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Abstract: 

The defossilization of the process heating and transportation sectors requires integration with the electricity 
system through Power-to-X technologies. Alongside hydrogen generated by water electrolysis, carbon dioxide 
(CO2) is necessary as a carbon source for synthetic renewable fuels and gases. Additionally, CO₂ is widely 

used for fertilization in commercial horticulture. Oxyfuel combustion of biogenic solid fuels produces a CO₂‑ 
and water‑rich flue gas from which green CO₂ can be provided by condensation. The condensation heat can 
be utilized for greenhouse heating. The oxygen required for oxyfuel combustion is provided as a by-product of 
water electrolysis. Conventional oxyfuel technologies require flue gas recirculation to moderate the high 
combustion temperatures, which increases system complexity and electrical power demand. Oxy-steam 
combustion represents an alternative approach in which temperature control is achieved by recirculation of the 
aqueous condensate from a flue gas condenser instead of the CO2-rich flue gas. In this work, thermodynamic 
process simulations investigate three cooling strategies for a bubbling fluidized bed during oxy-steam operation 
and compare the oxy-steam combustion with conventional oxyfuel combustion with wet and dry flue gas 
recirculation. The results indicate that oxy-steam combustion achieves thermal efficiencies comparable to 
conventional oxyfuel concepts while requiring significantly lower electrical power due to the replacement of the 
recirculation fan by a condensate pump. To demonstrate the CO2 provision by oxy-steam combustion 
experimentally, a laboratory-scale fluidized bed combustion system is being retrofitted for oxy-steam operation. 
This includes the integration of steam and oxygen supply, a flue gas cooler and a direct contact condenser.  
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1. Introduction 
The ongoing defossilization of the process heating and transportation sectors and the chemical industry 
depends on their integration with the electricity system via Power-to-X (PtX) technologies. Alongside hydrogen 
generated by water electrolysis, carbon dioxide (CO2) is necessary as a carbon source for synthetic fuels and 
gases and renewable platform chemicals [1]. When CO₂ is supplied from bioenergy, net-zero emissions can 

be achieved or, if the CO₂ is permanently stored, negative emissions are possible. This concept is referred to 
as “bioenergy with carbon capture, utilization and storage” (BECCUS) [2, 3]. It represents an extension of the 
concept “bioenergy with carbon capture and storage” (BECCS) introduced by [4]. During photosynthesis, 
atmospheric CO₂ is captured and fixated in biomass. The biomass is then used energetically, e.g., through 
combustion, and the resulting CO2 emissions can be captured to prevent their release into the atmosphere [3].  

In addition to PtX applications, CO₂ is also required for greenhouse fertilization. Optimal crop growth occurs 
at around 1000 ppm, far above ambient levels of 350-450 ppm. Without supplementation, CO₂ in the 
greenhouse can drop below ambient due to plant uptake, so maintaining even ambient levels would require 
substantial ventilation. CO₂ is typically supplied from the flue gas of natural gas or propane boilers, or via liquid 

CO₂. Liquid CO₂ is often preferred for its purity, though it is more expensive, while natural gas boilers can also 
provide integrated heat supply [5, 6]. Li et al. [7] and Dion et al. [8] reviewed different renewable sources for 
CO2 enrichment in greenhouses including biomass heating systems.  

Another renewable approach to CO2 fertilization is the use of oxyfuel combustion of biogenic solid fuels. 
Oxyfuel combustion provides a flue gas consisting mainly of water and CO₂, from which CO2 can be easily 
separated by condensation. Also, the system´s condensation heat can be used for greenhouse heating. The 
technologies most commonly applied to solid fuels in oxyfuel combustion are pulverized fuel combustion and 
circulating fluidized bed (CFB) systems [9, 10]. Fluidized bed reactors are advantageous for biomass 
combustion due to their fuel flexibility in terms of ash and moisture content. Additionally, good gas-solid mixing 
prevents local overheating, which reduces emissions and the risk of ash melting [9, 11]. So far, pilot scale 



demonstrations (> 100 kWth) of oxyfuel combustion of biomass have mainly focused on co-combustion mode 
to reduce greenhouse emissions from coal power plants. CIUDEN in Spain demonstrated oxyfuel co-
combustion in a 30 MWth CFB boiler, the world´s largest oxyfuel CFB plant, commissioned in 2011 [10, 12]. 
Kuhn et al. [13] studied the oxyfuel combustion of solid recovered fuels in a 1 MWth CFB reactor and plan to 
examine biomass fuels in future studies. CanmetEnergy in Canada co-fired 20-50 wt% biomass in a 0.8 MWth 
CFB reactor and found that adding biomass did not significantly change the combustion characteristics [14]. 
On a laboratory scale (< 100 kWth), CIRCE in Spain demonstrated oxyfuel co-combustion in a bubbling 
fluidized bed (BFB) reactor that operated at up to 70 kWth [15, 16]. The oxyfuel combustion of pure biomass 
fuels including various types of wood, rice husk, straw and sewage sludge was conducted in CFB reactors by 
[17–22], with a focus on pollutant emissions, oxygen-carrier aided combustion, and pressurized oxyfuel 
combustion. Sher et al. [23] investigated the oxyfuel combustion of pure biomass in a 20 kWth BFB reactor 
focusing on the influence of the combustion atmosphere on the emissions. Vodička et al. [24] studied a 30 kWth 
BFB reactor and analyzed the use of a lightweight ceramic aggregate as bed material. 

The challenges of oxyfuel combustion include the high temperatures in a pure oxygen (O2) atmosphere due to 
the absence of the inert nitrogen in the air. In conventional oxyfuel combustion, these high temperatures are 
moderated by recirculation of the flue gas. Typically, 60-80 vol% of the flue gas are recycled back to the 
combustion chamber. The flue gas recirculation (FGR) can be classified as either dry or wet. Dry recirculation 
occurs after flue gas condensation, while wet recirculation before flue gas condensation [9]. The FGR fan and, 
in particular, the air separation unit, which consumes up to 30 % of the electricity generated in oxyfuel power 
plants to provide pure oxygen, increase the electrical power demand of oxyfuel combustion plants [9, 25]. 

To avoid flue gas recirculation, the alternative oxyfuel concept oxy-steam combustion has been proposed. 
Instead of recirculating the flue gas for temperature moderation, the aqueous condensate from the flue gas 
condenser is recycled back to the combustion chamber in form of steam or liquid. Replacing the recirculation 
fan with a pump lowers the electricity demand and reduces the size of the recirculation system [25]. The oxy-
steam combustion concept was introduced by CanmetEnergy in 2007 as a 3rd generation oxyfuel combustion 
system to avoid flue gas recirculation and a prototype pulverized coal burner was designed for various 
operation modes [26]. In 2008, Seepana and Jayanti filed a patent for the “steam-moderated oxy-fuel 
combustion” process and conducted a flame structure analysis and thermodynamic exergy analysis for 
comparison with air combustion [27]. Several authors mainly studied the combustion characteristics, such as 
ignition behavior, flame characteristics, char combustion, and NOx formation, within single particle 
experiments, which were reviewed by [28]. Sheng et al. [29] and Jin et al. [25] conducted process simulations 
to compare oxy-steam combustion with conventional oxyfuel combustion in power plants. They found that the 
two processes reach comparable energy and exergy efficiencies. Studies on oxy-steam combustion of 
biomass in larger laboratory scale units are limited. Moroń et al. [30] studied the oxy-fuel combustion of 
biomass with up to 10 % steam in an entrained flow reactor and found that SO2 and NOx emissions are slightly 
reduced by addition of steam. Lu et al. [31] tested biomass oxyfuel combustion in an entrained flow reactor 
with up to 15 % steam addition and found that NO reduction was maximized at 2-6 % water vapor. Escudero 
et al. [32] and Díez et al. [33] studied the co-combustion of coal and biomass with up to 20 % biomass in a 
O2/CO2/H2O atmosphere with up to 40 % steam in a laboratory scale entrained flow reactor. They found that 
an optimal CO2/H2O ratio minimizes NO formation.  

This study analyzes the supply of green CO₂ through the oxy-steam combustion of solid biogenic fuels using 
thermodynamic process simulations. Different concepts for condensate recirculation are discussed and the 
oxy-steam combustion is compared with conventional oxyfuel combustion employing dry and wet FGR. The 
oxygen required for oxyfuel combustion is assumed to be supplied as a by-product of water electrolysis, while 
the condensation heat of the process can be used to supply a heating network. In addition, the study presents 
the retrofitting of a laboratory scale BFB reactor for the future demonstration of oxy-steam combustion of 
biomass with a thermal input of 10-20 kWth. 

2. Setup of the Simulation Model 
To study the oxy-steam combustion with condensate recirculation of different biogenic solid fuels and compare 
it to conventional oxyfuel combustion with FGR, a stationary model was setup with the software IPSEpro 8.0 
by SimTech [34]. IPSEpro enables thermodynamic process simulations by solving energy and mass balances. 
Component models are created and modified within the Model Development Kit to build a library. On the 
process level, components are connected within the Process Simulation Environment and the Newton-
Raphson method is applied for the numerical solution [35]. 

Figure 1 presents the process flow sheet in IPSEpro. The process starts with a proton exchange membrane 
(PEM) electrolyzer which provides oxygen for the oxyfuel combustion as a by-product of hydrogen production 
from water. The oxyfuel combustion takes place in a BFB combustion chamber. The combustion chamber is 
split into a primary combustion chamber, which acts as the fluidized bed, and a secondary combustion 
chamber, which represents the freeboard. This setup allows for the simplified simulation of a staged 
combustion process. As fluidization and primary oxidizing medium, a mixture of steam and oxygen is fed into 



the fluidized bed together with biomass as fuel resulting in an oxy-steam combustion process. The flue gas 
and the secondary steam/O2-mixture enter the secondary chamber. As a second cooling measure, liquid 
recirculated condensate can be introduced to the combustion chambers. The flue gas is cooled down by 
generating steam and enters the partial condenser. The partial condenser provides heat to a heating network. 
A portion of the resulting condensate is recirculated to the combustion process as liquid condensate and 
steam. The resulting flue gas consists now mainly of CO2. 

 

Figure 1.  Setup of the oxy-steam combustion simulation model with the software IPSEpro 8.0 [34]. 

The PEM electrolyzer model calculates the efficiency, electrical energy input and mass flows based on 
technical input parameters [36]. The PEM model uses the polarization curve (current density (i)-voltage (U) 

characteristic) according to [37], a PEM nominal power Pel,nom of 25 MW and a nominal current density inom of 

2 A/cm-2
 [38, 39]. Equations (1)-(3) are applied together with mass and energy balances to calculate the 

electrical power Pel and efficiency ηPEM [36, 38]. Mass balances are solved at the chemical element level 
because chemical reactions occur. 

ηPEM =
LHVmol,H2 ⋅ ṅH2

Pel

 =  
LHVmol,H2

F ∙ U
 (1) 

Pel = i ∙  U(i) ∙ APEM (2) 

APEM = inom ⋅ U(inom) ⋅ Pel,nom (3) 

In the combustion chamber models, mass and energy balances as well as combustion calculations are applied. 
Complete combustion converts the fuel entirely to CO2, H2O, N2, SO2 and HCl. In the case of incomplete 
combustion, hydrocarbons are not considered in the flue gas, the only incomplete oxidation product is CO [35]. 
In oxyfuel combustion, the conventional air-excess ratio is replaced by the oxygen-excess ratio λ, defined as 
the ratio of the supplied oxygen mass flow to the minimum oxygen demand required for complete combustion 
(Eq. (4)). The minimum oxygen demand is determined by the elemental composition of the fuel [40]. In the 
primary chamber (fluidized bed), substoichiometric conditions are assumed (λprim < 1). The available oxygen 

is assumed to react completely, leaving zero oxygen in the outlet gas (wO2,out,prim = 0). Due to oxygen 

deficiency, part of the fuel’s carbon remains in the outlet gas as CO. This relationship is described by Eq. (5). 
In the secondary chamber, additional oxygen is supplied to achieve a global oxygen-excess ratio of at least 1 
(λglobal ≥ 1). The remaining CO formed in the primary chamber is assumed to be fully oxidized to CO2. The 

amount of oxygen supplied to the secondary chamber is determined such that the global oxygen-excess ratio 
is achieved (Eq. (6)). The mass flows entering the combustion chambers are described by ṁin,sec and ṁin,prim. 

The terms wO2,in,sec and wO2,mix denote the oxygen mass fractions of the secondary inlet stream and the 

steam/O2-mixture. The oxygen fraction of the steam/O2-mixture wO2,mix is same for both combustion chambers. 
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As fuel, the simulations consider natural wood with no or insignificant amounts of bark, leaves or needle 
according to [41] and tomato greenhouse crop residues according to [42] with varying water content. The lower 
heating value (LHV) is calculated using Boie’s formula [43]. 

λ =
ṁO2

ṁO2,min

 (4) 

λprim ⋅ ṁout,prim ⋅ (wO2,out,prim − wCO,out,prim ⋅
MO2

2MCO

) = ṁin,prim ⋅ wO2,mix ⋅ (λprim − 1) (5) 

ṁin,sec ⋅ wO2,in,sec = ṁin,prim ⋅ wO2,mix ⋅
λglobal − λprim

λprim

 (6) 

The flue gas condenser separates the water fraction from the gaseous components, mainly CO2, in the flue 
gas. Since the condensate leaves the condenser in liquid form and the CO2-rich gas leaves in gaseous form, 
the condenser functions as a partial condenser. The condenser model solves for energy and mass balances 
and assumes thermodynamic equilibrium for the condensate and gas phase composition of SO2 and CO2. The 
vapor-liquid equilibria of the gases HCl and N2 are neglected and the components remain in the gas phase. 
The dissolved gases are modelled as a separate dissolved gases flow, but neglected in the re-evaporated 
condensate. The liquid phase concentrations of CO2 and SO2 are calculated according to Henry´s law (Eq. (7)), 
the Henry´s law constants are taken from [44]. The concentration of water in the gas phase is calculated 
according to saturation vapor pressure (Eq. (8)), which uses the IAPWS-IF97 formulation [35]. 

yCO2/SO2,dry FG ⋅ pcondenser = xCO2/SO2,condensate ⋅
1

HCO2/SO2,water

 (7) 

pcondenser ⋅ yH2O,dry FG = ps(tcondenser) (8) 

Several simulation cases are evaluated, considering the O2 concentration in the steam/O2-mixture, the 
temperatures in the fluidized bed and freeboard, and the injection of liquid condensate into the freeboard. 
Depending on the case, these quantities are either prescribed as input parameters or determined as resulting 
variables. In each simulation, all not varied parameters are set to a design case. Table 1 summarizes the main 
model parameters and design case parameters for the oxy-steam process. 

Table 1. Overview of the model parameters 

Parameter Range Design case 
Rated thermal input 6 MW - 

Fuel (water content, ash content) Wood, tomato crop waste  Wood  

Biomass water content  Wood: 0.05-0.5 kg/kgtot, crop waste: 0.5-0.6 kg/kgtot 0.4 kg/kgtot 

Biomass ash content Wood: 0.003 kg/kgdry, crop waste: 0.1871 kg/kgdry 0.003 kg/kgdry 

Primary oxygen-excess ratio 0.6 - 1 0.7 

Global oxygen-excess ratio 1 - 

Heating network return temperature 20-70 °C 40 °C 

Heating network supply temperature 70-100 °C 70 °C 

Pinch temperature difference in partial 

condenser 

10 K - 

Heat losses of the boiler 1 % of rated thermal input - 

O2 concentration in the steam/O2-mixture 10-25 mol% 15 mol% 

Pressure loss Fluidized bed: 0.2 bar, other: 0 bar - 

Main steam parameters  5 bar, 160 °C - 

Pump and fan efficiency ηs,pump = 0.7, ηs,fan = 0.85, ηmech = 0.9 - 

 

To compare the oxy-steam process with air combustion and conventional oxyfuel combustion with wet and dry 
FGR, simulation models of those processes are also setup in IPSEpro. Figure 2 shows the simplified model 
structure of these cases. The design case parameters of Table 1 are applied for process comparison.  



 

Figure 2. Simplified simulation model setup of a) conventional oxyfuel combustion with wet and dry flue gas 
recirculation and b) air combustion. 

3. Results of the Thermodynamic Process Simulations 
For the oxy-steam combustion process (Figure 1), three approaches for cooling of the fluidized bed combustor 
are analyzed. First, cooling can be achieved by using biomass fuels with high moisture content. Due to the 
intense mixing in the fluidized bed, fuel drying and thermochemical conversion occur simultaneously, allowing 
cooling through the latent heat of moisture evaporation. Another option is condensate recirculation in liquid 
form. Similar to moist fuels, the evaporation heat of water can be utilized for cooling. However, direct injection 
of liquid condensate into the fluidized bed may be difficult in practice, as integrating injection nozzles into the 
refractory lining could be challenging. In addition, rapid evaporation may damage the refractory lining, and the 
injection may affect the fluidization behavior. Therefore, in a first step, only the freeboard cooling by liquid 
condensate injection is considered, as this cooling method is already applied in industrial fluidized bed systems 
[45]. Additionally, temperature control in the fluidized bed can be achieved through staged combustion [40]. 
The third approach involves condensate recirculation as reevaporated steam using the heat of the flue gas 
cooler. Steam has a significantly higher specific heat capacity than nitrogen and carbon dioxide, at 200 °C it is 
roughly twice as high. In contrast, the molar heat capacity of CO2 at 200 °C is higher than that of H2O, while 
nitrogen has the lowest value [46]. In fluidized bed reactors, the recirculation of steam and fluidization with a 
steam/O2-mixture also ensures proper fluidization. Moreover, the mixing of steam and oxygen prevents local 
overheating, which could still occur when applying the other cooling methods while fluidizing with pure oxygen. 
For this reason, each simulation case used a steam/O2-mixture for fluidization and temperature moderation. 

 

Figure 3.  Fluidized bed temperature for different fuels at a) varying primary oxygen ratios and b) oxygen 
concentrations in the steam/O2 mixture. 

Figure 3 presents the fluidized bed temperature for wood and tomato crop waste at varying water contents, 
primary oxygen-excess ratios λprim and O2 concentrations in the steam/O2-mixture yO2,mix. Staged combustion, 

which results in incomplete combustion in the fluidized bed, and moist fuels allow the temperature to remain 
below 1000 °C, which is selected as a limit to prevent ash melting. At λprim = 0.7 and 60 wt% water content, 

the temperature reaches only 555 °C. Increasing the O2 concentration in the steam/O2-mixture from 15 to 
25 mol% raises the temperature to 663 °C. 
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Figure 4.  a) freeboard temperature without liquid condensate injection and b) required liquid condensate 
mass flow for limiting the freeboard temperature to 1000 °C. 

In the freeboard, liquid condensate is added alongside the steam/O2-mixture to maintain temperatures below 
1000 °C. Figure 4 shows the freeboard temperatures without condensate injection and corresponding 
condensate amount required for cooling. The condensate mass flow is set to 0 kg/h for temperatures below 
1000 °C. Only crop waste with 50-60 wt% water content requires no liquid condensate for temperature control.  
The thermal efficiency, calculated with Eq. (9), is based on the fuels’ lower heating value and can exceed 
100 % due to latent heat recovery by flue gas condensation. With flue gas condensation, the thermal efficiency 
increases for fuels with higher water and ash contents (Figure 5). The temperature of the dry flue gas equals 
the condenser temperature, which is linked to the return temperature of a heating network with a fixed pinch 
temperature difference of 10 K. Lower return temperatures reduce the water content of the dry flue gas and by 

this, increase the latent heat recovery and CO2 concentration in the dry flue gas yCO2,dry FG.  

ηthermal =
Q̇heating network

ṁbiomass ⋅ LHVbiomass + Pel,pump/fan

 (9) 

 

 

Figure 5.  a) thermal efficiency for different fuels and b) dry flue gas composition after the partial condenser 
for varying heating network return temperatures. 

Oxy-steam combustion with condensate recirculation is compared to conventional oxyfuel combustion with 
wet and dry FGR, and to air combustion without flue gas condensation applying the models in Figure 2. Unlike 
the previous simulations, the O2 concentration steam/O2-mixture is not fixed, only the temperature was fixed 
to 1000 °C. Wood is used as fuel. For the conventional oxyfuel combustion, staged combustion is not 
considered. In oxy-steam combustion staged combustion according the design case is applied to account for 
liquid condensate injection in the freeboard, and temperature in the fluidized bed is set to 900 °C. For air 
combustion, the temperature is also set to 1000 °C resulting in oxygen-excess ratios between 1.8 to 2.5. The 
thermal efficiencies of each oxyfuel combustion technology are very similar and due to the latent heat recovery 
by flue gas condensation and lower flue gas losses higher than that of air combustion (Figure 6a). At 40 wt% 
water content, air combustion reaches a thermal efficiency of 84 %, while oxyfuel combustion achieves 
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approximately 120 %. Replacing the flue gas fan with a pump in oxy-steam combustion reduces the electrical 
power demand from 110 kW (wet FGR) and 61 kW (dry FGR) to 1.2 kW at 40 wt% biomass water content. 
The molar O2 concentration in the flue gas/O2-mixture in dry FGR exceeds those of wet FGR as the wet flue 
gas is recirculated a higher temperature (180 °C) compared to dry flue gas (50 °C). This results in higher 
recirculating volume flows which increases the electrical pump power. Higher biomass moisture leads to 
stronger cooling of the fluidized bed, resulting in higher O2 concentrations in the primary mixture. In oxy-steam 
combustion, freeboard cooling must therefore increasingly be provided by the injection of liquid condensate. 

 

Figure 6.  a) thermal efficiency, b) electrical pump and fan power and c) O₂ concentration in the feed O₂-
mixture for different oxyfuel combustion technologies and air combustion. 

In addition to the electrical power demand, recirculating liquid condensate with subsequent evaporation of a 
partial stream allows a significant reduction in the pipe cross-sections required for recirculation. The specific 
volume of liquid water (0.0010 m3/kg) is much lower than that of the dry recirculated flue gas (0.68 m3/kg). 
Maintaining typical flow velocity limits (1 m/s for liquids and 15 m/s for flue gas and steam [47]) allows the pipe 
cross-sections to be reduced by roughly a factor of 9. In addition, since evaporation takes place at a higher 
pressure level than the flue gas recirculation, the pipe cross-sections in this section of the plant can also be 
reduced by approximately a factor of 2. 

4. Experimental Setup of the Process Chain 
The process chain of an air-operated bubbling fluidized bed reactor is expanded for oxy-steam combustion 
and designed for a thermal input of 10-20 kWth. Figure 7 shows a simplified R&I scheme of the experimental 
setup. The BFB reactor (Figure 8a) has a modular structure that allows for different fluidized bed and freeboard 
heights. The fluidized bed section has a diameter of 200 mm, expanding to 400 mm in the freeboard section. 
A screw feeder supplies biomass from above via the cover. The primary mixture (air or steam/O2) enters the 
reactor through a porous plate at the bottom. The fluidized bed can be preheated with an 9 kW electrical heater, 
and the primary air can be preheated up to 400 °C with an electrical flow heater [48]. The secondary mixture 
enters the reactor tangentially above the fluidized bed section. 

For oxy-steam operation, oxygen is supplied from gas bottles and controlled by a mass flow controller. A steam 
generator provides saturated steam at 7 barabs, which is controlled with a Coriolis mass flow meter and control 
valve. The process chain is designed so that no pure oxygen enters the fluidized bed to avoid the safety risk 
of too high temperatures. Therefore, a mixing chamber gently and efficiently mixes the two streams (Figure 
8b). Oxygen is supplied from the top and steam is supplied tangentially from the side to create turbulence. The 
oxygen entrance is positioned below the steam/O2 outlet to prevent oxygen from bypassing. The mixing 
chamber also serves as a condensate drain. After the mixing chamber, the mixture splits into a primary and 
secondary flow, enabling staged combustion in oxy-steam operation as well. This split is achieved using a 
control valve and a Coriolis mass flow meter.  
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Figure 7.  Simplified R&I scheme of the oxy-steam fluidized bed combustion experimental setup. 

In the fluidized bed, temperature control limits the temperature to 900 °C. When the temperature control is 
triggered, the emergency stop activates. The normally closed (NC) valves in the oxygen line switch off, 
interrupting the heating and the fuel supply. In addition, the air bypass opens to maintain fluidization and ensure 
the complete oxidation of the remaining fuel in the reactor. This prevents the formation of explosive mixtures 
due to incomplete combustion. 

 

Figure 8.  a) CAD model and photo of the lab-scale fluidized bed without thermal insulation, b) CAD model 
and photo of the mixing chamber [49] and c) CAD model of the partial condenser including flue gas 
cooler and direct contact condenser. 

In the downstream process, a partial condenser is integrated to produce a CO2-rich flue gas stream. The flue 
gas cooling is separated from the condensation step reflecting industrial practice where the hot flue gas is first 
cooled by steam generation before entering the condenser (Figure 8c). The flue gas cooler is a U-tube bundle 
with flue gas flowing in the shell and cooling water in the tubes. Baffles are installed on the shell side to enhance 
turbulence and improve heat transfer. If condensation occurs in the pre-cooler, the condensate can be 
removed via a drain at the bottom. For the condensation step, a direct contact condenser, as commonly applied 
in oxyfuel combustion systems, is selected [50]. Compared to indirect condensers, advantages include a 
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simple and compact setup and maintenance, higher corrosion resistance, lower pinch temperature differences 
and high heat exchange coefficients due to direct contact with the cooling water. In addition, the condenser 
can serve as a flue gas scrubber, removing sulphur and chlorine components [50–52]. One disadvantage is 
the water consumption, which can be avoided by recirculating the condensate as cooling medium after 
intercooling it [53]. In the initial setup, the condenser is operated without a packing. Cooling water is distributed 
via nozzles and a demister prevents droplet entrainment. 

5. Conclusion and Outlook 
Thermodynamic process simulation evaluated the oxy-steam concept for biomass fuels, focusing on different 
cooling approaches: the usage of moist fuels, staged combustion combined with liquid condensate injection in 
the freeboard, and condensate re-evaporation to form a steam/O2-mixture. For safe operation and stable 
fluidization, oxygen should always be premixed with steam. The thermal efficiency increases with decreasing 
condenser temperature and higher fuel moisture content. Lower condenser temperatures also lead to a higher 
CO₂ purity in the flue gas stream and reduce the energy demand for subsequent purification. Compared to 
oxyfuel systems with FGR, oxy-steam combustion achieves similar efficiency, but requires less electrical 
power, as the flue gas fan is replaced with a pump, and a smaller sized recirculation loop. 

At a laboratory scale, an existing facility is being retrofitted for oxy-steam operation. The setup comprises a 
steam and oxygen supply, a mixing chamber, the BFB reactor, a flue gas cooler, and a direct contact 
condenser. Future work will demonstrate oxy-steam combustion with CO₂ recovery via partial condensation. 
Upcoming experiments will analyze the condensate to develop a recirculation concept with potential 
purification steps and evaluate CO₂ quality for applications such as greenhouse fertilization and PtX synthesis. 

Acknowledgments 
This research was funded by the German Federal Ministry for Economic Affairs and Climate Action (BMWK) 
within the “OxyGreenCO2” project [funding code 03EI5480A]. Responsibility for this publication lies with the 
authors. 

Nomenclature  
A  area, m2 

F  Faraday constant, As/mol 

H  Henry’s law constant, mol/(mol*bar) 

i  current density, A/m2  

LHV lower heating value, kJ/kg 

ṁ  mass flow rate, kg/s  

ṅ  mole flow rate, mol/s  

P  power, W 

Q̇  heat flow rate, W  

U  voltage, V 

w  mass fraction, kg/kg 

x  molar fraction in liquid phase, mol/mol 

y  molar fraction in gas phase, mol/mol 

Greek symbols 

η  efficiency, % 

λ  oxygen-excess ratio, kg/kg 

Subscripts and superscripts 

el  electrical 

FG  flue gas 

mix steam/O2-mixture 

mech mechanical 

nom nominal 

prim primary 

s   saturation / isentropic 

sec  secondary 

th   thermal 
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