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Executive Summary 
 

Within the NEWEST-CCUS project (Project-Nr.: 299683), different carbon capture, usage, and storage 

(CCUS) technologies are to be investigated in the context of Waste-to-Energy (WtE) plants, aiming at 

achieving net-negative CO2 emissions.  

Oxy-fuel combustion of refuse waste is gaining considerable attention as a viable CO2 negative 

technology that can enable the continued use of stationary combustion plants during the transition 

to renewable energy sources. Compared to fossil fuels, waste-derived fuels tend to be highly 

heterogeneous and to contain a greater amount of alkaline metals and chlorine. Therefore, 

experimental studies are mandatory to thoroughly elucidate refuse materials’ combustion and 

pollutant formation behavior.  

This deliverable presents an experimental investigation on the air and oxy-fuel combustion of solid 

recoveredfuel at a 200 kWth circulating fluidized bed facility. In the course of three experimental 

campaigns, the effects of combustion atmosphere and temperature on pollutant formation (i.e., 

NOx, SO2, and HCl) and reactor hydrodynamics were systematically studied. In contrast to air-firing 

conditions, the experimental results showed that oxy-fuel combustion enhanced the volume 

concentration of NOx by about 50% while simultaneously decreasing the fuel-specific NOx emissions 

(by about 33%). The volume concentrations of SO2 and HCl were significantly influenced by the 

absorption capacity of calcium-containing ash particles, yielding corresponding values close to 

10 and 200 ppmv at 871−880 °C under oxy-fuel combustion conditions. In addition, the analysis of 

hydrodynamic data revealed that smooth temperature profiles are indispensable to mitigate bed 

sintering and agglomeration risks during oxy-fuel operation.  

The results included in this report provide a valuable contribution to the database of experimental 

information on the oxy-fuel combustion of alternative fuels, which can be applied in future process 

model validations and scale-up studies. 
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1 Introduction 

Climate change mitigation and sustainable waste management are among the most important 

societal challenges recognized by the 2015 Paris Climate Agreement [30] and the European Union 

Action Plan for a Circular Economy Package [8]. The thermal valorization of refuse waste (e.g., 

incineration and co-combustion) has gained increasing popularity in recent years as a solution for 

decreasing the volume of solids disposed of in landfills, and thereby the associated greenhouse gas 

emissions. Still, the intrinsic fuel characteristics (e.g., form and particle size, ash and moisture 

content) must be carefully evaluated during the process design step to ensure reliable plant 

operation and effective emissions control. 

Due to their high fuel adaptability, increased solid residence time, and low pollutant emission, 

circulating fluidized bed (CFB) systems are particularly well-suited for the combustion of low-grade 

fuels. Moreover, CFB systems can be applied within the framework of carbon capture and storage 

(CCS) technologies to capture CO2 from power and industrial sources. In parallel, the combination of 

CCS with non-conventional fuels enables the achievement of net negative emissions by 

sequestration of biogenic CO2. The latter approach is often referred to as bioenergy with carbon 

capture and storage (BECCS) and is expected to play a major role in meeting the 2050 zero-carbon 

emissions target [3,6,9,30,31]. 

2 The oxy-fuel technology for CO2 capture  

In the last decades, oxy-fuel CFB combustion has evolved into one of the leading technologies 

considered for capturing CO2 from power plants with CCS. The process consists of burning fuel with 

nearly pure oxygen instead of air. The justification for using oxy-fuel is to generate a flue gas with a 

high concentration of CO2 and water vapor and then separate the CO2 from the flue gas by 

dehydration and low-temperature purification processes. Consequently, the oxy-fuel combustion for 

power generation typically consists of the following major units: (i) an air separation unit (ASU) for 

oxygen production; (ii) a boiler or gas turbine for combustion of fuel and generation of heat; and (iii) 

a CO2 processing unit (CPU) for final purification of the CO2 prior to utilization or storage. With the 

purpose of controlling the flame temperature, part of the flue gas is recycled back into the boiler. In 

addition, the process offers the possibility to comprehensively reduce the amount of SOx in the flue 

gas and mitigate adverse effects such as slagging and fouling in heat exchanger surfaces. The latter is 

achieved by continuous addition of sorbents (e.g., limestone) and additives (e.g., aluminosilicates), 

respectively.  

Besides, oxy-fuel combustion may affect the emissions of particular gas pollutants. As compared 

with air-firing, oxy-fuel tends to increase the volume concentration of NOx in the flue gas while 

simultaneously reducing the mass of NOx released per energy generated [10,13]. Besides, the 

furnace temperature is another major condition affecting NOx formation during oxy-fuel 

combustion. Thermal NOx formation is greatly suppressed in oxy-CFB boilers due to the moderate 

combustion temperature and staged oxidant addition [15,22]. However, elevated oxy-fuel levels 

might promote thermal NOx formation due to the presence of localized hot spots resulting from the 

more intense combustion conditions [28].  

HCl is another critical component in utility boilers using alternative fuels, as elevated emissions of 

HCl are well-known to cause major operational issues such as slagging, fouling, and corrosion [26]. At 

high temperatures, alkali metals (M) and chlorine (Cl) are released from the fuel into the flue gas as 

vaporized alkali metal chlorides (MCl). In the following, the sulfation process transforms alkali 
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chlorides into alkali sulfates (M2SO4) under the effect of humid sulfur species, releasing chlorine as 

HCl [17]. 

This deliverable evaluates the combustion behavior of solid recovered fuel (SRF) under conditions 

prevailing in modern waste CFB incinerators. In this study, we evaluate the impact of combustion 

atmosphere (i.e., air and oxy-fuel) and temperature (i.e., 840-924 °C) on gaseous emissions (i.e., NOx, 

SO2, and HCl) and reactor hydrodynamics. Also, the feasibility of operating the system at increased 

oxy-fuel levels (up to 45 vol% O2) is demonstrated. The experiments were carried out at the 

University of Stuttgart’s 200 kWth CFB pilot plant, under conditions typical of industrial operation 

(i.e., recirculated flue gas and technically pure oxygen). The evaluation of ash formation and 

deposition behavior is beyond the scope of this report. 

3 Experimental section 

4.1 The 200 kWth oxy-CFBC facility 

The 200 kWth pilot facility at the University of Stuttgart is composed of three fluidized bed reactors, 

which are connected by a solid flow transport system [11,19]. In the NEWEST-CCUS project only one 

of the reactors is used for the oxy-fuel validation tests. A scheme of the installation is shown in 

Figure 1. 

 

Figure 1. Schematic of the University of Stuttgart’s 200 kWth oxy-fuel CFB combustion facility 

The facility can be used for combustion or gas and solid fuels, applying air, oxygen enriched air or 

oxy-fuel operating conditions. Additionally, the CFB combustor can be coupled to the other CFB and 

bubbling fluidized bed (BFB) units for investigating pre-combustion and post-combustion CO2 

capture possibilities.  
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Concerning the technical construction, the CFB reactor is 10 m high and has an average internal 

diameter of 20 cm. As fluidization gases air, oxygen or oxy-fuel gas can be applied. These are 

provided by a high-pressure blower and introduced at three different stages for a better control of 

temperature hotspots and NOx emissions. After the combustion chamber, the flue gas and the 

sorbent are separated by a high efficiency primary cyclone. The gas is then passed through a 

secondary cyclone and bagfilter for fine ash removal. After that, the flue gas can be either 

recirculated into the system or vented to the atmosphere by means of an ID-fan.  

The combustion temperature can be regulated by 6 water cooled bayonet heat exchanger tubes, 

which can be inserted independently from the top of the riser. The fuel and the sorbent are 

gravimetrically controlled and continuously fed into the reactor bottom. The gas measurements of 

the combustion flue gas in the experimental facility are conducted between the gas cooler and the 

bag filter. All continuous gas measurements are carried out cold and dry. Additional gas species of 

interest (e.g. HCl) can be measured by a FTIR system. For a more detailed explanation of the 

experimental facility please refer elsewhere [20]. 

4.2 Fuel and bed material 

The chemical composition of the fuel utilized in this work is given in Table 1. The latter consists of 

high calorific fractions separated from bulky and household waste (SBS®1, REMONDIS GmbH & Co. 

KG, Region Rheinland, Germany) intentionally prepared to meet quality requirements such as 

calorific value and mercury or chlorine content [24]. To guarantee adequate SRF dosing in the pilot 

facility, a procedure for conditioning the SBS®1 was developed. The process consisted of mechanical 

steps such as shredding, briquetting, and subsequent shredding (see Figure 2). Besides, Table 2 

shows the chemical composition of the bed material used in the pilot experiments. The silica sand 

DORSILIT® 9 was delivered from Gebrüder Dorfner GmbH & Co. Kaolin- und Kristallquarzsand-Werke 

KG in the size range of 100 – 400 µm. 

Table 1. Chemical composition of the solid recovered fuel used in the pilot-scale experiments (waf: 

water-ash-free, wf: water-free, ad: air-dried) 

 𝛾𝐶 𝛾𝐻 𝛾𝑂 𝛾𝑁 𝛾𝑆 𝛾𝐶𝑙 𝛾𝑎𝑠ℎ  𝛾𝐻2𝑂  

 kg/kg, waf kg/kg, wf kg/kg, ad 
Remondis SBS®1 0.547 0.074 0.345 0.027 0.002 0.005 0.094 0.114 

 

 

Figure 2. Conditioning of SBS®1 for pilot-scale experiments 
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Table 2. Chemical composition of the bed material used in the pilot-scale experiments (wf: water-free) 

 𝑥𝑆𝑖𝑂2  𝑥𝐴𝑙2𝑂3 𝑥𝐹𝑒2𝑂3 𝑥𝐾2𝑂 𝑥𝑜𝑡ℎ𝑒𝑟𝑠 

 kg/kg, wf 

DORSILIT® 9 0.95 0.025 0.0004 0.023 0.0016 

 

4 Results and discussion 

In this deliverable we explore the CFB combustion characteristics of SRF under process conditions 

similar to those envisaged in modern waste incinerators. The results presented in this report are 

related to the CFB combustor’s performance under different oxidizing gas atmospheres and process 

temperatures, so as to derive implications on pollutant formation and hydrodynamic stability.  

Each experiment was operated for at least one hour ‒ although in general 2 hours ‒ after steady-

state conditions were reached. In addition, selected experiments were conducted for longer 

operational times to assess the process performance on a longer-term basis. In the course of the 

presented experiments, the pilot facility was operated over a wide of operation conditions [20]. 

While the reactor inventory was maintained roughly constant (i.e., 1005-1238 kg/m2 or 32-39 kg), 

the process temperature was varied between 840-924 °C to derive implications on the overall 

process performance. During oxy-fuel combustion, two different inlet oxygen concentrations were 

mainly investigated, namely 28 vol% (OXY28) and 35 vol% (OXY35). Both oxy-fuel cases were 

established by adjusting the amount of recirculated flue gas, which averaged 87% and 74%, 

respectively. Furthermore, increased oxy-fuel levels (up to OXY45) have been demonstrated at the 

200 kWth oxy-CFB combustion facility and will be discussed later on within this deliverable. Air-firing 

experiments yielded considerably higher superficial gas velocities (up to 6.5 m/s) due to the 

increased gas flow throughput. Nevertheless, the observed differences in superficial gas velocities 

posed a minor effect on the system’s hydrodynamics as stable and sufficient internal solid circulation 

could be attained in both operation modes. Besides, the oxidant staging level was kept constant in 

the course of the experimental investigations. 

4.1 Gaseous emissions 

Within a first phase of the data evaluation process, a general material balance is applied to the 
system using measured plant data such as gas concentrations, volume flows, and solid flows [20]. 
After successful closure of the material balance, gaseous emissions and concentrations are 
evaluated according to the methodology described in a recent publication [20]. 
 

4.1.1 Carbon monoxide (CO) 

The combustion conditions defined in a boiler have a crucial influence on the emissions of the 

diverse gas species. Complete combustion of biomass and waste-derived fuels (e.g., SRF) requires 

increased stoichiometric oxygen-to-fuel ratios to compensate for the relatively high volatile fraction 

and the large inhomogeneity of biogenic fuels [7,21]. The results presented in Figure 3 corroborate 

the last assertion. At the 200 kWth CFB combustion facility SBS®1 was combusted over a wide range 

of stoichiometric oxygen-to-fuel ratios both during air and oxy-fuel firing conditions. The results 

indicate that a minimum stoichiometric-to-fuel ratio of 1.4 is required in both cases to drive CO 

emissions below the mark of 100 mg/MJth, which corresponds roughly to the emission limit of 
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250 mg/m3 imposed on non-woody biofuel German combustion plants with a total capacity up to 

100 MW [1].  

 

Figure 3. CO emission factor (𝑒𝐶𝑂) vs stoichiometric oxygen-to-fuel ratio (𝜉) during air-firing and oxy-fuel 
combustion conditions [20] 

4.1.2 Nitrogen oxides (NOx) 

Nitrogen oxides (NOx) represent a potential corrosion risk in the processing of CO2 from oxy-fuel 

combustion processes due to the formation of nitric acid [25]. Figure 4 introduces the fuel-specific 

NOx emission factor (a) and the NOx volume concentration (b) against the stoichiometric oxygen-to-

fuel ratio, both during air and oxy-fuel firing conditions.  

 

Figure 4. (a) NOx emission factor (𝑒𝑁𝑂𝑥) and fuel-N to NOx conversion ratio (𝜂𝑁→𝑁𝑂𝑥) vs stoichiometric 

oxygen-to-fuel ratio (𝜉). (b) NOx concentration (𝑦𝑁𝑂𝑥 , 𝑐𝑁𝑂𝑥) vs stoichiometric oxygen-to-fuel ratio (𝜉) [20] 

The NOx concentration during oxy-fuel combustion tends to be higher than during air firing 

conditions due to (i) gas pollutants enrichment through flue gas recirculation and (ii) the increased 

amount of oxygen in the oxidizer. At the same time, fuel-specific NOx emissions are generally lower 

in the oxy-fuel case mainly because of (i) the low nitrogen environment in combination with (ii) the 
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reduction in the total flue gas flow. The findings of this study support both assertions. Figure 4a 

indicates that the mass of NOx released per energy generated during oxy-fuel was up to 33% lower 

than during the air-combustion case. Concurrently, the NOx volume fraction measured during oxy-

fuel was about 50% higher than the NOx concentration measured during air combustion conditions 

(see Figure 4b). An exemplary switch from air-firing to oxy-combustion conditions is displayed in 

Figure 5. Besides, the linear behavior of NOx with excess oxygen can be attributed to a decreased 

reducing zone in the combustor, which results in the reduction of NOx to N2 [23].  

 

Figure 5. Switch from air-firing to oxy-combustion operation conditions. Influence on temperature (𝑇) 
and flue gas composition (𝑦𝑁𝑂𝑥 , 𝑦𝐻𝐶𝑙).  

The combustion temperature is another major variable that influences the fuel’s conversion degree 

and, thus, the combustion flue gas composition. Figure 6 introduces the concentration of NOx for all 

conducted experiments against the reactor temperature.  

 

Figure 6. NOx concentration (𝑦𝑁𝑂𝑥 , 𝑐𝑁𝑂𝑥) vs reactor temperature (𝑇) for all investigated air and oxy-fuel 

combustion experiments [20] 

Compared to air-firing, the graph indicates that NOx levels are substantially promoted during oxy-

fuel combustion. With a target boiler temperature of 860 °C, 179 ppmv were measured during air-

firing conditions. Concurrently, 346 ppmv were yielded at an inlet oxygen concentration of 28 vol% 
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and a similar temperature. Within the same combustion setting, the reactor temperature showed a 

marginal influence on 𝑦𝑁𝑂𝑥 , indicating a slightly increasing tendency in all investigated cases [29]. 

4.1.3 Acidic gases (SO2 and HCl) 

Generally, biomass and fuels with increased biogenic share (e.g., SRF) are characterized by a lower 

sulfur content than most coals, reducing fuel-related SO2 emissions responsible for acidification 

[16,18]. However, the sulfur amount in the fuel can play an essential role in sulfating alkali chlorides, 

which are known for enhancing deposit formation and accelerating superheater corrosion.  

4.1.3.1 Sulfur dioxide (SO2) 

The influence of combustion atmosphere (a) and process temperature (b) on the evolution of SO2 

and HCl concentrations is introduced in Figure 7 and Figure 8, respectively. Figure 7a indicates that 

SO2 emissions tend to decrease with increasing ξ (i.e., fuel-rich region) and might be attributed to 

alkali species in ash that favor sulfur retention [4]. In parallel, Figure 7b presents the dependency of 

SO2 volume concentration from the process temperature. According to the illustration, there is a 

temperature range in which SO2 is remarkably suppressed. The latter behavior can be explained by 

the presence of calcium-containing species in the fuel ash, which can bind SO2 according to different 

routes [27]. Moreover, the proposed temperature range in this study (i.e., 871 – 880 °C) correlates 

well with the observations made by Díez et al., who reported maximum SO2 retention values when 

operating in a temperature window between 880-890 °C [5]. 

 

Figure 7. (a) SO2 emission factor (𝑒𝑆𝑂2) and fuel-S to SO2 ratio (𝜂𝑆→𝑆𝑂2) vs stoichiometric oxygen-to-fuel 

ratio (ξ). (b) SO2 concentration (𝑦𝑆𝑂2 , 𝑐𝑆𝑂2) vs reactor temperature (𝑇) [20] 

4.1.3.2 Hydrogen chloride (HCl) 

Compared to air-firing conditions, HCl emissions are particularly promoted during oxy-fuel 

combustion due to enhanced metal vaporization and chlorination achieved by flue gas recirculation 

[14]. The results depicted in Figure 8a corroborate the latter assertion. The specific HCl emissions at 

oxy-fuel conditions were over three times higher than those measured during the air-firing 

experiment, which is in line with the results reported by other authors [2]. Besides, the results 

depicted in Figure 8a indicate that excess oxygen (i.e., stoichiometric ratio) does not pose a 

substantial effect on HCl, mainly because of the fact that HCl is not an oxidation product. 
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The influence of temperature on HCl is presented in Figure 8b. According to Hou et al., elevated HCl 

concentration with temperature might be expected as a result of the increased gas partial pressure 

of metal chlorides [12]. However, there is a sharp decrease in 𝑦𝐻𝐶𝑙 in the range between 871-880 °C 

that can be attributed to a decreased availability of SO2 to form HCl in combination with the ability 

of CaO to absorb HCl under conditions typical for fluidized bed combustors [32]. 

 

Figure 8. (a) HCl emission factor (𝑒𝐻𝐶𝑙) and fuel-H to HCl ratio (𝜂𝐻→𝐻𝐶𝑙) vs stoichiometric oxygen-to-fuel 
ratio (ξ). (b) HCl concentration (𝑦𝐻𝐶𝑙, 𝑐𝐻𝐶𝑙) vs reactor temperature (𝑇) [20] 

4.2 Hydrodynamic behavior 

Figure 9 introduces the temperature and pressure profiles of the 200 kWth oxy-fuel reactor during 

the conducted air-firing and oxy-fuel tests at a reference temperature of 880 °C.  

 

Figure 9. Temperature (𝑇) (a) and pressure (∆𝑝) (b) profiles along reactor height (ℎ) at a reference boiler 
temperature of 880 °C [20] 
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Overall, the furnace temperature evolution in the three experiments fell into the typical pattern 

described by a CFB combustor. This is characterized by stable temperatures in the upper part and a 

gradual temperature increase in the bottom region.  

While all three experiments indicated a similar temperature behavior in the upper part, the bottom 

section of the reactor introduced a distinct pattern at the OXY28 case. Please note that the riser 

temperature was controlled using a fluidized bed top heat exchanger during the latter test. Due to 

the limited length of the cooling rods (of approx. 5 m), the heat exchanger could only accommodate 

temperature fluctuations occurring in the upper half of the reactor. In consequence, the bottom-

middle section of the riser experienced enhanced combustion conditions (up to 936 °C). This 

operation mode was maintained for several hours, although it ultimately led to bed material 

sintering and agglomeration issues.  

As for OXY35, a different approach was followed. Aiming at simulating a real fluidized bed cooler, 

the CFB reactor was coupled to a bubbling fluidized bed (BFB) reactor, setting the required process 

conditions to ensure smooth operation of the CFB reactor. For a detailed description of the 

proposed BFB-CFB reactor coupling please refer elsewhere [11,19]. As can be observed, the 

temperature distribution during OXY35 was very similar to the one obtained during air combustion 

conditions. This latter finding indicates that the advantages of increased inlet oxygen concentrations 

can be attained at the 200 kWth facility, providing that a uniform and sufficient cooling duty over the 

whole reaction height is guaranteed. 

Besides, the pressure profile described by the CFB reactor was similar in all investigated cases. Figure 

9 displays a shaped curve in the bottom region with an almost linear gradient in the riser, indicating 

a uniform distribution of the bed inventory along with the reactor height. Minor differences were 

attained in the bottom section of the reactor (i.e., up to 2 m). While a pressure drop of 77 mbar was 

measured during air-firing conditions, differences up to 104 mbar were obtained under oxy-fuel 

combustion. With negligible differences in the solid bed inventory, the latter effect can be explained 

through the reduction in total flue gas flow with respect to air-firing. 

4.3 Operation at increased oxy-fuel levels 

Within a next experimental phase, the inlet O2 concentration was increased so as to investigate 

enhanced oxy-fuel operation conditions. Volume concentrations of up to 45 vol% were successfully 

demonstrated for about 8 hours of stable operation, yielding CO2 concentrations up to 95 vol% at 

boiler outlet (see Figure 10). Please note that the increased excess oxygen level attained during test 

was required so as to ensure adequate fuel burnout within the system. Thanks to the homogeneous 

combustion conditions, no temperature hot spots or bed agglomeration issues were detected.   

In line with the results published by other authors [11,19], the results obtained in this study indicate 

a linear behavior of inlet oxygen with the amount of recirculated flue gas (see Figure 11). Please 

recall that slight fluctuations in let inlet concentration are ascribed to changes in the excess level 

caused by fuel composition and homogeneity issues. In any case, the temperature distribution 

attained in the experiments was homogeneous, validating the proposed modification of utilizing a 

BFB reactor as a fluidized bed cooling system. Although higher oxy-fuel conditions might still be 

attainable with the suggested configuration, their investigation was outside this work’s scope.  
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Figure 10. Demonstration of increased oxy-fuel long-term operation (45 vol% O2 at reactor inlet) 

 

Figure 11. Inlet O2 concentration vs fraction of recirculated gas 

The results introduced in this deliverable demonstrate the viability of employing a CFB combustor 

for the combustion of low-grade fuels, achieving stable hydrodynamic conditions both during air and 

oxy-fuel firing conditions. Particularly at oxy-fuel conditions, the riser temperature distribution has 

played a major role in the stability of the system. The results included in this report have shown that 

temperatures below 930 °C are required in the bottom section to avoid any risks associated with bed 

material sintering and agglomeration.  

5 Conclusions 

This deliverable has analyzed the combustion behavior of SRF in a 200 kWth CFB combustion facility 

operated under industrially relevant process conditions (TRL6). Dedicated investigations on the 

influence of temperature and combustion atmosphere have been devoted to characterizing the 

process in terms of gas pollutant formation and hydrodynamic stability.  

Compared to air-firing conditions, the volume concentration of NOx significantly increased during 

oxy-fuel operation (by about 50%). At the same time, fuel-specific NOx emissions decreased because 

of the absence of airborne nitrogen in combination with the reduced total gas volume flow. Besides, 

the process temperature posed a mild effect on the volume concentration of NOx, under the premise 

that temperature was homogeneously distributed along with the reactor height. 
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The concentration of SO2 was particularly influenced by the presence of calcium-containing species 

in the fuel ash (by about 0.23 kg/kg) and was strongly inhibited at specific flue gas desulfurization 

temperatures (i.e., 871-880 °C).  

HCl emissions showed to be mainly promoted during oxy-fuel combustion due to enhanced metal 

vaporization and chlorination achieved by flue gas recirculation. Similar to 𝑦𝑆𝑂2 , the concentration of 

HCl showed to decrease within the temperature window of 871-880 °C due to the reduced 

availability of SO2 required for alkali sulfation in combination with the ability of calcium-containing 

ash species to absorb HCl. 

A smooth temperature profile in the riser proved to be essential to allow for stable investigation of 

increased oxy-fuel cases. The pressure differences across the riser were comparable in all tests, with 

slightly higher pressure drops during oxy-fuel combustion due to the reduced total gas throughput.  

The results included in this study contribute to a better understanding of the fundamental oxy-fuel 

knowledge with alternative fuels and may serve to guide future process design and scale-up.   
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