor, the volatiles are released and the char is gasified. Then, volatiles and char 72 

gasification products (H2/CO) react with the oxygen carrier forming CO2 and H2O. The 73 

other option for solid fuel CLC is known as Chemical Looping with Oxygen 74 

Uncoupling (CLOU). In this case, the oxygen carrier is capable of releasing gaseous 75 

oxygen (O2) that reacts with volatiles and char as in conventional combustion. Both 76 

processes have advantages and disadvantages. In the iG-CLC process, the main limiting 77 

step is the slow gasification rate of the char generated but cheap oxygen carriers can be 78 

used in the process [7]. In order to enhance char gasification, the use of a carbon 79 

stripper between fuel and air reactors has been proposed [8, 9]. In the carbon stripper, 80 

unconverted char is separated and returned to the fuel reactor for further gasification. 81 

Another drawback in the iG-CLC process, is the existence of unburnt compounds (both 82 

volatile and char gasification products) at the fuel reactor outlet [7]. This makes the 83 

incorporation of an oxygen polishing step downstream the fuel reactor necessary to 84 

complete the combustion. The CLOU process facilitates volatile and char combustion 85 

compared to the iG-CLC mode, as the gaseous oxygen released by the oxygen carrier is 86 

able to react directly with the char produced. The oxygen carrier must have adequate 87 

oxygen equilibrium partial pressure at temperatures of interest for combustion (800-88 

1200ºC) and also withstands long periods of continuous redox cycles. Up to date, only 89 

few materials have demonstrated their adequacy for the CLOU process [10-12], mostly 90 

based on copper oxides or perovskites. Thus, they are also expensive oxygen carriers 91 

when compared to those for iG-CLC. 92 

Although most of the works on CLC of solid fuels have been performed using different 93 

types of coal as fuel, in the recent years, some experience has also been gained in 94 
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biomass combustion, named Bio-CLC [13]. Many of those works correspond to 95 

operation in continuous units under iG-CLC mode in the range of 0.5 kWth to 4 MWth. 96 

These works used different oxygen carriers, mainly based on iron oxides and 97 

manganese oxides [14-21]. They demonstrated that working under optimized conditions 98 

it is possible to reach almost 100% CO2 capture [15, 22]. Some tar was detected in the 99 

gas stream at the fuel reactor outlet and no problems related with the ash present in 100 

biomass have been found. However, high values of unburnt compounds at the fuel 101 

reactor outlet have been reported, which requires the incorporation of an oxygen 102 

polishing step after the fuel reactor. Only few works addressed biomass combustion 103 

under CLOU mode in continuous units ranging from 1.5 to 10 kWth [23-26]. However, 104 

the challenge of finding CLOU materials with longer lifetime still remains. 105 

One of the advantages of CLC over conventional combustion is the reduction in NOx 106 

[27] and tar formation [14]. In CLC there is no mixing between fuel and air and 107 

combustion temperatures are lower, therefore, the contribution to NOx formation of 108 

thermal NO is avoided and the main source for NOx formation is the nitrogen contained 109 

in the biomass. There is some information in literature about the fate of fuel-N in CLC 110 

processes, mainly referred to coal as fuel [7]. The majority of the iG-CLC studies 111 

carried out conclude that most of fuel-N is released in the fuel reactor as N2 and only 112 

low amounts of NOx can be found [28-30]. In the air reactor, the fuel-N in the 113 

unconverted char that may reach the air reactor is released as NO. The oxidizing 114 

atmosphere existing in the fuel reactor in the CLOU process influences NOx formation 115 

compared to what occurs in iG-CLC. Although most of the fuel-N is again released in 116 

the fuel reactor as N2, there are larger amounts of NOx [31]. Besides, tar formation in 117 

the fuel reactor in iG-CLC can be reduced since tar can be either burned by the oxygen 118 

carrier particles or even reformed with steam/CO2 aided by the oxygen carrier that 119 
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would then act as a catalyst. Regarding tar formation, previous iG-CLC studies with 120 

different types of biomass showed tar contents of about 2.5-4.5 g/Nm
3
 at temperatures 121 

between 950-980°C with the major contribution of naphthalene. This would represent 122 

an increase of about 1% in the total oxygen demand from unburnt compounds at the fuel 123 

reactor outlet [15]. On the other hand, no tar was detected in any of the experiments 124 

performed under CLOU mode with a Cu-based oxygen carrier operating in the 900-125 

950ºC range [23, 32]. Considering that the information about both NOx and tar 126 

formation in CLC is still scarce if biomass is considered as fuel, the aim of the present 127 

paper is to further contribute to the understanding of these aspects and therefore 128 

contribute to the advance of the Bio-CLC as a BECCS technology. Experiments both 129 

under iG-CLC and CLOU modes will be performed using different types of biomass as 130 

fuel and later compared. 131 

2.    Experimental 132 

2.1 Oxygen carrier and biomass 133 

Fe-based minerals are commonly used as cheap materials in CLC processes [14, 15, 18, 134 

21, 22, 33]. In the present work, a Fe-based ore obtained in a hematite mine from Tierga 135 

(Zaragoza, Spain) was used as oxygen carrier for iG-CLC. A Cu-Mn mixed oxide, 136 

named as Cu34Mn66-GR, was used as oxygen carrier under CLOU operation. In both 137 

cases, the oxygen carrier was sieved to a particle size of 100-300 µm. Table 1 shows the 138 

main properties of both oxygen carriers. Further information about properties of both 139 

materials can be found elsewhere [15, 24]. In this work, three Spanish biomass wastes 140 

were used as fuels. Pine sawdust (Pinus sylvestris) was chosen as the reference material 141 

because of its wide use and distribution. Also two different types of biomass wastes 142 

used for energetic purposes were chosen, namely, olive stone (Olea europaea) and 143 

almond shell (Prunus dulcis). Raw biomass was dried and sieved to 0.5 - 2 mm. Table 2 144 
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comprises proximate and ultimate analyses of each biomass including the low heating 145 

value and the value of the oxygen demand of the solid fuel (ΩSF), which represents the 146 

amount of oxygen needed to burn the biomass. 147 

Table 1. Properties of the oxygen carriers used in this work. 148 

 Tierga ore Cu34Mn66-GR 

Composition Fe2O3, SiO2, Al2O3, CaO, MgO  Cu1.5Mn1.5O4, Mn3O4 

XRD active phases, MexOy (wt.%) 76.5 (Fe2O3) 72.0 (Cu1.5Mn1.5O4)  

Crushing strength (N) 5.8 1.9 

Oxygen transport capacity, ROC (wt.%) 2.5 4.0 

Porosity (%) 26.3 12.1 

Skeletal density of particles
d
 (kg/m

3
) 4216 4100 

Specific surface area, BET (m
2
/g) 1.4 < 0.5 

 149 

Table 2.  Proximate and ultimate analyses of the types of biomass 150 

 Pine sawdust Olive stone Almond shell 

Proximate analysis (wt%) 

Moisture 4.2 9.4 2.3 

Ash 0.4 0.8 1.1 

Volatile matter 81.0 72.5 76.6 

Fixed carbon 14.4 17.3 20.0 

Ultimate analysis (wt%) 

C 51.3 46.5 50.2 

H 6.0 4.8 5.7 

N 0.3 0.2 0.2 

S 0.0 0.0 0.0 

O 37.8 38.3 40.5 

LHV (kJ/kg) 19158 16807 18071 

ΩSF (kg oxygen/kg fuel) 1.5 1.2 1.4 

 151 

2.2   Experimental setup and procedure  152 

Fig. 2 shows the experimental unit at ICB-CSIC-s1 used in the experiments both under 153 

iG-CLC and CLOU modes. Detailed information about the design and operation of the 154 

unit can be found elsewhere [10] and only its main features will be mentioned here. The 155 
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ICB-CSIC-s1 unit consists of two interconnected fluidized bed reactors, acting as fuel 156 

and air reactors, respectively. To prevent the mixing of atmospheres, a third fluidized 157 

bed reactor is placed as a loop seal between the fuel and the air reactors. The biomass is 158 

fed into the fuel reactor at the bottom of the bubbling fluidized bed with a series of two 159 

screw feeders. The ICB-CSIC-s1 unit allows operation between 0.5 (iG-CLC) and 1.5 160 

kWth (CLOU) nominal power. There is no carbon stripper between fuel and air reactors 161 

and an important feature of this unit is the possibility of measuring and controlling the 162 

solids flow circulating between the fuel and the air reactors.  163 

 164 

Fig. 2. Experimental unit ICB-CSIC-s1 165 

During this experimental campaign where nitrogen emissions were evaluated, CO2 was 166 

used to fluidize the fuel reactor and the loop seal. It was also introduced in the screw 167 

feeder in order to avoid N2 in the gases fed to the system. However, tar measurements 168 

1.- Fuel Reactor 7.- Solid reservoir

2.- Loop Seal 8.- Solids control valve

3.- Air Reactor 9.- Fuel feeding system

4.- Riser 10.- Evaporator

5.- Cyclone 11.- Furnace

6.- Diverting solids valve 12.- Filter

Gas Analysis

O2, CO2, CO

Vent

Sec. 
Air

Gas Analysis

CO2, CO, H2, CH4

CO2Air CO2

Air

Reactor

Fuel 

Reactor

8

5

6

4

1

9

3

11

11

2

Vent

7

12

12

10

GC-MS

Product gas

Rotameter

Gas meter

-18ºC

Pump

0 ºC Tar recovery system

Tar analysis

GC – MS 

Titration
H2O content

Tar recovery

system

Fuel



 

9 

were performed using steam as gasifying agent in the iG-CLC experiments and nitrogen 169 

as fluidizing agent in CLOU.  170 

CO, CO2, H2, CH4 and O2 concentrations in the fuel reactor exit as well as CO, CO2 and 171 

O2 concentrations at the exit of the air reactor were measured and recorded. For CH4, 172 

CO and CO2 a nondispersive infrared (NDIR) analyzer (Siemens Ultramat 23) was 173 

used; a paramagnetic analyzer (Siemens Ultramat 23 and Oxymat 6) was used for O2 174 

concentration measurement and a thermal conductivity detector (Siemens Calomat 6) 175 

was used for H2. 176 

NH3, HCN, N2, NO, N2O and NO2 were measured with a quadrupole mass spectrometer 177 

from Pfeiffer. NO in fuel and air reactor was also measured using a nondispersive 178 

infrared (NDIR) analyzer (Siemens Ultramat 23). The collection of tar at the fuel reactor 179 

outlet was done according to the standard tar protocol [34]. The concentrations of the 180 

different tar compounds in the samples was measured by a GC (Agilent 7890A) fitted 181 

with a capillary column (HP-5) and a Flame Ionization Detector (FID). Furthermore, the 182 

GC was coupled with a mass spectrometer (Agilent 5975C). Naphthalene and 183 

phenanthrene were selected for the external calibration procedure. The quantitative 184 

values were obtained assuming a similar response factor to naphthalene for tar 185 

compounds of 1–2 rings and similar to phenanthrene for 3-rings compounds [35]. A 186 

standard solution with several lineal hydrocarbons was used in the external calibration 187 

in  some of the compounds detected under CLOU mode. 188 

The total oxygen carrier inventory in the ICB-CSIC-s1 unit was about 3.5 kg in the iG-189 

CLC experiments and about 3 kg during CLOU operation. In iG-CLC, a total of 60 h of 190 

hot operation were accomplished, 40 h of which with biomass combustion. In CLOU, 191 

45 h were reached in hot operation with 25 h of those with biomass combustion. Tables 192 

3 and 4 shows the experimental conditions of the experiments performed (PN=pine 193 
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sawdust; OS=olive stone; AS=almond shell) [15, 24]. In the tables, the value of the 194 

parameter oxygen carrier to fuel ratio (ϕ) was included. This parameter compares the 195 

available oxygen in the circulating oxygen carrier with the oxygen needed for the 196 

complete combustion of the fed fuel. 197 

𝜙 =  
�̇�𝑂𝐶𝑅𝑂𝐶

�̇�𝑠𝑓Ω𝑆𝐹
  (1) 

Table 3. Operating conditions of the iG-CLC tests with the different types of biomass  198 

Biomass PN_1 PN_2 PN_3 OS_1 OS_2 OS_3 AS_1 AS_2 AS_3 

Time of combustion (h) 5.7 2.6 2.2 8.1 3.0 2.3 3.7 3.3 3.8 

Time hot fluidization (h) 8.2 4.1 3.1 9.4 4.5 3.0 6.3 9.3 6.4 

Temperatures (ºC)          

Fuel reactor 910 950 985 905 955 980 905 955 985 

Air reactor 950 950 950 950 950 950 950 950 950 

Operating conditions          

Biomass flow (g/h) 113 98 98 164 141 141 190 102 88 

OC circulation rate 

(kg/h) 

9.2 6.7 6.7 8.8 7.6 7.6 13 7 5.9 

Oxygen carrier to fuel 

ratio,  

1.3 1.1 1.1 1.0 1.0 1.0 1.2 1.2 1.2 

Specific solids 

inventory in fuel reactor 
(kg/MWth) 

750 785 780 600 600 590 370 550 890 

 199 

Table 4. Operating of the CLOU tests with the different types of biomass  200 

Biomass PN_4 PN_5 PN_6 PN_7 OS_4 OS_5 OS_6 OS_7 AS_4 AS_5 AS_6 AS_7 

Time of combustion (h) 2.2 2 2.1 1.9 1.9 2 1.8 2.1 2.3 2.1 2.2 2.1 

Time hot fluidization (h) 3.4 3.2 3.3 3.5 3.7 3.6 3.2 3.6 3.3 4 3.9 3.8 

Temperatures (ºC)             

Fuel reactor 775 800 825 850 775 800 825 850 775 800 825 850 

Air reactor 800 800 800 800 800 800 800 800 800 800 800 800 

Operating conditions             

Biomass flow (g/h) 140 140 140 140 225 225 225 225 173 173 173 173 

OC circulation rate (kg/h) 22.5 22.5 22.5 22.5 22.5 22.5 22.5 22.5 20.3 20.3 20.3 20.3 

Oxygen carrier to fuel ratio, 

 

3.9 3.9 3.9 3.9 3.3 3.3 3.3 3.3 3.0 3.0 3.0 3.0 

Specific solids inventory in 

fuel reactor(kg/MWth) 

1200 1200 1200 1200 760 760 760 760 1150 1150 1150 1150 

 201 

3.    Results and discussion 202 

3.1   Analysis of the performance of the CLC unit 203 
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Before analyzing NOx and tar formation in the biomass experiments under both iG-CLC 204 

and CLOU modes, the performance of the system should be evaluated. First of all, the 205 

carbon conversion efficiency was checked and an average value about 95% was found. 206 

In order to analyze the performance of the CLC system three parameters were 207 

considered, i.e. the combustion efficiency in the fuel reactor, the CO2 capture efficiency 208 

and the char conversion in the fuel reactor. The combustion efficiency in the fuel reactor 209 

(ηcomb,FR) is a measure of the gas conversion in the fuel reactor. It is defined as the 210 

fraction of oxygen demanded by the volatile matter and gasification products supplied 211 

by the oxygen carrier in the fuel reactor [7]. 212 

 

(2) 

The CO2 capture efficiency (CC) specifies how much of the carbon introduced with the 213 

solid fuel is captured in gaseous form at the fuel reactor outlet [7] 214 

 

(3) 

Carbon in gases exiting the fuel reactor comes from carbon contained in the volatiles 215 

and the carbon in the gasified char. As a result, all this carbon will be converted to 216 

captured CO2. The CO2 capture efficiency depends on the fraction of char gasified in 217 

the fuel reactor, which is noted as char conversion in the fuel reactor (Xchar,FR). This char 218 

conversion can be also considered as an indicator of the gasification efficiency. 219 

 

(4) 

Performance results from the experiments under both iG-CLC and CLOU modes were 220 

discussed in detail in Fig.3 in order to be afterwards correlated to the results obtained in 221 

the analysis of pollutant emissions. Note that although all the experiments in this work 222 

oxygen transferred in fuel reactor

oxygen demanded by solid fuel converted in fuel reactor
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were done using CO2 as gasifying agent in the fuel reactor, Fig.3 shows performance 223 

results obtained in similar operating conditions using steam/nitrogen as gasifying agents 224 

[15, 24] as they could be calculated more accurately. 225 

 226 

Figure 3. Combustion (ηcomb,FR) and CO2 capture efficiencies (ηCC) for iG-CLC (filled symbols) and 227 

CLOU (open symbols) burning pine sawdust, almond shell and olive stone 228 

The first consideration about iG-CLC and CLOU results is the different temperature 229 

range in the fuel reactor within which they were obtained. The experiments with the two 230 

oxygen carriers were done under previously optimized operating conditions for each of 231 

them. The different temperature interval is justified by the reactivity of the material used 232 

as oxygen carrier [36].The experiments under iG-CLC mode operated between 900-233 

980ºC while in the CLOU mode lower temperatures were used (775-850ºC). In the case 234 

of iG-CLC, it was observed that the reactivity of the Tierga ore notably increases at 235 

temperatures above 950ºC [37]. However, in the case of CLOU experiments, the 236 

suitable operating conditions are found at those lower temperatures [36, 38]. Previous 237 

studies indicated that it was possible to reach adequate O2 equilibrium concentrations 238 

(up to 2% at 850ºC) to achieve complete combustion of the fuel with the Cu-Mn oxygen 239 
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carrier used in this work [38]. The different temperature interval considered for each 240 

operating mode is important as it can affect the nitrogen chemistry and tar formation 241 

occurring in the fuel reactor. As it can be seen in Fig.3, under the iG-CLC mode high 242 

values of CO2 capture efficiencies were obtained with all the types of biomass. The 243 

values increase with the fuel reactor temperature reaching almost 100% at 980ºC. These 244 

values for CO2 capture efficiencies are correlated to those calculated for the char 245 

conversion in the fuel reactor, which also increase with the fuel reactor temperature 246 

from 70-80 to almost 100%. In iG-CLC, low combustion efficiencies (about 70%) were 247 

found for all the types of biomass tested mainly due to the fraction of volatiles released 248 

by the biomass that are not burnt by the oxygen carrier. In the CLOU experiments also 249 

shown in Fig.3, the CO2 capture efficiencies increased with temperature because more 250 

char was converted at higher temperatures in the fuel reactor and therefore, less 251 

unconverted char reached the air reactor. With this Cu-Mn based oxygen carrier values 252 

of CO2 capture efficiencies about 95% at 850ºC were obtained. In order to increase the 253 

values of these CO2 capture efficiencies a carbon stripper would be needed. The 254 

combustion efficiencies for CLOU experiments in Fig.3 were always close to 100% 255 

even at the lowest temperature (775ºC), due to the release of gaseous oxygen in the fuel 256 

reactor.  257 

3.2   Fate of fuel-N 258 

3.2.1   Fuel-N distribution between fuel and air reactors 259 

As it was mentioned before, one of the advantages of CLC is that the contribution of 260 

thermal NOx to the NOx formation in combustion is avoided [27]. Therefore, the main 261 

contribution to NOx formation comes from fuel-N. According to the composition of the 262 

different types of biomass in Table 2, the highest nitrogen content is observed for pine 263 

sawdust (0.3 wt.%), while olive stone and almond shell are reported 0.2 wt.%. Fuel-N in 264 
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biomass is released during biomass devolatilization. The dominant nitrogenous volatile 265 

species are NH3 and HCN [39]. Both can evolve to either N2 or NO, depending on the 266 

combustion conditions. On the other hand, char-bound nitrogen can evolve to NO, N2O 267 

or N2. However, at temperatures higher than 900ºC N2O decomposes to N2 [40]. In the 268 

experiments performed under both iG-CLC and CLOU modes, different atmospheres 269 

can be found in the fuel reactor when biomass devolatilization takes place. In the 270 

experiments CO2 was supplied to the fuel reactor as gasifying/fluidizing agent. 271 

Therefore, in iG-CLC a reducing environment is generated due to the presence of 272 

gasification products, i.e. H2 and CO. However, oxygen is present in the reacting 273 

atmosphere under CLOU operation. In both processes, N2 from air is not present, which 274 

is an important difference compared to the conventional combustion in air. 275 

Fig.4 presents fuel-N distribution between fuel and air reactors in the experiments under 276 

iG-CLC and CLOU modes summarized in Tables 3 and 4. Results from three types of 277 

biomass tested are shown. As a general conclusion shown in Fig.4, it can be said that for 278 

both operating modes, the most of the nitrogen in the fuel is released in the fuel reactor, 279 

in line with the results previously reported in literature for CLC using coal as fuel [7]. 280 

This is a consequence of the high CO2 capture efficiencies reached and shown in Fig.3. 281 

The percentage of fuel-N released in the fuel reactor slightly increases with temperature. 282 

The fuel-N released in the air reactor comes from the little amounts of unconverted char 283 

that reaches this reactor and is burned there. The trend in the percentage of fuel- N 284 

released in the air reactor is the opposite of that observed for char conversion in the fuel 285 

reactor in Fig.3. Larger values of char conversion imply little bypass of unconverted 286 

char to the air reactor and therefore, less fuel-N reaching the air reactor. 287 
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 288 

 289 

Figure 4. Fuel-N distribution between fuel and air reactors for iG-CLC and CLOU processes burning the 290 

three different types of biomass: (a) pine sawdust, (b) olive stone and (c) almond shell at different fuel 291 

reactor temperatures  292 

However, there are differences between both operating modes that can be observed in 293 

Figs. 3 and 4, especially in the case of the experiments with pine sawdust. In Fig. 3 294 

similar CO2 capture efficiencies were observed at 850 ºC under CLOU mode and 900 295 

ºC under iG-CLC conditions. However, lower amounts of fuel-N were found in the fuel 296 

reactor in Fig. 4 under the CLOU mode despite the high char conversions reached in 297 

both CLC modes. This reveals the different nitrogen chemistry behind the two 298 

processes. Under similar operating conditions, fuel-N conversion in the fuel reactor 299 

seems to be favoured under iG-CLC mode. 300 

(a) 

(b) (c) 
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3.2.2   Evolution of nitrogen species in the fuel reactor 301 

Neither under iG-CLC nor under CLOU mode the presence of NH3 or HCN was 302 

detected at the fuel reactor outlet. As it is shown in Table 5, only N2, NOx and N2O were 303 

identified depending on the conditions. This indicated that all the nitrogen released as 304 

NH3 or HCN in the devolatilization was converted via homogenous or heterogeneous 305 

reactions. 306 

Table 5. Nitrogen species found at the fuel reactor outlet in the iG-CLC and CLOU experiments  307 

iG-CLC N2, NOx 

CLOU N2, NOx, N2O 

 308 

Both in iG-CLC and CLOU, the major nitrogen species found in the fuel reactor was 309 

N2, followed by NOx and by certain amounts of N2O, the later only in the case of CLOU 310 

experiments. The presence of N2O can be attributed to the temperature range of 311 

operation (775-850ºC) and the release of molecular oxygen in the fuel reactor 312 

atmosphere [40]. In iG-CLC, 97.2, 96.7 and 94.6% of the nitrogen measured in the fuel 313 

reactor was N2 in the experiments at 980ºC with pine sawdust, olive stone and almond 314 

shell, respectively. The corresponding percentages under the CLOU mode operating at 315 

850ºC were 97.3, 92.0 and 81.5%.  316 

Fig. 5(A) shows the different trends in the evolution of the molar ratio NOx/C 317 

(expressed in ppm) with the fuel reactor temperature for both iG-CLC and CLOU, i.e. 318 

the NOx/C ratio increased with temperature in CLOU since more oxygen was released 319 

by the oxygen carrier with the increase of the fuel reactor temperature [38]. However, 320 

this molar ratio slightly varied with the fuel reactor temperature under iG-CLC. Besides 321 

higher values of the NOx/C ratio were found in CLOU. This was expected since the 322 

presence of gaseous oxygen in the fuel reactor atmosphere favours fuel-N oxidation to 323 
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NO [41]. Focusing on the CLOU experiments for the three types of biomass, higher 324 

values of NOx/C ratio were obtained for almond shell followed by olive stone and pine 325 

sawdust. This order was the opposite of that found for the corresponding char 326 

conversion in Fig. 3, where the higher char conversion values were obtained for pine 327 

sawdust then followed by olive stone and almond shell. Therefore, although pine char 328 

was converted in a larger extent, the conversion of fuel-N to NO was less favoured than 329 

in the rest of the biomass types considered. This effect becomes clearly shown at the 330 

highest temperature tested in CLOU (850ºC). Once formed, NO can react with biomass 331 

char to be reduced to N2  following reaction (R1) [40]: 332 

C (char) + NO  CO + 1/2 N2        (R1) 333 

The differences in char reactivity to NO could contribute to the different NOx/C molar 334 

ratios obtained in Fig. 5(A) with the different types of biomass. If the pine sawdust char 335 

were more reactive to NO than the rest of the chars in the temperature interval 336 

considered (775-850 ºC), it could react with the NO in the atmosphere to produce N2, 337 

therefore decreasing the NOx/C molar ratio. Different results were found for the iG-338 

CLC experiments, where no significant differences in NOx/C ratio were found in the 339 

fuel reactor temperature range studied. In this case, the fuel reactor temperature is 340 

higher than in CLOU and it would notably enhance the heterogeneous reaction between 341 

char and NO (R1). Thus, the possible differences in char reactivity would be hindered or 342 

softened. 343 
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 344 

Figure 5. (A) Molar ratio NOx/C  and (B) NOx concentration per MJ at the fuel reactor outlet for CLOU 345 

(open symbols) and iG-CLC (filled symbols) processes at different fuel reactor temperatures  346 

The quality of the CO2 to be captured can be affected by the presence of different 347 

compunds in the outlet stream from the fuel reactor. Steam, N2, O2, CO, H2, CH4 and 348 

other hydrocarbons, SO2, particles and also NOx levels should be controlled in order to 349 

ensure that the captured CO2 stream can be transported and safely storaged. To date, no 350 

legal requirements exist and only recommendatios have been outlined for the quality of 351 

CO2 [42]. The limit marked by this recommendations regarding NOx content in the CO2 352 

stream is indicated in Fig. 5(A). The experiments under iG-CLC would fulfil the 353 

requirements, as well as almost all of those perfomed under CLOU mode. Fig. 5(B) 354 

normalizes the emissions registered per MJ of fuel fed. According to Fig. 5(B), the 355 

trends previously observed in Fig. 5(A) are mostly maintained.  356 

N2O is a greenhouse gas with a long atmospheric lifetime and important radiative 357 

forcing compared to CO2. Moreover, N2O also plays an important role in the depletion 358 

of the ozone layer. The temperatures used in conventional fluidized bed combustion 359 

(800-900ºC) facilitate N2O appearance [40]. Thus, its presence in CLC was assessed. 360 

Fig.6(A) presents the evolution of N2O concentration (expressed in mg/Nm
3
) with the 361 

fuel reactor temperature for both iG-CLC and CLOU.  362 
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363 
Figure 6. N2O concentrations (A) in mg/Nm

3
 and (B) in mg/MJ at the fuel reactor outlet for CLOU (open 364 

symbols) and iG-CLC (filled symbols) processes at different fuel reactor temperatures. 365 

As it can be seen in Fig. 6(A), only in the experiments under CLOU mode N2O was 366 

observed. The concentration of N2O in the fuel reactor outlet stream decreased with 367 

temperature to values close to zero at 850ºC. This was observed for the three types of 368 

biomass tested. The maximum concentration reached at the lowest temperature did not 369 

exceed 20 mg/Nm
3
; see Fig. 6(A). The reduction of N2O with the increase in 370 

temperature has already been reported in literature in the case of conventional 371 

combustion in fluidized bed [43]. Under iG-CLC mode, no N2O was detected at the 372 

outlet of the fuel reactor, since temperatures were always higher than 900ºC. Fig. 6(B) 373 

shows the same results normalized per MJ of fuel fed.  374 

3.2.3   Evolution of nitrogen species in the air reactor 375 

Both during iG-CLC and CLOU operation, the main nitrogen species besides N2 found 376 

at the air reactor outlet was NO. In this case, no N2O was detected. This NO is 377 

originated in the oxidation of the fuel-N present in the unconverted char that reaches the 378 

air reactor. Fig. 7(A) and (B) shows the evolution of the NO concentration (both in 379 

mg/Nm
3
 and mg/MJ) with the fuel reactor temperature, respectively. The NO 380 

concentrations have been normalized to 6% O2 in the stream, as it is indicated in the 381 

legal emission limit. In Fig. 7(A), the trends for both operating modes, iG-CLC and 382 
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CLOU, are the same for all the types of biomass tested. The NO emissions decrease 383 

when the fuel reactor temperature increases. The reason for this trend is that an increase 384 

in the fuel reactor temperature enhances char gasification. If more char is converted, 385 

less unconverted char is transferred to the air reactor. Thus, the fuel-N released in the air 386 

reactor is decreased. Some differences can be appreciated between types of biomass. In 387 

all cases, higher NO concentrations in the air reactor were found in the experiments 388 

with olive stone and almond shell. It should be taken into account that the NO present in 389 

the outlet stream of the air reactor can be considered an emission to the atmosphere and 390 

therefore, the levels should fulfil those specified in the current legislation [44]. The 391 

Directive 2010/75/EU on industrial emissions (integrated pollution prevention and 392 

control) sets the NOx emission limit to 150 mg/Nm
3
 (normalized to 6% O2) for new 393 

installations in the EU and for the highest power (>300 MW). According to the values 394 

shown in Fig. 7(A), the NOx level at the air reactor outlet was in the range 10-120 395 

mg/Nm
3
 for the CLOU experiments and in the range 0-50 mg/Nm

3
 for iG-CLC 396 

experiments. Thus, no emission problems could be anticipated when biomass is used as 397 

fuel in a CLC system. Moreover, these values were obtained in the absence of a carbon 398 

striper, which would decrease the unconverted char bypassed to the air reactor and 399 

hence the NOx formed in the air reactor.  400 
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Figure 7. NOx concentrations (A) in mg/Nm
3
(6% O2) and (B) in mg/MJ at the air reactor outlet for 402 

CLOU (open symbols) and iG-CLC (filled symbols) processes at different fuel reactor temperatures 403 

burning the three different types of biomass: pine sawdust,  olive stone and almond shell 404 

3.3   Tar formation under iG-CLC and CLOU 405 

Tar formation control during gasification represents one of the main challenges in the 406 

use of biomass. Tar has been reported to cause fouling problems downstream of the 407 

gasification chamber and strict limits have been imposed for its presence when the 408 

syngas produced is intended to be used for energy generation or chemicals production 409 

[45]. In the case of the CLC process, scarce information about tar formation can be 410 

found. The presence of tar is limited to the fuel reactor outlet and it is therefore 411 

affecting the quality of the CO2 stream there generated and the further operations prior 412 

to CO2 storage (compression and transport). In the recommendations summarized by de 413 

Visser about CO2 quality [42], there is no clear reference to tar. Nevertheless, in order to 414 

set a range of values for safe operation, the limit given by Reed et al. [46] for 415 

compressing and piping any distance a biomass gasification gas can be used. According 416 

to these authors, the tar content should be lower than 0.5 g/Nm
3
. 417 

In the experiments under iG-CLC and CLOU modes, the tar compounds at the fuel 418 

reactor outlet were detected and quantified. In these experiments, steam was used in the 419 

fuel reactor as fluidizing agent in iG-CLC and nitrogen in CLOU. Most of the results 420 

from iG-CLC experiments were previously presented [15] and are included here to 421 

facilitate comparison with those obtained under CLOU mode. Fig. 8 plotted the tar 422 

compounds grouped as primary, secondary and tertiary tars [47, 48] and also includes 423 

lineal hydrocarbons. The figure shows the concentration values for each group in the 424 

experiments with the different types of biomass.  425 
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 426 

Figure 8. Tar concentration for the three types of biomass tested at different fuel reactor temperatures 427 

operating under (A) CLOU mode and (B) iG-CLC mode 428 

In iG-CLC, the amount of tar found decreased when the fuel reactor temperature was 429 

increased. The two most significant results when both operating CLC modes are 430 

compared are summarized next. First of all, the different levels of tar found. While in 431 

the iG-CLC operation, the total tar values oscillated between 2.5-3.7 g/Nm
3
 at the 432 

highest temperature (980ºC), the values determined for CLOU were about two orders of 433 

magnitude lower (<0.02 g/Nm
3
) in a lower fuel reactor temperature interval (775-434 

850ºC). Therefore, in the case of iG-CLC additional measures should be considered in 435 

order to reduce the amount of tar present and to make it compatible with the <0.5 g/Nm
3
 436 

limit proposed by Reed et al. [46]. One of the possibilities is the combustion of tar in an 437 

oxygen polishing step after the fuel reactor together with the rest of unburnt compounds 438 

from the combustion process (CO, H2 and CH4) [15]. The tar levels found in the CLOU 439 

experiments are so low that it should not represent a problem in the CO2 transport-440 

storage chain. In any case, the combustion of biomass using both of any combustion 441 

modes results in lower tar content in the product gas stream than that expected in 442 

conventional processes such as biomass air-fired gasification. Note that for an air-blown 443 
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circulating fluidized bed (CFB) gasifier a typical tar content of about 10 g/Nm
3
 has been 444 

reported [49]. 445 

The second relevant result is the tar composition found in the experiments. In the iG-446 

CLC process the composition is similar for the three types of biomass tested and not 447 

clearly influenced by temperature (see [15]). The major compound is naphthalene 448 

accompanied by some other tertiary tars such as acenaphthylene and phenantrene. No 449 

benzene was detected, although the standard tar protocol followed to collect tar samples 450 

allows its collection as it was shown in previous works from the authors [35]. However, 451 

tar composition obtained in CLOU experiments showed some differences with respect 452 

to that obtained in iG-CLC. Table 6 shows the compounds identified in the CLOU 453 

experiments for different fuel reactor temperatures.  454 

Table 6. Tar composition for the CLOU tests with the three types of biomass  455 

Biomass PN_5 PN_6 PN_7 OS_4 OS_5 OS_6 AS_4 AS_5 AS_6 

Temperatures (ºC)          

Fuel reactor 775 800 825 775 800 825 775 800 825 

Air reactor 800 800 800 800 800 800 800 800 800 

Tar composition (g/Nm3 dry)         

Benzene, 1 propenyl - 1·10-4 - 1.7·10-3 - 1.9·10-3 1·10-4 - 5·10-4 

Dodecane  4·10-4 1·10-3 6·10-3 1.8·10-3 - - 9·10-4 2·10-4 7·10-4 

Indene - - - 6·10-4 1.1·10-3 1.4·10-3 - - 3·10-4 

Tetradecane 4·10-4 5·10-4 3.2·10-3 - - - 7·10-4 2·10-4 5·10-4 

Naphthalene 2·10-4 3·10-4 7·10-4 10.5·10-3 19.4·10-3 11.9·10-3 1·10-4 0.0000 1.7·10-3 

2,6,10 trimethyltridecane 2·10-4 3·10-4 2.5·10-3 - - - 5·10-4 1·10-4 - 

Naphthalene 2-methyl - - - 1.1·10-3 1.6·10-3 1.6·10-3 - - - 

Naphthalene 1-methyl - - - 7·10-4 1.1·10-3 1.1·10-3 - - - 

Biphenil - - - 9·10-4 1.4·10-3 1.0·10-3 - - - 

Benzophenone - - - - - -- 4·10-4 - - 

Acenaphthylene 0.0000 - - 4·10-4 - 9·10-4 - - - 

Fluoranthene - - - - - - - - - 

Phenantrene - - 9·10-4 1.4·10-3 - - - - - 

Total tar (g/Nm3 dry) 0.004 0.01 0.04 0.04 0.05 0.04 0.01 0.01 0.01 

As it can be seen, low amounts of naphthalene are found but certain quantities of linear 456 

or branched hydrocarbons are detected, such as dodecane or tetradecane. This may 457 
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indicate a different mechanism for the comsumption/reforming of the tar under CLOU 458 

environment when compared to iG-CLC. 459 

4.    Conclusions 460 

The two operating modes currently available to burn biomass using the Chemical 461 

Looping Combustion technology, namely iG-CLC and CLOU, were compared 462 

regarding two aspects in biomass combustion: NOx and tar formation. Three different 463 

biomass residues were tested as fuels: pine sawdust, olive stone and almond shell. 464 

Under similar operating conditions, fuel-N conversion seems to be favoured under iG-465 

CLC mode. Although the combustion took place in different fuel reactor temperature 466 

ranges, in both combustion modes most the fuel-N appeared as N2 at the fuel reactor 467 

outlet with only little presence of NO. The ratio N2/NOx in the fuel reactor was higher in 468 

the case of iG-CLC experiments due to the absence of molecular oxygen that favours 469 

NO formation. Some differences between biomasses were observed regarding the 470 

amount of NO formed in the fuel reactor under CLOU mode and were attributed to the 471 

different char reactivity of the three types of biomass. Little amounts of N2O were 472 

detected under CLOU mode at lower temperatures, but it disappeared at 850 ºC. In the 473 

air reactor and for both combustion modes NO was detected and its concentration 474 

decreased when the fuel reactor temperature increased. However, its concentration 475 

never exceeded the current legal limits for power plants.  476 

Regarding tar formation, total tar values between 2.5-3.7 g/Nm
3
 were encountered under 477 

iG-CLC mode at the highest temperature (980ºC) at the fuel reactor outlet, mostly 478 

naphthalene. This makes a further oxygen polishing step necessary in order to condition 479 

the stream for subsequent transport and storage. Under CLOU, insignificant amounts 480 

were found although in this case also linear or branched hydrocarbons were detected. 481 
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