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Abstract

Chemical looping reforming (CLR) is a promising method for achieving autothermal methane 

reforming without the energy penalty of an air separation unit that is required for partial 

oxidation (POX) or oxygen-blown autothermal reforming (ATR). Scale-up of the conventional 

dual circulating fluidized bed CLR configuration is challenging, however, especially under the 

pressurized operating conditions required for high process efficiency. The internally circulating 

reactor (ICR) concept has previously been proposed as a simplified solution for chemical 

looping, especially under pressurized operation. It assembles the chemical looping process into a 

single reactor with two sections connected by specially designed ports for oxygen carrier 

circulation. This study has successfully demonstrated CLR operation in a dedicated ICR test unit 

with a NiO oxygen carrier. Up to 3 kW of methane feed was reformed to syngas, achieving 

conversion efficiencies as high as 98%. The reactor behaved largely as expected over a range of 

CH4/O2 ratios and in a case with steam addition. Autothermal reactor operation could also be 

achieved, illustrating the practicality of the ICR concept. Based on this positive first 

demonstration study, further study of the ICR concept is recommended.
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1. Introduction

Natural gas reforming to syngas is the main commercial process for the production of hydrogen, 

ammonia, methanol and other important chemicals [1]. Catalytic steam methane reforming 

(SMR) is the most widely used approach in industry for syngas production [2,3]. SMR reactions 

are highly endothermic and reaction heat is generally supplied by external combustion of a fossil 

fuel with air, leading to significant CO2 emissions [2,3]. Other technologies for syngas 

production has also been applied in industry in the last decade, including partial oxidation (POX) 

and autothermal reforming (ATR) [4]. POX produces syngas by partially oxidizing a 

hydrocarbon fuel with pure oxygen in a catalytic or non-catalytic reactor vessel. The main 

advantages of POX are its ability to reform higher hydrocarbons and avoid the need for external 

combustion. However, a large quantity of pure oxygen is required, thus demanding substantial 

investment and energy costs to construct and operate an air separation unit (ASU). ATR is a 

combination of SMR and POX technologies, in which pure oxygen or air co-feed with natural 

gas and steam. The exothermic POX reaction provides the necessary heat for the endothermic 

reforming reactions. However, ATR requires an ASU to supply a high quality syngas (high 

fraction of CO and H2). If air used directly, the product gas will be diluted with nitrogen, 

imposing additional costs and efficiency penalties unless nitrogen is required as in ammonia 

production.

Chemical looping reforming (CLR) has emerged as a promising technology for syngas 

production with the potential to address the key shortcomings mentioned above for the 

conventional techniques. CLR can achieve autothermal methane reforming without external 

combustion reaction or an ASU, and obtain a N2 free syngas stream without an ASU [5,6]. 

Moreover, CLR reduces the energy penalty associated with an SMR plant with post-combustion 



  

CO2 capture. A techno-economical study of different natural gas reforming technologies has 

shown that CLR with CO2 capture is the most financially attractive option with a CO2 avoidance 

cost of only $5/tonne CO2 relative to conventional SMR. SMR and ATR with CO2 capture need 

CO2 prices more than $100 and $50/tonne CO2, respectively, to be a feasible option [7]. The 

study also found that CLR without CO2 capture can be cheaper than conventional SMR.

The typical CLR system involves circulation of an oxygen-carrier (a metal-oxide material) 

between two interconnected reactors, namely the air reactor and the fuel reactor [8]. The material 

acts as an oxygen and heat transfer medium as well as a catalyst [6,8,9]. In the fuel reactor, the 

fuel reacts with the metal oxide to form the reformer gas (a mixture of H2, CO, H2O and CO2) 

where the reduced metal also acts as a catalyst and heat supply for the reforming reactions, (Fig. 

1, shows a simplified scheme of the working principle of the CLR process). In the air reactor, the 

reduced metal is oxidized and heated by the highly exothermic reaction before being transferred 

to the fuel reactor for continuous cyclic operation. Steam or CO2 could be introduced with the 

fuel to enhance the reforming reaction and control the desired H2/CO ratio in the produced 

syngas. It should be mentioned though, that steam or CO2 addition is not a requirement because 

the part of the fuel being combusted during the autothermal reforming process will directly 

supply H2O and CO2 in the fuel reactor.

The CLR concept have been demonstrated at atmospheric pressure in a laboratory and pilot plant 

scale up to 140 kW (while natural gas CLR is the most widely studied [6,8,10–12], also liquid 

and solid fuel have been used for syngas production [13–17]). The performance of CLR under 

pressurized conditions was studied by Ortiz et al. [9] in a semi-continuous fluidized-bed reactor. 

The effect of total pressure on the CLR process using methane as fuel and nickel based oxygen-

carriers was investigated. The results showed high conversion of methane and no effect of 



  

increasing the pressure on the products distributions. Extensive review of the recent CLR 

operational experiences can be found elsewhere [18,19].

Fig. 1. Schematic diagram of the CLR process.

Pressurized operation of the CLR process is essential to maximize thermodynamic and economic 

performance. In the case of hydrogen production, pressurized operation minimizes the energy 

and capital cost related to hydrogen separation and compression. Syngas to liquids processes also 

require a pressurized syngas to maximize conversion efficiency. Furthermore, pressurized 

operation significantly reduces the plant footprint. A thermodynamic assessment has indeed 

shown that a 5% increase in energy efficiency could be achieved if CLR is operated under 

pressurized conditions, mainly gained from the energy saving made in H2 and CO2 compression 

[19]. The benefits of pressurized CLR operation addressed in the literature in various aspects 

including thermodynamic analysis, techno-economic studies, kinetic analysis and lab and pilot 

scale demonstration [9,19–21].

However, most experimental studies on chemical looping are based on operation at atmospheric 

pressure, as a circulating fluidized-bed reactor is the most widely studied reactor type for the 

CLR system. This configuration has been demonstrated experimentally at lab [5,6,12] and pilot 



  

scales [8]. To the best knowledge of the authors, only two studies have so far reported on 

pressurized interconnected fluidized beds for CLC. Wang et al. [22] carried out a pressurized 

CLC for coke-oven gas, where the operational pressure of the system was 3 bar and the 

maximum operating temperature was 950°C. More recently, Xiao et al. conducted solid fuel 

CLC at three pressure levels (1, 3 and 5 bar) [23]. The results showed that pressurized operation 

improved carbon conversion as well as CO2 capture purity and combustion efficiency. However, 

higher losses of oxygen-carrier particles were reported with increasing pressure due to a decrease 

in the fuel reactor cyclone capture efficiency at elevated pressure. In this type of configuration, 

the system consists of two reactors, two loop seals and two cyclones to avoid gas leakage 

between the fuel and air reactors and achieve high gas-solid separation at the reactor outlets. 

Tightly controlled solids circulation between the two interconnected reactors, required to fulfill 

the heat and mass balance of the chemical looping process, presents a significant scale-up 

challenge, especially under pressurized conditions.

The need for pressurized CLR operation has inspired research into alternative reactor 

configurations that avoid external solids circulation. One such reactor configuration is the gas-

switching concept, where the oxygen carrier material is stationary in one compact unit and 

exposed to alternate streams of air and fuel [24,25]. This arrangement greatly simplifies the 

reactor design and scale-up, but a coordinated cluster of reactors is required to achieve steady 

operation. The gas switching concept has been studied using packed-bed [25,26] and fluidized-

bed configurations [27,28]. The packed bed system imposes several challenges including the 

requirement for pelletized oxygen-carrier materials, more pronounced carbon deposition, large 

thermo-chemical stresses on the oxygen carrier, and the requirement for reactor shutdown for 

replacement of the spent oxygen carrier material [29]. The fluidized bed configuration 



  

circumvents these material-related challenges but suffers moderate losses in process and CO2 

capture due to the good mixing taking place in the reactor [29]. The most important technical 

uncertainty related to the gas switching technology at present is the need for high temperature 

outlet valves [29]. CLR typically operates at lower temperatures than CLC, thus minimizing this 

challenge. Other reactor concepts proposed in the literature are the moving bed [30] and rotating 

reactor [31,32].

However, the steady-state nature and high gas throughput rates of the dual circulating fluidized-

bed configuration remains attractive even when considering the challenges of pressurized 

operation. Simplifying the solids circulation mechanism for this reactor setup promises to 

accelerate scale-up and eventual commercialization. For this reason, this paper investigates the 

recently proposed internally circulating reactor (ICR) where the loop seals involved in the 

conventional configuration are replaced by simple ports between two sections in a single vessel 

[33], with a freeboard on the top replacing the cyclones. ICR can operate similarly to the 

interconnected configuration, where solids circulation between the two sections is achieved by 

feeding gasses into the two sections at different velocities. The high velocity gas feed in the fast 

section transports solids to the freeboard. The decelerated solids in the freeboard (due to the 

larger section area) fall into the upper port to circulate to the second section operating at low 

velocity (the slow section). Accumulation of solids in this section leads to static pressure 

building up, hence forcing the solids to circulate back to the fast section through the port at the 

bottom.

Combining the functionality of both reactors, cyclones and loop seals into a single unit is 

expected to simplify operation and design and reduce costs under pressurized conditions. The 

ICR unit can be designed as a single pressure vessel, whereas the conventional dual circulating 



  

fluidized bed configuration requires a separate pressure shell for each component. In addition, 

the short and simple ports will simplify control of the high solids circulation rates required under 

pressurized operation, relative to the much more elaborate system of cyclones, loop seals and 

relatively long solids transport lines connecting the reactors in the dual circulating fluidized bed 

configuration. Due to the simplified solids circulation mechanism, pressure imbalances between 

the reactors will be less likely and a wider range of operating conditions should be achievable.

The most important trade-off the ICR configuration is however, the gas leakage when using the 

simple ports instead of dedicated loop seals. A hydrodynamic investigation on a pseudo-2D cold-

flow unit has revealed that a stable solids circulation and minimum gas leakage could be 

achieved with the ICR over a wide range of operating conditions [33]. This conclusion was 

confirmed by reactive multiphase flow modelling of a large-scale ICR unit (100 MWth) reactor 

[34]. Such a reactor configuration, based on internally circulating fluidized bed, was first 

proposed as an oil shale retort in 1986 [35] and was later widely used as a simplified version of 

the interconnected fluidized bed to evaluate the performance of different oxygen carrier materials 

under CLC and CLR process conditions on an atmospheric small lab scale [6,11,13,36–40].

In light of the promising results from the hydrodynamic study and the reactive simulations, the 

ICR unit shown in Fig. 2 has been constructed and commissioned to operate under fully reactive 

high temperature pressurized conditions. The aim of this study is to experimentally study the 

feasibility of the ICR concept for chemical looping reforming of methane, as well as to obtain 

insights about this type of reactor configuration in terms of ability of autothermal operation, 

achieving minimal leakage between the reactor sections and stable solids circulation under 

reactive conditions. This study represents the first demonstration of our proposed ICR concept 

under reactive conditions.



  

Fig. 2. Simplified scheme of the ICR design, CAD drawing of the ICR unit, and the ICR unit 
under operation inside the shell. .

2. Methodology

2.1. ICR unit

A lab scale ICR shown in Fig. 2. has been constructed and commissioned. The reactor was made 

of Inconel material (Inconel Alloy 625) to withstand high temperature conditions. It has a square 

section of 10 cm width and 70 cm height, divided into two sections (air reactor and fuel reactor) 

by a vertical partition, with connecting ports in between, at the top and the bottom, for solids 

circulation. An expanding freeboard region is added to the air reactor (AR) where the depleted 

air transporting oxygen carrier from the AR is decelerated to avoid particle elutriation, thereby 

allowing the oxygen carrier to fall into the upper port and circulates to the fuel reactor (FR). 

With this configuration, fast and bubbling fluidization regimes can be established in the air and 

fuel reactor respectively. The gas feed to each reactor section is completed using a perforated 

cylindrical tube at the bottom of each section. This relatively concentrated injection mechanism 

may reduce the quality of gas-solid contact in the lower regions of the reactor compared to a 



  

conventional porous plate but was selected due to substantial simplification offered in terms of 

reactor design and construction. The ports connecting the two sections are L-type connection 

ports, which were adopted instead of a simple orifice to create conditions with solids flowing 

close to maximum packing. Such a flow condition creates a physical plug that minimizes 

undesired gas leakage through the port.

The reactor was placed in a cylindrical shell designed to withstand pressures up to 12 bar. The 

reactor can be heated up to the target operating temperature using external electrical heaters 

surrounding the bottom part of the reactor body. Insulating material (glass wool) was placed 

around the reactor to minimize heat losses. The pressures inside the reactor and the shell were 

controlled using back-pressure regulators placed on the outlet of each reactor section and the 

shell. The reactor exhaust stream was cooled with a water cooler installed on the outlet of each 

section. A low temperature filter (40 μm pore size) was installed after the cooler to prevent fine 

particles elutriation to the environment. The feed flow rate to each section was controlled by 

Bronkhorst mass flow controllers. The dry gas composition (sampled after the back-pressure 

valve) was measured at 1 Hz frequency using a syngas analyzer type MCA 100 Syn-P from ETG 

Risorse e Tecnologia.

The experimental set up was equipped with different additional devices (DP cells, pressure 

sensors, thermocouple etc.) to monitor the reactor operation (solids circulation, temperature and 

pressure inside the reactor, etc., in addition to devices used for safety). Fig. 3 gives an overview 

of the reactor design and shell and the P&ID showing the different parts forming the set-up.
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Fig. 3. P&ID diagram of the ICR unit.

2.2. Oxygen carrier

In this study, a highly active oxygen carrier manufactured by VITO, was used. The oxygen 

carrier is based on NiO particles supported on Al2O3; the NiO/Al2O3 ratio was 65/35, but resulted 

in around 37% free NiO (based on weight) sites which are available for reaction, while the rest 

reacted to NiAl2O4 during heat treatment used in the spray drying manufacturing process [41]. 

The particle size cut-offs D10, D50, and D90 were measured to be 117.4, 161.7 and 231.3 mm 

respectively. The oxygen carrier had a loosely packed density of 1950 kg/m3 and a tapped 

density of 2166 kg/m3. This oxygen carrier was selected because it has been successfully used in 

previous studies, and showed high reactivity and durability [42,43]. It should however be 

emphasized that the selection of an optimal oxygen carrier is out of the scope of this study; the 

main aim is to demonstrate the experimental feasibility of the ICR concept applied to CLR.



  

2.3. Fuel

Methane was used as fuel in most experiments, although CO was also used initially to verify that 

good solids circulation is achieved. Steam could be added with the fuel by a steam generator at a 

temperature of 200°C. The steam is fed to the reactor in a heated tube to prevent condensation. 

When desired, it was also possible to dilute the fuel with CO2 or N2.

2.4. Experimental procedure

The experience and knowledge gained from operation of a pseudo-2D cold unit built in our 

previous studies [33], were used to design a safe operating window of the ICR reactor. The link 

between solids circulation rate and the gas leakage between the two sections was quantified and 

understood in the pseudo 2D experiments. Similar methodology was followed in the constructed 

3D reactor, operated under cold and hot (electrical heating) conditions with feeding of non-

reactive gasses, to identify feed conditions that result in minimal gas leakage and steady solids 

circulation between the reactor sections. For all experiments, a total mass of 2 kg of NiO/Al2O3 

particles was used (corresponding to 10 cm static bed-height). The reactor was electrically heated 

to 650 °C before feeding reactive gases. During the reactive experiments, the power of the heater 

was adjusted between 0 to 100% depending on the operating conditions. For autothermal 

operation, the heater power was set to 0%. Due to technical limitation, the set point temperature 

of the heating elements surrounding the reactor is limited to a maximum value of 820 °C. For 

this reason, all the experiments presented on this paper were carried out below this limit.

Before conducting the reactive experiments, initial tests were carried out to define an operating 

window in which solids circulation is achieved. The tests were completed by feeding a reactive 

gas, CO, to the fuel reactor (FR) and N2 to the air reactor (AR), into a fully oxidized bed of 

oxygen carrier material. CO is highly reactive with NiO, and the CO breakthrough curves can 



  

therefore be used to clearly see whether circulation is transferring additional fully oxidized 

oxygen carrier from the AR to the FR under different gas feed rates to the air section. The outlet 

gas flowrates from each section were adjusted to be equal to the respective inlet gas flowrates by 

means of a manual needle valve placed on the outlet of the FR, while a rotameter was placed on 

the outlet of the AR. It should be noted that controlling flow rates at the outlets of the ICR 

sections affects the amounts of occurring gas leakage and solids circulation [33,34].

After defining operating conditions in which stable solids circulation is achieved, another set of 

experiments was conducted to quantify the gas leakage between the two ICR sections. This test 

was done by feeding CO2 to FR and air to AR under external heating. CO2 recovery and purity 

were calculated based on the amount of measured gas leakage from each section to the other.

In the CLR tests, seven experimental cases were considered in the current study. The main 

objective of the CLR process is to selectively produce syngas, which can be achieved by 

controlling various parameters in the system. The main operating variable is the CH4/O2 ratio in 

the FR, which can be altered by three parameters: solids circulation rate, oxygen feed to the AR 

and CH4 feed to the FR. In all cases, the solids circulation was kept constant using constant 

fluidization velocities to both sections at a constant loading of the OC. At these conditions, 

bubbling and fast fluidization regimes in the FR and AR, respectively, were established. The fuel 

side fluidization velocity was estimated by assuming that methane will expand in volume by a 

factor of three after reacting to form syngas (with assuming full methane conversion).

Four cases were completed by changing CH4 concentration in FR and two cases by changing O2 

concentration in AR for comparison. N2 was used for dilution of the feed in both sections to 

maintain the total flow rate constant. One additional case was carried out with co-feeding steam 

with CH4. A summary of the experimental cases is given in Table 1 and Table 2 . It should be 



  

noted that all experiments were carried out at 1.7 bara pressure and that the experimental results 

represent an average over at least 10 minutes of steady state operation. It is worth mentioning 

that approximately 3% of the total solids loading was lost as fines after all CLR operation. The 

lost fines were mainly recovered on the water trap in the heat exchanger after the FR and the on 

the filter after the AR. The ones collected on AR mainly originated from the fines in the fresh 

solids placed initially in the reactor before experiments, while the ones collected on FR 

contained larger particles that seem been elutriated from the bed, possibly due to sudden large 

bursts of gas that leaked from AR to FR.

Table 1. Summary of the experimental cases conducted in this study.

Table 2. Summary of CLR operating conditions

2.5. Data evaluation

Reactivity of fuel with OC particle are 

expressed by , the carbon conversion 𝛾𝐶𝐻4

of methane, which is defined as in Eq. (1):

Fuel-reactor (flowrate Nl/min) Air-reactor (flowrate 
Nl/min)Experimental 

cases
CH4 N2 Steam CO CO2 Air N2

Case-1 - - - 20 - - 0, 70, 80, 90
Case-2 - - - - 15 80 -
Case-3 3 6 - - - 80 -
Case-4 3.5 4.5 - - - 80 -
Case-5 4 3 - - - 80 -
Case-6 5 - - - - 80 -
Case-7 4 3 - - - 25 55
Case-8 5 - - - - 20 60
Case-9 4 - 3 - - 80 -

Fuel CH4

Oxygen carrier NiO/Al2O3

Particle size ~161.7 μm

Particle loading 2 kg (10 cm static bed-height)

Temperature 650 °C (initial temperature)

Pressure 1.7 bara

Flow rate in AR 80 Nl/min

Flow rate in FR 15 Nl/min



  

where  is the volume fraction of compound  in the dry gas leaving the FR.𝑥𝑖 𝑖

In the non-reactive gas leakage experiments, CO2 recovery was calculated as the ratio between 

the CO2 leaking from the FR and the total amount of CO2 in the FR (Eq. (2)). Similarly, CO2 

purity was calculated as the ratio between the air leaking from the AR and the total amount of 

CO2 in the FR (Eq. (3)):

Similarly, for the gas leakage during CLR experiments, the syngas recovery is obtained as the 

ratio between the syngas leaks from the FR to the AR and the total amount of syngas produced in 

the FR. Syngas purity calculated based on the N2 leaking from the AR to the FR and the total 

amount of syngas produced in the FR.

The following reactions are involved in the CLR process. It is noted that R1 and R2 occur 

primarily as combinations of R3-R6.

𝛾𝐶𝐻4 =
𝑥𝐶𝑂2 + 𝑥𝐶𝑂

𝑥𝐶𝐻4 + 𝑥𝐶𝑂2 + 𝑥𝐶𝑂
 (1)

CO2 recovery = (1 ‒
CO2 flowrate at AR outlet
CO2 flowrate at FR inlet  ) × 100

(2)

CO2 purity = ( CO2 flowrate at FR outlet
Total flowrate at FR outlet ) × 100 (3)

Fuel reactor:
𝐶𝐻4 + 𝑁𝑖𝑂↔𝐶𝑂 + 2𝐻2 + 𝑁𝑖 R1

𝐶𝐻4 + 4𝑁𝑖𝑂↔𝐶𝑂2 + 2𝐻2𝑂 + 4𝑁𝑖 R2
𝐶𝐻4 + 𝐻2𝑂↔𝐶𝑂 + 3𝐻2 R3
𝐶𝑂 + 𝐻2𝑂↔𝐶𝑂2 + 𝐻2 R4
𝐻2 + 𝑁𝑖𝑂→𝑁𝑖 + 𝐻2𝑂 R5



  

3. Results and 

Discussions

The results will be presented and discussed in three parts: 1) Solids circulation, 2) Gas leakage, 

3) CLR of methane. Table 3 summarizes the main results of the CLR experimental campaigns 

which will be disused in the following sections.

Table 3. Summary of the main results of the CLR experimental campaigns.

3.1. Solids circulation

The solids circulation rate is a critical operating variable for the chemical looping reforming 

process. Estimating the solids circulation rate in a hot, pressurized ICR system is a challenging 

task because no direct measurement technique is possible. In this study, we follow the indirect 

approach described in Section 2.4 to define an operating window where solids circulation is 

sufficient for CLR process.

Fig. 4. shows the profile of CO conversion with time for different N2 flowrates in the AR. 

Complete CO conversion was observed for all cases during the first minute of operation before 

gradually reducing with time as the oxidized oxygen carrier is consumed in absence of an air 

feed for reoxidation. The test was stopped at a certain level of CO conversion (~20%) to avoid 

𝐶𝑂 + 𝑁𝑖𝑂→𝑁𝑖 + 𝐶𝑂2 R6
Air reactor:

𝑂2 + 2𝑁𝑖↔2𝑁𝑖𝑂 R7

Product compositions (vol%) Fuel Reactor Air Reactor

CH4 CO2 CO H2 N2

CH4 
Conv
%

H2/CO
O2 
Conv
%

CO2 
vol
%

Syngas 
recovery 
%

Syngas 
purity 
%

T-FR 
(°C)

T-AR 
(°C)

Case-3 1.7 29.2 0.4 0.0 68.7 94.7 0.0 28.8 0.43 88.6 90.7 764 800

Case-4 0.8 30.3 5.7 10.5 52.6 97.8 1.83 30.0 0.51 88.9 90.9 760 810

Case-5 0.9 31.1 10.8 22.9 34.4 98.1 2.13 34.3 0.46 91.3 93.0 745 785

Case-6 2.0 31.8 19.7 41.3 5.3 96.3 2.09 33.8 0.38 94.1 95.2 753 793

Case-7 1.5 19.4 14.0 31.2 33.9 95.8 2.22 96.4 0.31 93.9 94.9 746 765

Case-8 3.4 13.9 23.7 51.1 7.9 91.7 2.16 100.0 1.14 81.2 84.1 740 765

Case-9 3.7 19.2 15.3 51.5 10.3 90.3 3.36 23.8 0.61 87.2 89.1 721 753



  

carbon deposition in the existence of highly reduced oxygen carrier as metallic Ni is well known 

to catalyze CO decomposition. The case of not feeding N2 to the AR shows that the oxygen 

carrier in the fuel reactor can be reduced in about 160 s if no solids circulation takes place. With 

introducing N2 to the AS, the time almost doubled, implying successful solids circulation and 

reduction of all the OC loaded in the reactor. Only minor differences were observed between the 

three N2 feed rates investigated, implying that the range of 70-90 Nl/min feed to the AR is safe 

for achieving good solids circulation in the reactor.

Fig. 4. Temporal evolution of CO conversion for different N2 flowrates in the AR, Case-1.

3.2. Gas leakage

Gas leakage between FR and AR is undesirable in CLR process because it lowers syngas 

recovery and purity. In the pseudo-2D ICR cold study, we have shown that gas leakage can be 

controlled by ensuring that the gas outflow is equivalent to the gas inflow in each section [33]. In 

the non-reactive gas leakage study described in Section 2.4, analysis from the outlets of the FR 



  

and AR shows that 1.7 vol% of the air feed bypassed to the FR and 9 vol% of CO2 feed bypassed 

to the AR. This corresponds to 91 % CO2 recovery and purity.

In a similar ICR concept, Kronberger et, al. [40] carried out a cold flow study of a two 

compartment fluidized-bed reactor with different slots design connecting the two beds. A slot 

design with a height of 1.2 mm and an 8 mm wide was found to be the best in achieving a 

minimum gas leakage. This design has also the possibility of fluidization with inert gas below 

the slot, which is further reduce the gas leakage. Subsequent studies for CLC and CLR process in 

a 300 W unit showed that the leakage from the FR to the AR was about 5% of the added carbon, 

whereas the leakage flow in the opposite direction was 0-0.2% of the added air [45]. Herguido et, 

al. [41] also applied ICR concept for hydrogen separation using the steam-iron process. They 

studied the effect of several parameters on gas leakage and solid circulation. Fluidization 

velocity in both sections and design of the orifice connected the reactor sections found to be the 

key parameters for controlling gas leakage and solid circulation rate. An orifice diameter of 0.3 

cm was found to be an optimal in achieving sufficient solid circulation rate while minimizing the 

gas leakage.

All fully reactive CLR tests in the following sections were completed with identical operating 

conditions (temperature, fluidization velocity and solids loading), so it is expected that similar 

gas leakage will be observed. It is expected that gas leakage occurs mainly through the top port 

as this port will not be completely filled with particles due to the small quantity of oxygen carrier 

used in these tests. A filled port is important to restrict uncontrolled gas slippage between the 

two reactor sections [33]. The possibility for further decreases in gas leakage will be further 

investigated in future works with different oxygen carrier loadings and fluidization velocities.



  

3.3. Chemical looping reforming of methane (excess air)

The ICR unit used in this study was designed to test a number of different chemical looping 

concepts, hence the equal cross sections of the AR and FR of the reactor (Fig. 2). In CLR, the air 

requirement is much smaller than in CLC, implying that a feed of pure air to the AR at the high 

flowrate required to achieve solids circulation will provide excess oxygen. In this case, however, 

the oxygen transport to the FR was limited by the oxygen carrier circulation rate, not by the 

amount of oxygen fed to the AR. This allowed the CH4/O2 ratio to be controlled by simply 

varying the degree of fuel dilution, while feeding an excess of air to the AR (cases 3-6 in Table 

1). The CH4/O2 ratio in the FR controls the tendency towards reforming or combustion. Gas 

concentration measurements at the AR outlet showed that only about a third of the incoming 

oxygen (~5.6 Nl/min) was consumed in these cases. This results in CH4/O2 ratios of 0.54-0.89 

for the four cases investigated in this section.

Fig. 5 and Fig. 6 show the results from this experimental campaign. Case-3 showed near 

complete combustion of CH4 to CO2 and H2O, which implies an excess of NiO in the fuel reactor 

(R2). A minor amount of CO was also detected, although H2 is completely consumed due to its 

very high reactivity with NiO. This may be expected given that the CH4/O2 ratio is close to the 

stoichiometric ratio of 0.5 for methane combustion. Increasing the methane flowrate from 3 

Nl/min to 5 Nl/min increases the CH4/O2 ratio and therefore shifts the reaction further towards 

reforming instead of combustion, producing more H2 and CO (R1). For case 5 and 6, an H2/CO 

ratio of 2 was obtained, which is desirable for the Fischer-Tropsch process [46].



  

Fig. 5. Products distribution (a) and methane conversion and H2/CO ratio (b) for cases 3-6.

Fig. 6. Effects of methane concentration on the products compositions.

Fig. 5b shows the methane conversion level for cases 3-6. The first observation is that methane 

conversion is higher than 94% in all cases. This is testament to the extremely high reactivity of 

the NiO oxygen carrier used in this study. It is worthwhile to keep in mind that the bed height in 

the FR is only 10 cm and that the gas is injected in a relatively concentrated manner, imposing 



  

significant bubble-to-emulsion mass transfer limitations. Under similar conditions, a larger 

reactor will therefore easily achieve complete equilibrium conversion.

The second observation is that maximum methane conversion is reached at intermediate CH4/O2 

ratios. This trend of methane conversion over NiO is associated with the degree of oxygen carrier 

reduction and the presence of H2O and CO2 in the FR. With a fixed solids circulation rate, 

increasing the fuel concentration in the FR will affect the OC reduction level and hence its 

activity and selectivity for methane reactions. A similar trend was revealed by several studies on 

CLC and CLR [11,47–51]. A study of methane CLC over NiO in a fixed bed reactor observed 

methane slippage during the first part of the reduction when the particles were fully oxidized, 

which disappeared as the particles became more reduced, i.e. the content of Ni increased [51]. 

Thus, at lower CH4/O2 ratios, the oxygen carrier was not sufficiently reduced to rapidly catalyze 

the reforming reaction on free Ni sites, resulting in reaction rate-limited methane conversion. At 

high CH4/O2 ratios, on the other hand, the lower fraction of CH4 combustion produced a lower 

concentration of H2O and CO2 in the reactor, results in equilibrium limitations for the methane 

reforming reactions. When only CH4 is fed to the reactor, a large portion of this fuel must be 

combusted to H2O and CO2 to promote the Ni-catalyzed steam and dry reforming reactions, 

otherwise the degree of methane conversion will be thermodynamically limited.

Autothermal operation of ICR was investigated for these cases. Case 5 and 6 achieved 

autothermal operation successfully. Fig. 7. shows the temperature profile for case 5: the 

temperature was constant in both sections for about 20 min of continuous operation without 

external heating. The temperature difference was 40°C between the two sections. Circulation of 

the OC and the heat transfer through the wall separating the two sections were the only source of 

heat for the reforming reactions during this investigation.



  

Fig. 7. Temperature of FR and AR during autothermal chemical looping reforming of methane 
(case-5).

3.4. Chemical looping reforming of methane (diluted air)

In a second series of experiments, the oxygen supply to the AR was limited by N2 dilution (case 

7 and 8). In both cases, almost complete oxygen conversion was achieved (Table 3), which 

represents more realistic CLR behavior where the oxygen carrier circulation rate is not the 

limiting factor in oxygen transport between reactor sections as was the case in the previous 

section. Consequently, the oxygen added to the AR in cases 7 and 8 is not sufficient to reoxidize 

the OC completely. The OC flowing from the AR to the FR is therefore in a less oxidized form, 

leading to higher reforming activity and, assuming a constant solids circulation rate, a lower flow 

of oxidized oxygen carrier to the FR.

The comparison between case 5 and case 7 was designed to achieve roughly the same CH4/O2 

ratio in the FR. However, a significant difference in FR outlet gas composition and methane 

conversion is observed between these two cases because of the aforementioned factors. The 



  

increased presence of Ni and the lower presence of NiO in case 7 caused a higher fraction of H2 

and CO, but lower methane conversion relative to case 5 (Fig. 8).

Fig. 8. Products distribution (a) and methane conversion and H2/CO ratio (b) for cases 5 and 7.

Case 8 was designed to achieve a substantially higher CH4/O2 ratio than case 6 (Fig. 9). 

Naturally, this further increased the degree of reduction of the oxygen carrier entering the FR 

from the AR, leading to a greater shift towards H2 and CO as well as a lower degree of methane 

conversion (thermodynamically limited due to the relatively low fraction of CH4 combusted to 

H2O and CO2).



  

Fig. 9. Products distribution (a) and methane conversion and H2/CO ratio (b) for cases 6 and 8.
Further insight is provided by comparing the observed reactor performance to equilibrium 

calculations. These results were obtained using the equilibrium module of the HSC chemistry 

software 9.2, which is based on the method of minimization of the Gibbs free energy [52]. Fig. 

10 shows the comparison of the gaseous products obtained in case-5 to case-8 and the 

equilibrium compositions as a function of the CH4/O2 ratio for a reaction temperature of 746°C, 

and pressure of 1.7 bara. The temperature selected as an average temperature between case-5, 

case-6, case-7 and case-8, whereas the CH4/O2 ratio for these cases are 0.69, 0.88, 0.79 and 1.19, 

respectively.

Despite some scatter in the experimental results, it follows the same trend as the equilibrium 

calculations. The equilibrium composition of methane increases with increasing CH4/O2 ratio, 

which validates the drop of methane conversion in case-7 and case-8 compared to case-5 and 

case-6, respectively. Equilibrium is not reached mainly because of CH4 slippage. This is 

attributed to a reaction rate limitation caused by the short bed height in the FR and the 

concentrated gas injection mechanism that limits gas-solid contact. Furthermore, the 



  

experimental H2 and CO concentrations are lower than the equilibrium calculations because 

these gases react more rapidly than CH4 with NiO. For instance, Wassie et al. [28] showed that 

CH4 fed to a bed of NiO results in substantial fuel slippage, whereas a feed of H2 results in 

complete fuel conversion. NiO enters from the top of the FR, while most reforming occurs over 

the reduced OC at the bottom of the FR. Therefore, NiO is primarily reduced to Ni in the upper 

regions of the bed by H2 and CO resulting from steam-methane reforming in the lower regions of 

the bed. If the FR was perfectly mixed, the experimental observations would be even closer to 

the equilibrium calculations.

Fig. 10. Dry gas compositions according to cases (5)-(8) compared to thermodynamic 
equilibrium for CLR of methane at 746°C and 1.7 bara.

3.5. Chemical looping reforming of methane (steam addition)

Partial oxidation of methane typically produces syngas with H2/CO ratio of 2, as observed in the 

previous cases (case 4-8). Addition of steam with methane into the FR is the most suitable 

approach to increase the H2 content in the syngas and prevent carbon formation. Steam boosts 

the catalytic methane reforming over metallic Ni (R3), which increases the H2/CO ratio in the 



  

syngas produced. This process would be the most suitable one for H2 production. Furthermore, 

additional steam will alleviate the equilibrium limitations on methane conversion observed when 

only CH4 is fed to the reactor at a high CH4/O2 ratio (e.g. case 8).

In the current study, addition of steam with the fuel feed was investigated (case-9). An S/C ratio 

of 1.33 was chosen to keep the total flowrate constant and hence compare all results under 

similar hydrodynamic conditions. As shown in Fig. 10, addition of steam enhances the methane 

reforming reactions, producing more H2 and less CO2, 57 vol% H2 (dry basis) was produced 

compared to 35 vol% for the dry fuel feed (case-5). The H2/CO ratio increases from 2.1 to 3.4 

upon steam co-feeding.

Fig. 11. Products distribution (a), Methane conversion and H2/CO ratio (b). comparing case 5 
and 9.

Surprisingly, methane conversion dropped to 90% compared to 98% in case-5. Methane 

conversion is expected to increase with steam addition due to a favorable shift in the equilibrium 

of the steam reforming reaction (R3). The FR temperature is lower by 24°C in case-9 compared 

to case-5 (see Table 3) due to the strong endothermicity of the steam reforming reaction. 



  

Thermodynamic calculations showed a drop of less than 1.0% of methane conversion due to the 

lower reactor temperature in case-9. The lower reactor temperature will also lead to lower 

reaction rates, limiting methane conversion further below the equilibrium prediction. Another 

contributing factor could be the difference of the oxidation/reduction state of the oxygen carrier 

in the FR for case-5 and case-9. In case-9, the oxygen consumption in the AR was lower 

compared to case-5 (as in Table 3) since part of methane in the FR is involved in the steam 

reforming R3. This led to lower solids conversion and hence a lower Ni/NiO ratio in the FR 

limiting the catalytic activity of the oxygen carrier. This phenomenon has been revealed by the 

current study in case-3 to case-6, also in earlier studies [11,47–51,53,54].

Overall, the results presented in this study are comparable with findings reported by other CLR 

experimental studies. Diego et al [12,55] conducted CLR operation in a 900 W dual circulating 

fluidized bed reactor using methane as fuel and a total of 1.5 kg of a nickel based oxygen carrier. 

They reported a high methane conversion over a wide range of operating conditions. The solid 

circulation rate (NiO/CH4 molar ratio) was the most influential variable on the products 

distribution. Autothermal operation could be achieved with a NiO/CH4 molar ratio of 1.25, and 

the product composition at this condition was 65 vol.% H2, 25 vol.% CO, 9 vol.% CO2, and 1-1.5 

vol.% CH4. A maximum of 25% steam added with methane slightly changed the products 

distribution and reduced the carbon deposition. Comparable results were also observed by Rydèn 

et.al [6] in a 300 W two compartment fluidized beds reactor.

3.6. Gas leakage during CLR operation

The gas leakage between the two sections is a critical parameter in ICR, and should be 

minimized to maximize syngas recovery and purity. If there is a leakage from the FR to the AR, 

the syngas recovery will decrease since part of the produced syngas will be lost through the AR. 



  

Gas leakage into the other direction will cause the syngas stream to be diluted with nitrogen 

reducing the syngas purity. During the CLR tests, the air leakage from the AR to the FR can be 

estimated based on the N2 concentration in the FR exhaust gas. The O2 leaked from the AR to the 

FR will either react with the oxygen carrier or combust part of the syngas. The leakage of the 

syngas from the FR to the AR can be estimated from the CO2 concentration at the AR outlet. A 

minor amount of CO2 could also form in the AR as a result of carbon deposition in the FR. Table 

3 shows the calculated syngas recovery and purity in each case. One can observe that the syngas 

recovery and purity is in the range of 81% to 95%. The values are rather scattered, but in a 

similar range compared to the non-reactive leakage test, which showed a CO2 recovery and 

purity of 91%. This similarity is expected, given that variations in the solids circulation were 

minimized by aiming for constant fluidization velocities in both sections (under the assumption 

that all CH4 is converted) and constant solids loading in all cases. The deviation occurs in the 

CLR tests mainly due to reduction of the air flowrate after O2 consumption in the AR, the 

incomplete methane conversion in the FR, and the variation in the gas composition (and 

therefore the gas density and viscosity) in the FR.

Case-8 showed the highest CO2 concentration in the AR (Table 3) compared to other cases, this 

could be due to carbon deposition in the FR, which led to extra CO2 release when the deposited 

carbon is oxidized in the AR. In this specific case, insufficient oxygen was supplied to the AR to 

fully oxidize the oxygen carrier (no O2 was observed in the AR outlet), so the OC flowing from 

the AR to the FR was in less oxidized form. This will result in a higher Ni/NiO ratio compared to 

other cases, which promotes methane decomposition to C and H2 over the Ni catalyst. Therefore, 

the calculated syngas recovery in this case should be higher than the reported value (81%) after 

excluding part of the CO2 that released due to carbon combustion.



  

4. Summary and conclusion

This study has successfully demonstrated chemical looping reforming (CLR) of methane in a 

novel internally circulating reactor (ICR). The reactor was especially designed to simplify scale 

up of the conventional dual circulating fluidized bed chemical looping configuration, especially 

under pressurized conditions. In ICR, the functionality of two reactors, two cyclones and two 

loop seals is packaged into a single unit, which can be designed and operated in a single pressure 

shell.

The large degree of process simplification offered by the ICR concept comes with a trade-off in 

the form of increased gas leakage between the two reactor sections. In this study, CO2 leakage to 

the air reactor and dilution of the syngas by N2 leaking from the air reactor was about 9% on 

average, although substantial improvements are expected as more operating experience is gained.

CLR operation was conducted in three separate studies. Firstly, air was fed in excess to the AR. 

It was found that oxygen transport to the FR was limited by the oxygen carrier circulation rate, 

allowing for a modification of the CH4/O2 ratio by only changing the amount of methane feed to 

the FR. The reactor behaved largely as expected, showing almost no syngas production when the 

CH4/O2 ratio was close to 0.5 (stoichiometric ratio for combustion), but steadily increasing 

syngas production when the CH4/O2 ratio was increased. Low CH4/O2 ratios experienced 

reaction rate limitations and high CH4/O2 ratios experienced thermodynamic limitations, 

resulting in an optimal methane conversion of 98% at intermediate CH4/O2 ratios.

Subsequently, the O2 feed to the AR was reduced so that the oxygen carrier circulation rate was 

no longer the limiting factor in oxygen transport to the FR. As expected, this led to higher 

CH4/O2 ratios, resulting in more reforming activity, but also lower, thermodynamically limited 

methane conversions. Finally, a case with additional steam feed to the FR was completed to 



  

demonstrate how the H2/CO ratio of the produced syngas could be increased from 2 in the cases 

with only methane feed to higher values that are more applicable to hydrogen production.

Autothermal operation could be achieved in some of the cases, further illustrating the 

functionality of the ICR concept. Overall, this first concept demonstration study was successful 

and further study of the ICR concept applied to different chemical looping concepts over a wider 

range of temperatures and pressures is strongly recommended.
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HIGHLIGHTS

 Internally circulating reactor (ICR) was proposed and applied for CLR process.

 The ICR is designed to simplify the operation and scale-up of chemical looping processes.

 Sufficient solids circulation rate and low gas leakage was attained.

 High conversion of methane to syngas was achieved.

 Autothermal CLR operation using ICR was demonstrated.


