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Abstract 6 

This article investigates the gasification of Solid Recovered Fuels (SRFs). To better understand the 7 

influence of SRF composition on gasification efficiency and syngas quality, two industrial SRFs having 8 

different compositions were studied. A detailed SRF characterization was performed (elemental 9 

analysis; ash composition; LHV; fraction of biomass, non-biomass, and inert materials) to precisely 10 

describe the chemical complexity of such materials. The gasification tests were performed at pilot-scale 11 

in a bubbling fluidized bed using air as gasifying agent, and olivine as bed material. The separate 12 

contribution of gasification temperature (T=750-900°C) and equivalence ratio (ER=0.21-0.35) on the 13 

gasification efficiency was investigated by sequentially varying these two parameters.  14 

Gasification tests revealed that the LHV of the syngas and the cold gas efficiency decreased by 45-50% 15 

and by 20-30%, respectively, with rising equivalence ratio. These evolutions were attributed to syngas 16 

oxidation reactions which promoted the formation of CO2. Indeed, mass balances calculation revealed 17 

that the part of carbon atoms in syngas in the form of CO2 rises from 43 to 54% for SRF1, and from 35 18 

to 50% for SRF2. High plastic content in SRF2 was responsible for the formation of stable light 19 

hydrocarbons (CH4, C2H4 and C6H6) from the decomposition of the plastic polymer chains, and to lower 20 

amount of H2 compared to syngas from biomass-rich SRF1. The carbon conversion decreased by 8% 21 

with rising ER from 0.21 to 0.30 for SRF2, as a result of plastics-biomass interactions promoting 22 

secondary reactions and leading to char formation. For both SRFs, rising temperature significantly 23 

improved the gasification efficiency whatever the SRF composition, and decreased the CO2 24 

concentration. These evolutions were attributed to the promotion of several reactions, such as 25 

gasification, steam and dry reforming, Boudouard reaction, and Reverse Water-Gas Shift reaction.  26 

1. Introduction 27 

Nowadays, the worldwide MSW generation is around 1.3 billion tons per year, and is expected to reach 28 

2.2 billion tons per year by 2025 [1]. Despite the recent progresses in waste management, the collection, 29 

recycling and valorization of waste still have to be strongly improved. Indeed, around 47 % of the 30 

wastes generated in EU are disposed in landfill sites [2], leading to air and soil pollution. In order to 31 

manage the increasing worldwide generation of municipal solid wastes, new solutions must be 32 
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developed. Thermal treatment plants, such as incineration, are essential for the management of 33 

municipal wastes [3,4]. In a comprehensive review, Arena summarized the main advantages of thermal 34 

treatments, including: (a) the reduction of waste mass and volume leading to significant saving of land 35 

compared to landfilling, (b) the destruction of contaminants, or (c) the concentration of inorganic 36 

species in the ashes [5]. Incineration is the most known and optimized thermal process as it is operated 37 

at industrial scale for many years. However, gasification process appears as a promising way for waste 38 

valorization due to the numerous applications existing for the gasification gas, named syngas. While 39 

flue gas from combustion can be valorized solely by transferring its thermal energy to heat carriers 40 

(typically steam), the syngas can be used as a fuel in high efficiency processes such as gas engine, gas 41 

turbine, fuel cell, or as a precursor for liquid fuel synthesis (via the Fischer-Tropsch reaction) and 42 

chemicals production (methanol). Another advantage of gasification is that the syngas can be valorized 43 

under different forms in other times and places, while the heat produced by combustion must be 44 

consumed directly.  45 

Solid recovered fuels (SRFs) consist of a mixture of non-hazardous solid wastes, such as plastics, 46 

textiles, tires, paper and carton, biomass waste, or sludge. SRFs are very complex and heterogeneous 47 

materials, and the fraction of each component can vary significantly depending on the waste origin, the 48 

season, the waste separation plant, and the SRF production technique. SRFs represent a significant 49 

waste resource, estimated at 90 million tons per year in France. The production of energy from the non-50 

recyclable fraction of the SRF thus appears as an attractive solution for waste management. The high 51 

diversity of SRFs chemical composition does not allow to precisely define the nature of this fuel, which 52 

makes difficult the development of valorization processes. In an attempt of clarification, a classification 53 

was established by a French professional organization of recycling companies (FEDEREC). SRFs are 54 

classified into four classes depending on the standards defined for the following parameters: lower 55 

heating value; density; particle size; halogen compounds concentration; sulfur, nitrogen and ash 56 

contents. A better definition of SRF is expected to facilitate the development of specific valorization 57 

routes having better energy efficiency than the actual use of SRF as fuel in cement kiln. 58 

Gasification consists of a partial oxidation of the solid fuel at high temperature (800-1000 °C) using an 59 

oxidizing agent (air, steam, O2 or CO2). The solid fuel is mainly decomposed into syngas, a mixture of 60 

partially oxidized species (H2, CO, CO2, CH4, CnHm) having high calorific value. Gasification process 61 

has been intensively investigated for biomass valorization, but the presence of pollutants in the syngas 62 

(such as tar, acid gases, and particulate matter) compromises its valorization [6].  63 

Different gasification technologies have been developed. Among them, fluidized bed reactor appears 64 

as the most suitable for medium-size processes (1 to 100 MW), due to the efficient flow mixing between 65 

reactants, the carefully controlled temperature, the high heat transfer performance, and the large 66 

operating flexibility allowing to use different kinds of fuels, including biomass and solid wastes [7–9]. 67 
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Air-blown bubbling fluidized bed was proved to efficiently convert different wastes in syngas: meat 68 

waste and wastewater treatment sludge [10,11], tires [12,13], poultry fuel [14], plastic wastes [15,16], 69 

municipal solid waste [17,18],  biomass waste [19,20], and solid recovered fuels [21,22]. Olivine, 70 

dolomite, and sand are the most frequently used bed materials in fluidized bed reactor. Sand can be used 71 

as bed material to ensure the fluidization, but has insignificant catalytic activity in tar cracking reaction. 72 

To improve the gasification efficiency and the syngas quality, catalysts can be used as bed materials. 73 

Dolomite is the low-cost catalyst having the highest catalytic activity in tar reforming reactions [22]. 74 

Dolomite can also prevent bed agglomeration when the fuel gasified is rich in alkaline and alkaline 75 

earth metals [23]. The main drawback of dolomite consists in its attrition tendency which significantly 76 

increases the dust pollution in syngas from fluidized bed. On the contrary, olivine presents strong 77 

mechanical properties despite relatively low catalytic activity in tar cracking reactions [22,24]. Olivine 78 

is often used as bed material in fluidized bed reactors, which reduces the  dust load in syngas, and 79 

slightly decreases the tar content. Other types of materials have been tested, and their pros and cons are 80 

reported in the comprehensive review of Shen et al. [25].  81 

At industrial scale, the gasifiers are autothermal, but it is not the case at lab-scale because the walls of 82 

small reactors must be heated to balance the heat loss. As a consequence, temperature and ER are 83 

independent conditions, whereas temperature depends on ER at industrial scale. In the past few years, 84 

SRFs gasification was increasingly studied in lab-scale fluidized beds, and the effect of the operating 85 

conditions on gasification behavior was investigated. Increasing equivalence ratio (ER) was proved to 86 

promote the oxidation reactions which increases both the syngas yield and the carbon conversion 87 

[26,27]. Similar results were obtained with the gasification of other wastes [10,28]. Oxidation reactions 88 

decreased the content of H2, CO, CH4 and light hydrocarbon compounds [29–31], resulting in a drop of 89 

the syngas LHV and of the CGE. The influence of the temperature has also been investigated. Rising 90 

gasification temperature at a fixed ER value increases the syngas yield and carbon conversion [28]. 91 

Globally, the cold gas efficiency (CGE) decreased with increasing temperatures due to the drop in 92 

syngas LHV [26,27]. Contradictory results were reported about the evolution of the CH4 content and of 93 

the LHV of the syngas. While Berrueco et al. found that they reached a maximum at 800 °C before to 94 

decrease with higher temperature [26,27], Dunnu et al. reported that they increased with rising 95 

temperature from 800 to 850 °C [21]. These opposite trends can result from the different SRF 96 

composition, but a lack of study devoted to the influence of the SRF composition prevents to conclude 97 

this point.  98 

Most of the already published articles mainly focused on “synthetic” SRF consisting in the mixture of 99 

well-known plastics and biomass, without taking into consideration the complexity of a real SRF 100 

composition. In the present paper, two industrial SRFs having different chemical compositions have 101 

been used to improve the understanding of the SRFs composition influence on the gasification 102 

efficiency. A detailed characterization of SRFs was performed. Gasification temperature and 103 
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equivalence ratio (ER) have been sequentially varied in order to identify their separate contribution on 104 

the gasification efficiency. The syngas composition was measured on-line with a µ-GC allowing to 105 

analyze permanent gases and BTX. Gasification efficiency was analyzed based on four indicators: cold 106 

gas efficiency (CGE), carbon conversion (CC), syngas lower heating value (LHVsyngas), and the syngas 107 

yield (ηsyngas). The distribution of hydrogen and carbon atoms in the gaseous products was determined 108 

and discussed based on SRF composition and gasification conditions. 109 

2. Materials and methods 110 

2.1 Characterization of the Solid Recovered Fuels 111 

The two SRFs samples were provided by different French companies. The elemental composition was 112 

measured according to the standard NF EN 15407. The ash content was measured at 550°C according 113 

to the standard NF EN 15403. The composition of the resulting ashes was measured by X-Ray 114 

Fluorescence Spectroscopy. This technique was chosen to cope with the problem of the silica 115 

mineralization required for ICP analysis. The Br, Cl, and F contents were specifically determined by 116 

ionic chromatography according to the standards NF EN 15408 and NF EN ISO 10304-1. The Lower 117 

Heating Value (LHV) of the SRF was measured with a calorimetric bomb (NF EN 15400). The 118 

proportion and composition of biomass, non-biomass, and inert materials were determined according 119 

to the French standard NF EN 15 440.  120 

2.2 Gasification reactor 121 

Gasification tests were performed in a bubbling fluidized-bed constructed in our laboratory and 122 

presented in a previous article [32]. The gasifier is divided into three zones: the plenum (d=100 mm, 123 

H=300 mm), the bed zone (d=100 mm, H=800 mm), and the freeboard zone (d=140 mm, H=800 mm) 124 

(Figure 1). The gasifying agent was air whose flowrate was controlled by a mass flow controller (Brooks 125 

5850S). At the bottom of the gasifier, a 3mm thick inox grid was used as distributor plate to homogenize 126 

the air flow and insure an efficient fluidization. The gasifier is heated by eight electrical heater shells at 127 

a maximum temperature of 1000 °C.  128 

SRFs were fed at the top of the reactor with a sloping screw. Around 3 kg of olivine was placed in the 129 

gasifier. The particle size distribution of this olivine is presented in Figure S.1 (in Supplementary 130 

Material). At 800°C, the minimum fluidization velocity (Umf) was measured at 0.15 m/s at 800 °C in 131 

the reactor by progressively increasing the air flowrate while measuring the pressure drop in the gasifier. 132 

At the gasifier outlet, the syngas flowed through a cyclone to remove particles, before to be cooled with 133 

two air heat exchangers. A water Venturi scrubber was also used to remove tar and acid gases before 134 

flaring the syngas. The gasifier is equipped with 19 lateral tubes allowing to locally measure the bed 135 

and freeboard temperatures. Pressure was continuously measured below the grid and at the top of the 136 

freeboard zone. The syngas was sampled before the Venturi scrubber (see Figure 1) and analyzed on-137 
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line by a µ-GC (Varian micro-GC 490) every 3 minutes. Permanent gases N2, CO, CO2, H2, CH4, C2H2, 138 

C2H4, C2H6, C3H4, C3H6, and C6H6 were quantified with this technique. 139 

At the end of the experiment, the bed material (olivine+ash+char) was recovered after being cooled 140 

under a pure N2 sweep gas. Its velocity was lower than the minimum fluidization velocity to avoid the 141 

mixing of the bed. A solid sampler was introduced through the top of the gasifier and its vertical position 142 

was set. This system allowed sampling 100 mm thick bed layers.  143 

 144 

Figure 1: Scheme of the gasification device. 145 

2.3 Gasification conditions 146 

Before starting the gasification tests, the system was preheated at the desired temperature (750-900 °C) 147 

under air. When the temperature was close to the gasification temperature, the air flowrate was set at 148 

the desired value. The air velocity was 4 times the minimum fluidization velocity, corresponding to an 149 

air flowrate of 4.5 m3/h (STP). Once the temperatures were stable along the gasifier, the gasification 150 

started by feeding the SRF at a controlled flowrate, corresponding to the desired ER. When the 151 

gasification conditions were stable (gasifier temperature, and syngas composition analyzed by µ-GC), 152 

the permanent regime was maintained at least 40 minutes before to be modified (Figure 2).  153 

Syngas

Cooling gas & liquid

Air

Nitrogen

Mass flow controller

Valve 

Temperature sensor

Nomenclature

T

Hood

Air 

preheater

4 heating

zones

Solid 

sampler

Plenum

Staged

condensation

Tar 

collector

Grid

Fuel 

storage

≈50 kg

air

MFC

1

MFC

2

MFC

3

N
2

Venturi

Water

µ-GC

MFC

3

Flare

To 

cooler

Glycol

T

T

T

T

T

T

T

T

T

Rotameter

Filter

Tar sampling



6 
 

 154 

Figure 2: Example of permanent regime reached during the gasification of SRF1 at 800 °C with 155 
ER=0.30. 156 

During the tests, either the temperature or the equivalence ratio (ER) was changed. ER is defined as the 157 

operating air flowrate divided by the air flowrate required for the stoichiometric SRF oxidation. In this 158 

study, the ER was varied between 0.21 and 0.35. The SRF tank was continuously flushed with 10 159 

NL/min of pure N2 to avoid the degradation of the fuel in the feeding screw. This flowrate was taken 160 

into consideration for the results analysis by using N2 as a tracer for the calculation of the syngas 161 

flowrate. 162 

2.4 Evaluation of the gasification performance 163 

The gasification efficiency is mainly evaluated based on four indicators calculated from experimental 164 

results. As benzene is not a problematic compound for syngas valorization in gas engine [33], it is taken 165 

into account in these calculations. The lower heating value of the dry syngas (LHVsyngas) is calculated 166 

from a weighted average of the molar LHV of each gas (including benzene) and is expressed in MJ/m3 167 

(STP) of syngas (including N2), according to Eq.1:  168 

LHVsyngas =
∑ (

LHVi
xi

)𝑖

Vm
        Eq.1 169 

 Where Vm represents the molar volume of ideal gas at STP (22.4 L/mol), and xi the molar fraction of 170 

the gas species i. 171 

The syngas yield (ηsyngas) corresponds to the volume of dry syngas produced (including N2) by kg of 172 

SRF (on dry ash free basis), and was calculated according to Eq.2: 173 

ηsyngas =
Qvsyngas

QmSRF
        Eq.2 174 

Where Qvsyngas is the volumetric syngas flowrate including N2 (m3/h STP) which is calculated using N2 175 

as a tracer, and QmSRF the mass flowrate of SRF (kgdaf/h).  176 
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The carbon conversion (CC) expresses the percentage of carbon transferred from SRF to syngas, and is 177 

calculated by Eq.3: 178 

𝐶𝐶 = Qm𝑠𝑦𝑛𝑔𝑎𝑠 ∗ 𝑀𝐶 ∗
∑ (

𝑋𝑖
𝑀𝑖
∗𝑛𝑖

𝐶)𝑖

𝑄𝑚𝑆𝑅𝐹∗𝑋𝐶
𝑆𝑅𝐹 ∗ 100     Eq.3 179 

Where Qmsyngas is the mass flowrate of syngas (kg/h), MC is the molecular weight of carbon, 𝑛𝑖
𝐶 is the 180 

number of carbon atoms in the molecule i, 𝑋𝐶
𝑆𝑅𝐹 is the mass fraction of carbon is SRF (on daf basis), 181 

and Xi and Mi are respectively the mass fraction of the gas i in the syngas and its molecular weight. 182 

Finally, the last indicator is the Cold Gas Efficiency (CGE), expressed in %, reflecting the fraction of 183 

chemical energy transferred from SRF to syngas: 184 

CGE =
ηsyngas∗LHVsyngas

LHVSRF
∗ 100       Eq.4 185 

3. Results 186 

3.1 Physico-chemical properties of the SRF 187 

The two SRF studied were provided by two French companies and produced from distinct waste 188 

separation facilities managing different pristine types of wastes. Therefore, they represent interesting 189 

and complementary materials having different compositions (Table 1). SRF1 is ash-rich (>35 wt.%) 190 

and relatively poor in carbon (≈ 36 wt.%). On the contrary, the SRF2 is rich in carbon (52.6 wt.%) and 191 

contains relatively small amount of ash (18.5 wt.%). The oxygen content is almost similar for the two 192 

SRF (≈20 wt.%). SRF2 has a significantly higher LHV than SRF1 (Table 1), resulting from the lower 193 

ash content of SRF2.  194 

The ash composition of the SRF was analyzed after combustion by XRF (Table 1). The ashes of SRF2 195 

have high Ca and Si contents (35 and 30 wt.%, respectively). It can be noted that SRF1 and SRF2 196 

present a significant concentration of Al (18.53 and 17.44 wt.%). SRF1 contains the highest amount of 197 

Si (40.51 wt.%). Its CaO content is significant (25.86 wt.%) but remains lower than that of SRF2. The 198 

results also showed that the two SRF are Br-free, but contain both Cl and F (Table 1). According to the 199 

French classification, SRF2 is in class 4 due to its significant Cl content, while SRF1 is in class 2. 200 

Table 1: Elemental analysis,ash composition, and lower heating value of the SRF. 201 

 SRF1 SRF2 

Elemental analysis (dry wt.%) 

C 36.3 52.6 

H 4.9 7.2 

N 1.4 1.3 

S 0.3 0.2 

O 20.0 20.3 

Ash 37.1 18.5 
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Ash composition (wt.%) 

SiO2 40.51 29.75 

Al2O3 17.44 18.53 

Fe2O3 4.94 5.52 

TiO2 1.14 2.19 

CaO 25.86 34.65 

MgO 4.78 2.42 

Na2O 1.28 3.82 

K2O 1.15 0.76 

SO3 0.44 0.70 

P2O5 2.24 1.43 

MnO2 0.16 0.10 

SrO 0.06 0.11 

Total 100.0 100.0 

Br, Cl, and F contents (wt.%) 

Br nd nd 

Cl 0.39 1.16 

F 0.02 0.01 

LHV (MJ/kgdry) 

 14.3 22.4 

nd: lower than 0.002 wt.% 202 

Table 2 presents the proportion and composition of biomass, non-biomass, and inert materials 203 

composing the two SRFs. SRF1 contains the higher fractions of inert and biomass materials (10.6 and 204 

55.2 wt.%, respectively). Its biomass fraction mainly consists in fines and paper/cartons, while glass 205 

roughly composes the inert fraction. This latter explains its significant SiO2 content measured by XRF. 206 

The SRF2 mainly consists in non-biomass materials (Table 2) predominantly composed of plastics. 207 

Indeed, plastics represent 65 wt.% of SRF2. SRF2 was inert-free, and its biomass fraction was 208 

composed of textiles, paper/cartons, and wood. These characterizations demonstrate that the two 209 

selected SRFs have significantly different compositions.  210 

Table 2: Proportion and composition of biomass, non-biomass, and inert materials in the SRF. 211 

 SRF1 SRF2 

Biomass fraction (wt.% dry) 55.2 27.8 

paper/carton 44.9 29.3 

wood 1.3 16.3 

textiles 0.0 30.0 

fines<10mm 53.8 24.4 

Non-biomass fraction (wt.% dry) 34.3 72.4 

plastics 13.3 90.7 

carpet/matress 0.0 0.0 

fines<10mm 86.4 9.3 

Inert fraction (wt.% dry) 10.6 0.0 

ferrous metals 0.0 0.0 

non-ferrous metals 0.0 0.0 

rocks 13.8 0.0 

glass 86.2 0.0 
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3.2 Gasification of the SRF 212 

3.2.1 Influence of the Equivalence Ratio 213 

To study the separate influence of the Equivalence Ratio (ER) on the gasification efficiency, 214 

the SRFs were gasified at a temperature of 810-825 °C controlled by the electrical heater shells. The 215 

ER was adjusted from 0.21 to 0.35 by modifying the SRF flowrate (between 2.3 and 5.9 kg/h on dry 216 

basis) while keeping a constant air flowrate in order to maintain similar fluidization conditions. 217 

The evolutions of the cold gas efficiency (CGE), carbon conversion (CC), syngas yield (ηsyngas), 218 

and lower heating value of the syngas (LHVsyngas) versus ER are presented in Figure 3. Whatever the 219 

SRF composition, it can be observed that increasing ER led to: (i) a slight decrease of the CGE; (ii) a 220 

significant increase in syngas yield; and (iii) a decrease of the LHVsyngas. These results are in agreement 221 

with previous studies [18,30]. However, the carbon conversion evolution depended on the SRF 222 

composition. In the range 0.21<ER<0.35, the CC increased by 6.8% for SRF1, while it decreased by 223 

5.6% for SRF2. This difference can be attributed to the large amount of ash in SRF1 (35 wt.%), 224 

especially to the inorganic species known for their catalytic activity in gasification reaction (such as Ca, 225 

Na, K or Fe) [34], which could catalyze the carbonaceous matter conversion. In addition, the type of 226 

plastics presents in SRF significantly influence the carbon conversion. For example, interactions 227 

occurring during the co-gasification of black polycarbonate and polyethylene-terephthalate with 228 

biomass were found to increase the carbon conversion, while no interaction was observed with 229 

polypropylene [35]. Moreover, other interactions could occur between plastics and biomass to enhance 230 

the char yield by promoting secondary reactions (condensation, polymerization), which decrease the 231 

carbon conversion [36]. A precise analysis of the plastic fractions would be required to elucidate the 232 

evolution of carbon conversion. Part of the carbon initially contained in the SRF was present in tars and 233 

fly ash generated during the gasification test, which explains that the carbon conversion is lower than 234 

100%. 235 
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 236 

Figure 3: Evolution of the syngas Lower Heating Value (LHVsyngas), the syngas production (ηsyngas), the 237 

carbon conversion (CC) and the Cold Gas Efficiency (CGE) with the ER at a temperature of 800-238 

820°C. 239 

The increase in syngas yield with rising ER is explained by the higher ratio of air to SRF in the gasifier. 240 

If one subtracts the nitrogen from the outlet gas flowrate, the syngas yield (i.e. the gas produced) slightly 241 

increased with rising ER (Figure 4). However, it can be observed that the syngas production was around 242 

20% higher with SRF1.  243 

 244 

Figure 4: Evolution of the syngas yield free of nitrogen with ER. 245 

To better understand the relationships between the SRF composition and the gasification phenomenon, 246 

the syngas composition was also studied. Table S.1 (in Supplementary Material) presents the syngas 247 

composition at the gasifier outlet, while Figure 5 displays the composition of the gas produced by 248 

gasification (nitrogen free). Rising ER decreased the fraction of the produced gases, except for CO2. 249 

This latter increased due to the syngas oxidation reactions promoted by increasing ER (R1): 250 

0

20

40

60

80

100

0.20 0.25 0.30 0.35

C
G

E 
(%

)
ER

Cold Gas Efficiency

50

60

70

80

90

100

0.20 0.25 0.30 0.35

C
ar

b
o

n
 c

o
n

ve
rs

io
n

 (
%

)

ER

Carbon Conversion

1.5

2

2.5

3

3.5

0.20 0.25 0.30 0.35

η
sy

n
ga

s
(N

m
3
/k

g S
R

F)

ER

Syngas production

2

4

6

8

0.20 0.25 0.30 0.35

LH
V

sy
n

ga
s 
(M

J/
N

m
3
)

ER

LHVsyngas

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0.15 0.20 0.25 0.30 0.35 0.40

η
sy

n
ga

s
(N

m
3
/k

g S
R

F)

ER

N2-free syngas production



11 
 

𝐶𝑥𝐻𝑦 + (𝑥 +
𝑦

4
)𝑂2 → 𝑥𝐶𝑂2 +

𝑦

2
𝐻2𝑂    (R1) 251 

This reaction also contributed to the decrease of the LHVsyngas with increasing ER. Indeed, the LHV of 252 

the N2-free syngas was proved to decrease with increasing ER (Figure 6). Plastic-rich SRF2 presented 253 

higher LHVsyngas than biomass-rich SRF1, which is in agreement with a previous study [15]. 254 

 255 

Figure 5: Evolution of the composition of the gas produced (without nitrogen) with ER for the 256 

different SRFs at a temperature of 800-820°C. 257 

For SRF2, H2 and CH4 display similar evolution and comparable concentration with rising ER (Figure 258 

5). However, for SRF1, the H2 content was significantly higher than that of CH4, especially at low ER. 259 

The H2/CH4 ratio was equal to 3.4 at ER=0.21, and to 1.9 at ER=0.35.  260 

 261 

Figure 6: Evolution of the Lower Heating Value of the N2-free syngas with (ER). 262 
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To go further in the H-species composition, the distribution of H atoms in the gaseous products was 264 

calculated, according to Eq.(5):  265 

S𝐻
𝑖 =

𝑛𝐻
𝑖 ∗𝐹𝑖

∑ (𝑛𝐻
𝑘 ∗𝐹𝑘)𝑘

          Eq.5 266 

Where S𝐻
𝑖  is the molar selectivity representing the fraction of H atoms present in the syngas in the form 267 

of the molecule i, 𝑛𝐻
𝑘  is the number of H atom in the molecule k, and Fk is the molar flowrate of the gas 268 

k. 269 

 270 

Figure 7: Molar distribution of hydrogen in H-containing gases depending on the ER at a 271 
temperature of 800-820 °C. 272 
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while the H2 content in the syngas is low compared to syngas from biomass-rich SRF [16,31,37]. The 282 

significant content of CH4 and C2H4 in syngas from SRF2 results from the decomposition of the plastic 283 

polymer chains generating various types of hydrocarbon species. Contrary to the trend observed with 284 

SRF1, the selectivity in H2 did not decrease with rising ER for SRF2. 285 

Similarly, the distribution of C atoms in the gaseous products was calculated (Figure 8). For SRF1, the 286 

two most important C-gases were CO2 (43-54 %) and CO (22-26 %), followed by C2H4 (8-10 %). The 287 

selectivities in CH4 and C6H6 were comparable (6-8 %) while that of other hydrocarbon species was 288 

lower than 3.6 %. The carbon distribution in syngas from SRF2 was slightly different. Although CO2 289 

and CO were also the main products, their selectivities were significantly lower (35-50 %, and 16-19 290 

%, respectively). On the contrary, the selectivity in C2H4, CH4, C6H6, and C2H2 was substantially higher 291 

than that obtained with SRF1. These results confirm that SRFs having high plastic content generate 292 

syngas rich in hydrocarbon compared to syngas from biomass-rich SRF. Moreover, these results 293 

revealed that syngas oxidation reactions were promoted by rising ER, since the distribution of carbon 294 

atoms in syngas in the form of CO2 increased from 43 to 54% for SRF1, and from 35 to 50% for SRF2. 295 

 296 

Figure 8: Molar distribution of carbon in C-containing gases depending on the ER at a temperature 297 
of 800-820 °C. 298 

3.2.2 Influence of the Temperature 299 
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The evolution of the cold gas efficiency (CGE), the carbon conversion (CC), the syngas yield 302 

(ηsyngas) and the lower heating value of the syngas (LHVsyngas) versus gasification temperature is 303 

presented in Figure 9. For the two SRFs, increasing temperature resulted in the enhancement of the 304 

gasification efficiency, as reflected by the increase in LHVsyngas, syngas production, CGE and CC. 305 

However, a problem of ash melting was encountered during the gasification of SRF1 at 880 °C, leading 306 

to the defluidization and the agglomeration of the bed. The agglomerate formed is presented in Figure 307 

10. The results of this test are not presented, as the experiment had to be stopped before to reach the 308 

steady state. This agglomeration phenomenon was not observed during the high temperature tests with 309 

the SRF2. The high content of Si and P in the SRF1 ashes (40.51 and 2.24 wt.%, respectively) could 310 

contribute to this behavior, as these species are known to melt under gasification conditions [34,38,39].  311 

 312 

Figure 9: Evolution of Cold Gas Efficiency (CGE), carbon conversion (CC), syngas yield, and syngas 313 

lower heating value versus gasification temperature. 314 
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 315 

Figure 10: Picture of the agglomerate formed in the olivine bed during the gasification of SRF1 at 316 

880°C. 317 

To go further in the understanding of the relationships between the SRF composition and the 318 

gasification phenomenon, the syngas composition was also studied. Table S.2 (in Supplementary 319 

Material) presents syngas composition at the gasifier outlet, while Figure 11 displays the composition 320 

of the gas produced by gasification reactions (nitrogen free). Whatever the nature of the SRF, the CO 321 

and H2 contents increased with rising temperature (Figure 11). On the contrary, the CO2 content 322 

decreased at higher temperatures. These trends can be attributed to several phenomena. Indeed, high 323 

gasification temperature can promote: the kinetic of gasification reactions generating H2 and CO at the 324 

expense of CO2 (R2); steam and dry reforming reactions of tar and light hydrocarbons which consume 325 

H2O and CO2 to produce H2 and CO (R3 and R4); and tar cracking reactions, mainly generating H2 and 326 

CO [21,26,27]. In addition to dry reforming reaction, the decrease in CO2 can also be attributed to 327 

Boudouard reaction (R5), and to the Reverse Water-Gas Shift Reaction (R6). All these reactions are 328 

expected to occur simultaneously, thus explaining the syngas composition as well as the increase in 329 

gasification efficiency with rising temperature. 330 

CnHm +
n

2
O2 → nCO +

m

2
H2     (R2) 331 

CxHy + xH2O → xCO + (x +
y

2
)H2    (R3) 332 

CxHy + xCO2 → 2xCO +
y

2
H2     (R4) 333 
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C + CO2 → 2CO      (R5) 334 

H2 + CO2 → CO + H2O      (R6) 335 

 336 

Figure 11: Evolution of the composition of the gas produced (without nitrogen) versus gasification 337 

temperature for the different SRFs. 338 

The influence of the temperature on the distribution of hydrogen atoms in the gaseous products is 339 

presented in Figure 12. For the two SRFs, rising temperature increased the selectivity in H2, especially 340 

at temperature higher than 850 °C. This increase in H2 was also observed for the SRF2 rich in plastics. 341 

Simultaneously, the selectivity in light hydrocarbons (C2H4, C2H6, C3H4, and C3H6) significantly 342 

decreased. These evolutions together with the drop of CO2 strengthen the hypothesis of dry reforming 343 

reactions. The reduction of light hydrocarbon species counterbalances the increase of H2 and CO: as a 344 

result, the LHVsyngas is relatively stable (Figure 9). In addition, tar reforming reactions are known to be 345 

promoted by high temperature [26,27] which can also explain the increase in H2 and benzene (which is 346 

a product of light aromatics reforming) [40].  347 
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 348 

Figure 12: Distribution of hydrogen in H-containing gases depending on the gasification 349 
temperature. 350 

4. Conclusion 351 

This article studied the influence of the Solid Recovered Fuels (SRFs) composition and of the operating 352 

conditions on the gasification efficiency. Two industrial SRFs having different compositions were 353 

investigated. The gasification tests were performed at lab-scale in a bubbling fluidized bed using olivine 354 

as bed material, and air as gasifying agent. At industrial scale, the gasifiers are autothermal, but it is not 355 

the case at lab-scale because the wall of the small reactors must be heated to balance the heat loss. To 356 

better understand the gasification phenomena, the separate contribution of temperature and equivalence 357 

ratio (ER) on the gasification efficiency was investigated by sequentially varying these two parameters. 358 

Gasification efficiency was analyzed based on the syngas quality and on four indicators: cold gas 359 

efficiency (CGE), carbon conversion (CC), syngas lower heating value (LHVsyngas), and the syngas yield 360 

(ηsyngas).  361 

The SRFs characterization highlighted significant differences in terms of elemental and global 362 

composition. SRF1 was ash-rich (≈37 wt.%) while its carbon content was relatively low (≈35 wt.%). 363 

On the contrary, SRF2 was carbon-rich (53 wt.%) and presented low ash content (18.5 wt.%). The 364 
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global composition showed that SRF1 was composed of a high biomass fraction (55.2 wt.%) mainly 365 

consisting in paper/carton. On the contrary, SRF2 was mainly composed of plastics (65 wt.%).  366 

Gasification tests revealed that the LHVsyngas and the CGE significantly decreased with rising 367 

equivalence ratio (ER). This evolution resulted from the oxidation reactions promoted by high ER 368 

which decreased the concentration of carbonaceous gases at the expense of CO2, thus decreasing the 369 

LHVsyngas. The syngas yield was proved to be almost constant with increasing ER. For these reasons, 370 

the CGE decreased with rising ER. The significant amount of inorganic species (such as Ca, Na, K or 371 

Fe) present in SRF1 was expected to catalyze the gasification reactions of the carbonaceous matter, thus 372 

explaining the higher carbon conversion of SRF1 over SRF2. In addition, synergistic effects between 373 

plastics and biomass in SRF2 could promote secondary reactions leading to char formation. The H 374 

atoms distribution in syngas demonstrated that high plastic content in the SRF2 was responsible for the 375 

formation of stable light hydrocarbon species, while the H2 content in the syngas is low compared to 376 

syngas from biomass-rich SRF1.  377 

Increasing gasification temperature at constant ER strongly improved the gasification efficiency 378 

whatever the SRF composition. Indeed, CGE, carbon conversion, syngas production and LHVsyngas were 379 

significantly increased between 750 and 900°C. The main limitation to the use of high temperature was 380 

the melting of mineral species leading to bed agglomeration and defluidization. However, this behavior 381 

was only observed with SRF1 which contained large amount of Si and P, both known for their melting 382 

tendency under gasification conditions. Rising temperature resulted in the increase of H2 and CO 383 

concentration in the syngas, while the concentration of CO2 and light hydrocarbons decreased. This 384 

evolution can be attributed to the several simultaneous reactions: gasification, steam and dry reforming, 385 

tar cracking, Boudouard, and Reverse Water-Gas Shift. This study provides original data on the 386 

influence of SRFs composition and operating conditions on the gasification efficiency and syngas 387 

composition. 388 
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Supplementary information 505 

Table S.1: Syngas composition (in mol.%) at the gasifier outlet depending on the SRF for different 506 
Equivalent Ratio at a temperature of 800-820°C. 507 

SRF SRF1 SRF2 

ER 0.21 0.25 0.30 0.35 0.21 0.25 0.30 0.35 

H2 9.92 6.70 4.25 3.20 4.00 3.31 3.43 2.46 

O2 0.00 0.08 0.53 0.00 0.14 0.04 0.14 0.11 

CO 9.42 8.00 6.46 6.12 7.27 6.18 5.53 4.57 

CO2 15.85 15.60 15.13 14.98 14.46 14.08 14.57 13.87 

C2H4 1.76 1.55 1.34 1.13 3.31 2.55 2.06 1.44 

C2H6 0.21 0.14 0.09 0.05 0.16 0.11 0.07 0.04 

C2H2 0.06 0.09 0.13 0.16 0.41 0.41 0.37 0.33 

CH4 2.94 2.38 1.89 1.66 4.15 3.26 2.63 2.07 

C3H6 0.43 0.27 0.15 0.08 0.34 0.22 0.13 0.04 

C3H4 0.11 0.08 0.02 0.02 0.04 0.03 0.01 0.01 

C6H6 0.44 0.38 0.35 0.34 1.05 0.88 0.22 0.55 

N2 53.39 58.64 64.63 65.86 63.70 67.19 69.62 73.60 

 508 

 509 

 510 

Table S.2: Syngas composition at the gasifier outlet depending on the SRF for different temperatures. 511 

SRF SRF1 SRF2 

T (°C) 755 825 880 775 810 850 905 

H2 6.08 6.70 9.55 2.63 3.31 4.09 6.61 

O2 0.13 0.08 0.00 0.08 0.04 0.01 0.49 

CO 5.56 8.00 15.63 6.05 6.18 6.67 8.54 

CO2 16.48 15.60 11.96 14.37 14.08 13.63 13.38 

C2H4 1.31 1.55 1.75 2.50 2.55 2.264 1.45 

C2H6 0.19 0.14 0.11 0.14 0.11 0.06 0.04 

C2H2 0.04 0.09 0.15 0.35 0.41 0.48 0.02 

CH4 2.03 2.38 3.00 2.90 3.26 3.30 3.01 

C3H6 0.47 0.27 0.12 0.39 0.22 0.06 0.02 

C3H4 0.02 0.08 0.00 0.04 0.03 0.02 0.01 

C6H6 0.34 0.38 0.50 0.66 0.88 1.10 1.07 

N2 63.70 58.64 50.24 69.63 67.19 64.99 59.46 
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 512 

Figure S.1: Particle size distribution of fresh olivine. 513 


