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Abstract 

In the last few decades, climate change and global warming have become the greatest concern 
in the world. An increase in the population (mainly in developing countries) and energy demand 
(mainly from fossil fuel sources) is further increasing the greenhouse gas emission. To mitigate 
or at least reduce the associated problems of climate change due to the use of fossil fuel as a 
primary energy source which is the main source of greenhouse gas emission finding an 
alternative sustainable energy carrier is believed to be one of the options. In that aspect, 
hydrogen as an alternative energy carrier is regarded as a promising option. Hydrogen is an 
environmentally benign energy carrier which is mostly used in large scale industries, namely in 
refining for hydro-cracking and desulphurization, in chemicals for ammonia production and 
fertilizer for agriculture. Commonly, hydrogen is produced via steam reforming of hydrocarbons 
such as methane, naphtha oil, methanol, and other carbonaceous fuels. Currently, more than 
80% of the hydrogen is produced by steam reforming of natural gas. Natural gas reforming is a 
highly endothermic process, which is usually carried out in large multi-tubular fixed bed reactors 
filled with supported nickel catalyst pellets, and that has the need of external furnaces to provide 
the heat of reaction. Due to the burning of natural gas in the furnace, this process is 
accompanied by large CO2 emissions which are the main gas causing climate change. 
 
In recent years, many technologies, for hydrogen production as an alternative carbon-free 
energy carrier (integrated with CO2 capture), with improved process efficiency have been 
proposed and developed. Among the proposed technologies, Gas Switching Reforming (GSR) 
is considered as one of the most promising technologies in terms of better process efficiency, 
easy scalability and ease of operation at elevated pressures. Gas Switching Reforming (GSR) 
reactor is a novel reactor concept which integrates steam- methane reforming and CO2 capture 
in a single process unit. A GSR reactor operates in a transient manner, where a single fluidized 
bed reactor filled with an oxygen carrier material acting as a catalyst and as a heat/oxygen 
carrier, is alternatively exposed to reducing and oxidizing conditions via periodic switching of 
the gas feed streams. In the oxidation stage, the air is supplied to the reactor and the oxygen 
carrier/catalyst is heated by the exothermic metal oxidation reaction. In the reduction stage, a 
fuel gas (methane) is supplied to the reactor, where the heated catalyst transfers the energy to 
the endothermic reaction; part of the fuel reacts with the oxygen from the oxygen carrier, thereby 
simultaneously regenerating the oxygen carrier, and the remainder of the fuel is catalyzed by 
the reduced oxygen carrier (if the carrier has catalytic activity)  or the available catalyst and is 
converted into hydrogen and carbon oxides via methane reforming. 
In this concept, the particles play a key role. In the conventional steam-methane reforming NiO 
is commonly used as an oxygen carrier with high oxygen transfer capacity and a very good 
catalyst activity. But there are some drawbacks with NiO which is related to the price and 
hazardous nature to human health. In recent studies, CuO has become an interesting oxygen 
carrier as it is relatively cheap and high oxygen transfer capacity and environmentally friendly. 
However, it is not an active catalyst for the reforming reaction. Both oxygen carriers have their 
advantages and disadvantages to be used on its own for the GSR concept. And since a catalyst 
is needed for the reaction, a mixture of CuO and an active catalyst can provide some 
advantages that make up for the disadvantages from NiO. The addition of an active catalyst to 
CuO will lower the need to use NiO, while still providing catalytic activity and high reactivity with 
methane. 
 
The goal of this project is to study the synergy effect of the mixture of two particles as an oxygen 
carrier and reforming catalyst and demonstrate the GSR concept at relatively high pressure. Rh 



 Technische Universiteit Eindhoven University of Technology 
 

ii 
 

catalyst supported on alumina was selected as the reforming catalyst and copper oxide on 
alumina as the oxygen carrier. Different experiments at higher pressure up to 4 bar and 
temperature up to 800°C have been carried out. Then the performance of the bubbling fluidized 
bed reforming reactor (GSR) is evaluated and compared with thermodynamic equilibrium. 
Results showed that thermodynamic equilibrium is achieved under steam-methane reforming 
conditions. The auto-thermal GSR concept has been also demonstrated.    
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Nomenclature 

  Symbol                                              Explanation                                                  units 
   Ar                                                        Archemedis number                                      - 

   Re                                                       Reynolds number                                          - 

   dp                                                        Diameter of particle                                       𝜇m 
   U                                                         Minimum fluidization velocity                          m/s 

				𝜌p                                                       density of particle                                          kg/m3 

			𝜌g                                                       density of gas                                                kg/m3 

   μg                                                       viscosity of gas                                              pa.s 
   USF                                                      Superficial velocity                                        m/s  

   Ut                                                         terminal velocity                                            m/s  

 

 

 Subscripts  
 
      CCS                                                        CO2 capture and storage 
      CLR                                                        Chemical looping reforming  

      CLC                                                        Chemical looping combustion 

      FBR                                                        Fluidized bed reactor 

      GSR                                                       Gas switching reforming 

      S/C                                                         Steam to carbon ratio 
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1 Introduction 

1.1 General introduction 
In the last few decades, climate change and global warming have become the greatest 

concern in the world. An increase in population (mainly in developing countries) and 

energy demand (mainly from fossil fuel sources) is further increasing the greenhouse 

gas emission (mostly CO2 which has a very large impact on the climate change). 
Therefore, it is very important to reduce CO2 emissions or if possible eliminated through 

preservation, efficiency improvement or using low carbon energy systems like biofuels 

and hydrogen. With the limited supply of fossil fuels, regarding the high demands for 

energy, it cannot be kept up for a long time [1][2]. 

Hence, in order to control and reduce the CO2 emissions to the atmosphere, 

reconsidering the processes of energy production can be a solution by developing new 

environmentally-friendly and cost-effective technological strategies. Hydrogen 

production is one of the promising technological strategies with integrated CO2 capture 

[2]. However, the yield of these new alternative fuel sources should be more efficient 

in comparison with conventional energy sources. Still these new alternative energy 

sources, not only need to be studied if they can fulfill the demands of energy instead 

of traditional energy resources, but also should have less negative effects on the 

environment [1][3][4]. 
Recently, as the main route strategy in switching to sustainable energy, hydrogen has 

been introduced as a green energy carrier and potentially pollution-free fuel which can 

play a key role in the next few decades. There are several ways to produce hydrogen; 

for instance, by electrolysis of water and biomass, high-purity of hydrogen can be 

produced without CO2 release to the air. Unfortunately, due to the high cost and other 

technical problems (like low efficiency, hard to scale up), it is not applicable in large 

scale production.  It can also be produced economically from natural gas. Conventional 

steam-methane reforming is one of the most used technology for hydrogen production, 

in which the endothermic reforming reaction takes place between methane and steam 

to produce syngas (H2, CO) and CO2. The produced syngas is then subsequently sent 

to downstream water-gas-shift reactors and pressure swing adsorption unit to further 

separate and purify hydrogen [5,6]. 

CO2 is normally released to the environment during the SMR process because of 

burning natural gas to produce the heat for reaction, some techniques in different 

studies have been proposed to capture this CO2; such as post-combustion process by 
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removing CO2 after combustion of the fossil fuels, pre-combustion in which converting 

coal into a clean-burning gas and removing the CO2 released by the process and 

oxyfuel by burning the coal in an atmosphere with a higher concentration of pure 

oxygen. Among the new technologies for CCS, chemical looping reforming for 

hydrogen production integrated with CO2 capture in a single process is considered as 

a promising technology in terms of process efficiency [2][7][8]. 

1.2 Chemical looping reforming 
Chemical-looping reforming (CLR) has been proposed as a novel reactor concept for 

hydrogen production with integrated CO2 capture to circumvent cost and energy 

penalty problems associated with the conventional technologies. CLR technology 

consists of two inter-connected reactors as an air reactor and fuel reactor (Fig. 1) with 

a circulation of metal/metal oxide particles as an oxygen carrier as well as a catalyst.  

In this concept, Firstly, metal particles are oxidized in the air reactor in an exothermic 

reaction, then transfer to the fuel reactor. The oxygens which are carried by the metal 

oxide to the fuel reactor helps to convert fuel to syngas and the metal oxide is reduced 

to metal. This oxygen transportation via oxygen carrier helps to avoid any contact 

between air and fuel. The heated particles from the air reactor also supply the heat for 

the endothermic reaction in the fuel reactor as well. The products of the CLR is syngas 

which further can be used to produce hydrogen [2,8]. 

The need for the continued circulation of particles between two reactors has made the 

fluidized bed reactor the most suitable configuration for the chemical looping reforming. 

The advantages of FBR are excellent heat and mass transfer characteristics. Despite 

the benefits, it has some drawbacks which are related to the complexity of scaling-up 

and reactor costs. The increase in cost is related to the need for a number of 

downstream processing steps to produce pure hydrogen such as separation unit. 

These challenges are prevailed by introducing alternative reactor concepts which do 

not need the circulation of oxygen carrier between two inter-connected pressurized 

reactors [10]. 
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Figure 1. Schematic illustration of the chemical looping reforming reactor 

1.3 Gas Switching Reforming 
Gas switching reforming reactor is a novel concept of chemical looping reforming in 

which all the processes take place in a single fluidized bed reactor. The reactor 

operates in a periodic gas feed switching. The reactor is filled with the particles as a 

heat/oxygen carrier and a catalyst, then the gas feed is fed to the reactor consecutively 

for different cycles. In the oxygen stage, the air stream is fed to the reactor. Oxidizing 

the particles with an exothermic reaction produces heat which is used for the next 

endothermic reduction/reforming reaction. In between, nitrogen is fed to the reactor as 

a purging gas to prevent any contact between the oxygen and the fuel gas. In the 

reduction/reforming stage, the fuel gas (natural gas) is supplied to the reactor and as 

mentioned before, the heated particles supply the energy for the endothermic reaction. 

All the process is controlled with a three-way switching valve in a periodic manner 

[2,10]. The benefits of using GSR concept are an easier scale-up process with lower 

costs, easier process control, and easier pressurized process. However, there are 

some drawbacks to this concept. Because of switching the stages there is an underside 

mixing between N2 and fuel which reduces the CO2 capture efficacy. Moreover, the 

need for a high-temperature valve control system which can handle the high 

temperature during oxidation reaction is costly [12]. 

Morgado et al. [10] studied the differences between looping and switching 

configurations. They compared these two concepts and concluded that the separation 
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of reduction and reforming processes operating better in GSR in compare with the CLR 

in which these reactions occur simultaneously. This separation of two reactions in GSR 

gives a higher value of syngas whereas in CLR is more applicable for power production 

with pre-combustion CO2 capture. 

 
Figure 2. Schematic illustration of the GSR reactor 

 
GSR reactions 
Two different groups of reactions are carried out in a fluidized bed GSR. Oxidation 

during the air stage, reduction and reforming simultaneously during the fuel stage 

[13][14][15].   

Oxidation: 

                                           4𝐶𝑢 + 2𝑂* → 4𝐶𝑢𝑂                  ∆𝐻.*/01 = −624	𝐾𝑗/𝑚𝑜𝑙         (1) 

Reduction:  

                              4𝐶𝑢𝑂 + 𝐶𝐻; → 	4𝐶𝑢 + 𝐶𝑂* + 2𝐻*𝑂    ∆𝐻.*/01 = −178	𝐾𝑗/𝑚𝑜𝑙      (2)                            

                                      𝐶𝑢𝑂 + 𝐶𝑂 → 	𝐶𝑢 + 𝐶𝑂*                ∆𝐻.*/01 = −122	𝐾𝑗/𝑚𝑜𝑙      (3) 

                                      𝐶𝑢𝑂 +𝐻* → 	𝐶𝑢 + 𝐻*𝑂               ∆𝐻.*/01 = −130	𝐾𝑗/𝑚𝑜𝑙        (4) 

Reforming: 
Steam-methane reforming: 

                                   𝐶𝐻; +	𝐻*𝑂 → 	𝐶𝑂 + 3𝐻*         ∆𝐻.*/01 = 206.2	𝐾𝑗/𝑚𝑜𝑙           (5) 
Water-gas shift: 

                                   𝐶𝑂 +	𝐻*𝑂 → 	𝐶𝑂* + 𝐻*         ∆𝐻.*/01 = −41.2	𝐾𝑗/𝑚𝑜𝑙            (6) 

Overall steam-methane reforming: 

                                  𝐶𝐻; +	2𝐻*𝑂 → 𝐶𝑂* + 4𝐻*      ∆𝐻.*/01 = 165	𝐾𝑗/𝑚𝑜𝑙              (7) 
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1.4 Steam methane reforming 
As a sustainable energy source, recently hydrogen has become an interesting 

alternative energy source in the world. Steam methane reforming plays a key role in 

the production of synthesis gas. This process is important for large scale manufacture 
of synthesis gas which is the main material for the production of petrochemicals and 

hydrogen for refineries [16]. In this process, hydrogen is produced by the reaction of 

steam and hydrocarbon in the presence of a catalyst at high temperature. The process 

consists of two steps; A highly endothermic reforming reaction, Subsequently, the 

second reaction which is called water-gas shift takes place. This reaction is slightly 

exothermic [13][14]. 

 

Steam-methane reforming:     𝐶𝐻; +	𝐻*𝑂 ↔ 	𝐶𝑂 + 3𝐻*          ΔH = +206 kJ mol-1        (8) 

Water-gas shift:                      𝐶𝑂 +	𝐻*𝑂 ↔ 	𝐶𝑂* + 𝐻*             ΔH = -41 kJ mol-1          (9) 

Overall steam-methane reforming:    

                                                 𝐶𝐻; +	2𝐻*𝑂 ↔ 𝐶𝑂* + 4𝐻*        ΔH = +165 kJ mol-1         (10) 

 

The operating conditions of the reactor, such as temperature, pressure and the S/C 

ratio has a great effect on the composition of the final product as well as methane 

conversion. In order to reach a high conversion of methane in this process, high 

temperature and low pressure and relatively high S/C ratio are preferable [19]. It is well 

recognized that catalysts deactivate rapidly under low steam/carbon ratios due to 

deposition of carbon on catalyst surfaces. Typically, the steam to carbon S/C of 3 is 

used in SMR to obtain high methane conversion and products selectivity[16][17]. 

Joensen [20] in his works showed high methane conversion can be reached in the 

condition of high temperature, low pressure and high S/C (figure 3). 
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Figure 3. Steam reforming of methane. Equilibrium conversion against temperature, pressure, and s/c 

ratio [20] 

1.5 Autothermal Reforming 
Another type of reforming process is auto-thermal reforming. In this process, 

exothermic partial oxidation and endothermic reforming process are combined. The 

advantage of this process is the partial oxidation generates the heat needed for the 

endothermic reforming process and there is no need for external heat generation. Part 

of the heat generated by the partial oxidation is absorbed by the steam reforming 

reactions and this make the temperature limiting in the reactor. In this method, the 

amount of steam which is needed for the reforming process is less than conventional 

steam reforming. However, hydrogen production efficiency is lower than the 

conventional process [20]. 

1.6 Oxygen carrier 
To determine the behavior of different oxygen carriers during tests at high temperature, 

some important aspects like reactivity, agglomeration, attrition, and oxygen carrier 

properties should be taken into consideration. The important issue for developing 

CLR/GSR technologies is to select a feasible oxygen carrier with the suitable properties 

such as high reactivity with fuel and oxygen, thermal stability at high temperature, 

mechanical stability against attrition, complete fuel conversion to syngas, good 

properties for fluidization with no presence of agglomeration, Cheap price and 

environmentally friendly. In different studies for the CLC process, several metal oxides 

have been proposed as a proper oxygen carrier such as CuO, CdO, NiO, Mn2O3, 
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Fe2O3. In addition, metal oxides are generally combined with porous support which 

increases the physical properties of the oxygen carrier as mentioned before 

[22][23][20]. Al2O3, SiO2, and ZrO2 are likely candidates for being proper support for 

metal oxides to meet the criteria of an oxygen carrier. Oxygen transport capacity is 

another important issue of an oxygen carrier. The higher oxygen capacity can produce 

more heat for the endothermic reforming reaction. Adanez et al. during their study have 

examined different metal oxides and the oxygen transport capacity. They have shown 

Ni and Cu have maximum oxygen transport capacity among other carriers [19][21][26]. 

 
Table1. The maximum oxygen transport capacity of the carriers[23] 

 
 
Among all the suggested oxygen carriers, NiO has shown the highest reactivity with 

CH4. After reducing by the fuel, NiO is converted into metallic Ni which is a good 

catalyst to decompose CH4 and other hydrocarbons. Unfortunately, there are some 

disadvantages to using NiO as an oxygen carrier in large scale production. In compare 

with other possible oxygen carriers (for example Fe2O3 ), NiO is relatively expensive 

and also hazardous to the health [27]. 

Garcia -Lubiano et al. studied the kinetics of the reduction and oxidation of a Cu-based 

oxygen carrier in a chemical looping combustion. The studied the agglomeration 

problem in a Cu-based oxygen carrier and did some experiments at  1073 K and they 

claimed that the oxygen carrier did not show any agglomeration problem and after 100 

redox cycles the reactivity did not change [28]. 

1.7 Fluidization 
A fluidized bed reactor is formed when a fluid (gas or liquid) is passed through the 

particles in the bed to suspense the granular materials. Fluidization of the particles 

occurs by increasing the fluid velocity at a sufficient flow rate to reach the friction force 

of the fluid and the buoyancy forces become equal. At this condition, the bed shows a 

fluid behavior in which the particles are suspended in the fluid. The main advantages 

of fluidized bed reactors compared to packed bed reactors is the large surface area of 
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the reaction, good mixing properties, good heat and mass transfer rates between gas 

and particles. 

Depending on the fluid velocity there are three different regimes for a fluidized bed. By 

increasing the flow rate more than the minimum fluidizing velocity, void bubbles are 

formed, which is called bubbling fluidization. At higher flow rates, the regime can be 

changed into slugging bed and finally turbulent fluidization regime. Different fluidization 

pattern types are represented in figure4. 

 

 
Figure 4. Different fluidizing bed regimes depending on the fluid velocity and solid properties [29] 

 
 
Minimum fluidization velocity 
 
To reach the fluidization the upward velocity of the fluids should exceed a certain limit 

in which the drag force becomes enough to support the weight of the particles, this is 

called minimum fluidization velocity (VSF)m. The minimum fluid velocity can be 

calculated by rewriting the buoyancy equation (momentum balance) and drag force 

equation (Ergun) reaching the dimensionless Reynolds number and Archimedes 

number. 

                                    𝐴𝑟 = FGH.IJ.K	IGLIJ	M.N
OJP

                                (11) 
 
                        𝑅𝑒ST = (33.7* + 0.0408𝐴𝑟)..W − 33.7                    (12) 

                                         𝑅𝑒ST =
IJ.XYZ.FG

OJ
                                          (13) 
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The range of fluidizing velocity, VSF, in a bubbling fluidizing bed should be within the 

minimum fluidization velocity and terminal velocity (Ut) of the mean bed particles. The 

terminal velocity of a particle is the maximum velocity in which the small particles 

cannot be carried away by the fluid [30]. 

                                                  (VSF)m < VSF < Ut                                        (14) 

 

                                            𝑈\ =
K	IGLIJ	M.FGP.N

]0OJ
                          (15) 

 
Geldart classification 
 
Fluidization behavior of particles is strongly dependent on the density and mean 

particle size of the bed. Geldart classified all particles into four categories: cohesive 

(C), aeratable (A), sand-like (B) and spoutable (D) [29]. 
 
Group C:  Very fine and cohesive powders. Interparticle forces are greater than the 

action of the gas for these solids therefore normal fluidization is very difficult. 

 

Group A: Solids with low mean particle size and density lower than 1.4 g/cm3. These 

particles can be fluidized easily at low gas flow rates. The bed expands before bubbling 

fluidization regime occurs. 

Group B: Sandlike particles with the size between 40 to 500 𝜇m and density ranging 

between 1.4-40 g/cm3. These solids fluidized well with strong bubbling action which 

grow large. In the beds with these particles ,the bubble forms as soon as the gas 

velocity exceeds the minimum gas velocity of fluidization. 

 

Group D: Spoutable particles with the size of more than 500 𝜇m and/or high density. 

Deep bed of these solids is hard to fluidized. The behavior of these solids in the bed is 

erratically with giving large exploding bubbles or severe channeling.  
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Figure 5. The Geldart classification of particles for air at ambient conditions [29] 

 

With the properties of particles used (Geldart B particles) and N2 as fluidizing gas feed, 

the minimum fluidization velocity and terminal velocity were calculated.  By feeding 13 

L/min of the gas the superficial velocity was calculated and it was in the range with the 

ratio of (Uf / Umf) above 2.5 the bubbling fluidization was achieved.  
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2 Methodology 

2.1 Experimental setup 
As can be seen in the schematic drawing in figure 6, the experiments were carried out 

in a laboratory scale fluidized bed reactor which was designed and constructed for GSR 

applications. The setup can be divided into three parts: The feeding section, the 

reactor, the outlet section to the analyzer.  

 

 

 
Figure 6. Schematic overview of the GSR setup 

 

The reactor consists of three parts; the main part is the vertical cylindrical reactor with 

a height of 1006 mm and a diameter of 95 mm. To control the particles losses from 

fluidizing, a truncated conical part is located with a top diameter of 36 cm and bottom 

part of 10 cm. In the bottom part of the reactor, a porous plate is placed as a gas 

distributor with 40-micron pore size and 7 mm thickness. The reactor is heated with 

three external electric heaters with a maximum temperature of 1000 °C which are in 
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three different zones to heat up the reactor to the desired target temperature. Another 

important heating installation is a tracing element at the inlet and outlet part of the 

reactor to prevent the condensation of the steam in the reactor. All the heating 

installments can be controlled independently from the control system. To keep the 

temperature constant and controlling the heat lost the reactor and the heaters are 

placed in insulation with the thickness of 16 cm.  

Thermocouples and pressure sensors are used in the reactor to control the reactor 

operation. Three thermocouples are placed in three different places; Two in axial 

locations at the bottom of the reactor 5 and 10 cm respectively from the gas distributor. 

These two thermocouples monitor the temperature variations during the experiments. 

The other thermocouple is placed at the top part of the reactor to monitor the 

temperature of the outlet gases. The pressure of the reactor is measured by two 

pressure sensors which are located at the top and bottom of the reactor. Any 

unexpected pressure drop from particle loss or blockage of the pipelines and the filter 

are monitored continuously during the experiments. 

 

 
Figure 7. Reactor section, oven 
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The feed gases are controlled by 5 mass flow controllers to feed gases to the reactor. 

A diaphragm metering pump is used to feed water to the evaporator to generate steam 

to the reactor. Figure 8 Shows all the inlet gases are controlled by a three-way electric 

valve to control the switching system of the GSR. All the gases (N2, H2, CH4, and H2O) 

are connected to the same pipeline except the air-line which is to prevent any contact 

between the fuel gas and the air. A bypass line from the nitrogen gas is installed and 

controlled by a mass flow controller to dilute the outlet gas. 

 

 

 
Figure 8. Reactor section, flow controllers and 3-way valve 
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A condenser is installed after the reactor to condensate outlet gases. The gas stream 

after condensation is diluted with a by-pass nitrogen line to the analyzer. The reason 

for gas dilution to the analyzer is to ensure that the concentration of the gases is in the 

operational ranges of the analyzer. The analyzer continuously measures the mole 

fraction of the outlet gas compositions (H2 (0-40%), CH4 (0-5%), CO (0-20%) and CO2 

(0-5%)). A filter is located after the condenser to preclude the small particles to go to 

the analyzer. In order to work at higher pressure, a back-pressure regulator is added 

at the end of the line before the vent to control the pressure of the reactor.  

 

 
Figure 9. Reactor section, GC and pump 
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2.2 Oxygen carrier and catalyst 
The purpose of this project is to study the synergy effect of the mixture of two different 

particles as an oxygen carrier and catalyst. In the previous studying, one particle in the 

reactor was used as an oxygen carrier and the catalyst as well. As explained before, 

the oxidized particles after the oxidation stage were reduced by the fuel and then 

behaved as a catalyst for the reforming stage. In this study, the mixture of two particles 

was used. The copper oxide on alumina support as the oxygen carrier and Rh on 

alumina support as the reforming catalyst. 

 

CuO/Al2O3 
Copper oxide supported on alumina (CuO/Al2O3) with 80%wt of active metal on the 

support was used in this study. This oxygen carrier is often used for chemical looping 

combustion because of the good mechanical and chemical stability at temperatures 

below 1000 °C and high oxygen transport capacity [19][25]. 

L. Diez Martin et al. [32] studied the oxidation-reduction of this particle at high pressure 

and temperature. They have reported that during the oxidation the evolution of the 

conversion was kinetically controlled and the pressure has not an important effect on 

the oxidation kinetics of high loaded CuO-based materials, and also the support had 

not an important influence on the reactivity of the materials. Their results were in 

agreement with the results of San Pio et al. [33] on the reduction reaction kinetics of 

CuO/Al2O3 particles at higher pressure. 

The pallet particles were milled and sieved to reach the desired size of the materials in 

the range of 150 µm to 250 µm. The total solids of copper oxide in the reactor was 

about 2.2 kg. 

 

Rh/Al2O3 
In general, Pt and Rh are the most commonly used noble metals in methane steam 

reforming. Rhodium as a noble metal has shown a high reactivity for steam methane 

reforming [34]. In this study, a mixture of rhodium catalyst 1 wt.% active site supported 

on alumina (44% weight of the mixture with inert alumina) with inert alumina was used. 

The mean diameter of the rhodium in this catalyst was 250 µm with the density of 

2625.3 kg/m3. The catalyst was used before in the study of [35]. Around 500 g of 

rhodium was used as the reforming catalyst in the fluidized bed reactor. 
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3 Experimental Procedure 

For studying the behavior of the GSR concept, firstly, it was necessary to know about 

the reactor performance and the catalytic activity of the particles. Therefore, in the 

beginning, the steam methane reforming experiments were studied to evaluate the 

performance of the reactor. Finally, GSR (auto-thermal reforming) experiments were 

performed under different operating conditions. 

Before starting the experiment, pre-experimental calibration of the flow controllers and 

the GC was done to make sure about the experimental errors. The explanation and 

results can be found in the appendix. 

 

3.1 SMR experiments 
To evaluate reactor performance, SMR experiments were studied in different 

conditions with varying the temperature, Pressure, S/C and total flow rate of the feeding 

gasses (table 3). The results were compared to thermodynamic equilibrium using 

Aspen. Different temperature varying from 550 to 850 at a U/Umf of 2.54 and pressure 

of 2 bars and S/C of 3 has been studied. Then, other parameters have been varied to 

evaluate the catalytic activity with pressure and U/Umf and S/C varying from 2 to 4 bar, 

2.54-5.08 and 2 to 3.5, respectively (table 3). 

In this case, after heating the reactor with the external heat supplier to reach the target 

temperature, Oxygen carrier first reduced with hydrogen, then methane with steam was 

fed to the reactor. 

 
Table 3. Different cases for SMR experiments.  

SMR 

Case T (°C) P (bar) S/C U/Umf  

1 550-850 2 3 2.54 

2 750 2-4bar 3 2.54 – 5.08 

3 750 2 2-3.5 2.54 

4 750 2 3 2.54 – 3.32 
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Activation of the catalysts 
Activation of the particles by reducing the particles with H2 was done before starting 

the main experiments to make sure that the particles have not any oxygen. The bed 

was heated up to 750 °C while feeding nitrogen. After the bed reached the desired 

temperature, the mixture of hydrogen and nitrogen were fed to the reactor to reduce 

the particles for at least 1 hour until a steady concentration of hydrogen in the outlet 

was obtained. 

3.2 GSR experimental description 
As described before, the reactor operates in a periodic gas feed switching. Each cycle 

of reactions contains a reforming reaction and an oxidation reaction. At the beginning 

of the experiments, the bubbling fluidized bed heated up to the target temperature 

(temperature at the start of the reforming cycle) of 750 °C, then the GSR experiments 

started to perform with reforming stage for 12 min and one minute of purging with 

nitrogen in between two reactions and then the 6 min of oxidation stage starts. The 

reason for purging nitrogen in between two stages is to avoid any direct contact 

between fuel and air. Before starting the GSR experiments, the particles were reduced 

completely with hydrogen to make sure that there is no oxygen in the particles. After 

reaching the target temperature, to carry out the auto-thermal GSR concept, due to the 

heat loss from the reactor, the oven temperature was set at a lower temperature. 

Another important issue in the GSR concept is the oxygen carrier utilization. The 

oxidation cycle time is the time in which air is fed to the reactor to oxidize the oxygen 

carrier. A longer cycle time means more oxygen is fed for the partial oxidation of the 

oxygen carrier and the more temperature rise and more mixing time as well. It is 

important to know about the optimum time of oxidation, to be sure about all the coppers 

are oxidized and generating more heat for the reforming reaction. 

The experiments started with the pressure of 2 bar, S/C 3 and the U/Umf 2.54. For 

higher pressure, by increasing the pressure to keep the resident time constant, the flow 

rate increased as well. 
Table 4. Experimental conditions for GSR experiments 

Parameter  GSR  
temperature (°C) 750 750 750 
U/Umf 2.54 3.71 5.08 
Inlet pressure (bar) 2 3 4 
Steam-to-Carbon (S/C) ratio 3 3 3 
Oxidation:reforming ratio 1:2 1:2 1:2 

 



 Technische Universiteit Eindhoven University of Technology 
 

18 

4 Result and discussion 

4.1 Reactor performance under SMR conditions 
In the beginning of the experiments before the demonstration of GSR concept, the 

catalytic activity of the catalyst has been studied. In order to validate the experimental 

results, the results were compared with the thermodynamic equilibrium using Aspen 

plus with the same conditions. The total solids inventory in the reactor was about 2.5 

kg with 2.2 kg of copper oxide and 0.3 kg of rhodium. The SMR experiment was carried 

out at different temperatures with the U/Umf 2.54 feed at pressure 2 bar and steam to 

carbon ratio of 3. The volume fraction of the gas feed was 15% methane and 45% 

steam, and the rest was nitrogen. As it can be seen in figure 10, SMR experiments 

carried out for three temperatures and it was observed that the conversion of the 

methane did not reach the equilibrium, this may be attributed to either there is mass 

transfer limitation or kinetic limitation. To evaluate this first more rhodium catalyst 

particles were added to the reactor and then the same experiment has been carried 

out. 

 
Figure 10. Methane conversion as a function of temperature for SMR experiment with 300 g of catalyst 
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Newly added particles were a mixture of rhodium and inert alumina. Then the solids 

inventory of the reactor increased to 3.1 kg with an increase of catalyst from 13% to 

24% compared to the oxygen carrier. The SMR experiments with the same conditions 

were carried out again with a variation of temperature, pressure and gas velocity from 

500 to 850 °C, 2-4 bar and 3.06-4 mm/s respectively. The operating temperature of the 

reactor was kept constant by supplying external heat. Apart from adding more catalyst, 

in the first results, 50% of carbon imbalance was also observed from the analyzer. 

Therefore, the gas analyzer was calibrated with the calibration mixture gases, then the 

corrected factor was included in the calculation and the carbon balance off decreased 

to 5% and the calculated conversion increased as well. The calibration plots of the gas 

analyzer can be found in Appendix A. The result of the second SMR experiments can 

be seen in figure 11, for almost all the cases the thermodynamic equilibrium is reached 

in the bubbling fluidized bed with short resident time. Thereby indicates that there was 

not a kinetic limitation in the system. 

 
Figure 11. Methane conversion as a function of temperature for SMR experiment with 500 g of catalyst 
 

Table 4. Total solid inventory of the bed after adding more catalyst 

Particle Kg % 

CuO/Al2O3 2.260 71.97% 

Rh/ Al2O3 0.555 17.68% 
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Also, few experiments at different fluidization velocities have been performed to 

investigate if there is any mass transfer limitation. Figure 12 shows that the 

experimental prediction is in accordance to the thermodynamic equilibrium; for different 

gas velocities as a function of methane conversion experimental prediction reached 

thermodynamic equilibrium, thus it can be concluded that no mass transfer limitation 

was observed.  

 
Figure 12. methane conversion as a function of fluidization velocity 

 

Moreover, to evaluate the reactor performance at higher pressure, SMR experiments 

at elevated pressure were done and compared with the thermodynamic equilibrium. 

Figure 13 shows the methane conversion as a function of pressure for both 

thermodynamic equilibrium determined using Aspen and the experimental prediction. 

As expected, the methane conversion decreases as the pressure increases. This was 

also confirmed in the lab-scale bubbling fluidized bed reactor with short residence time. 
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In figure 13 the volume fraction of H2, CO, CH4 and CO2 at different temperatures from 

SMR experiments are plotted. As can be seen, by increasing the temperature, the 

endothermic steam methane reforming reaction is preferable and more H2 and CO was 

produced. On the other hand, in lower temperature the water gas shift is preferable, 

and more CO2 were produced. Moreover, it can be seen that in lower temperature 

methane conversion is low due to the reason that steam methane reforming is an 

endothermic reaction and at lower temperature, there is more unconverted methane at 

the outlet of the reactor.  

 

 
Figure 13. Spicies volume fraction of SMR experiment at different temperature from 550-800 °C, 

pressure 2 bar,s/c 3 
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4.2 Demonstration of GSR concept 
As GSR is a transient process, the duration of the gas feed governs the oxygen carrier 

utilization. In this study, the GSR was carried out for 5 cycles with varying the feeding 

(air feed) time from 3 to 8 minutes with the air/fuel ratio of 1:2. The experiments were 

carried out at pressure 2 bar, with U/Umf of 2.54 gas feeding and the target temperature 

of 750 °C. At the end of each experiment, the average temperature rise (the difference 

of the temperature at the end of oxidation and the temperature at the end of reforming) 

of the last 4 cycles was calculated. Figure 14 shows a typical transient temperature 

profile of 4:8 min oxidation-reforming which demonstrates that the GSR indeed 

achieved a virtual auto-thermal operation. The temperature difference was calculated 

from subtracting the temperature at the end of oxidation and at the end of reforming for 

each cycle. Then the average of for ΔT was taken as the temperature rise of each 

experiment. The time step in the plots is 0.5 second, therefore the duration of 8 min 

reforming, 1 min purging, and 4 min oxidation in the plots are 960, 120, 480 

respectively. 

 

𝛥𝑇 = 𝑇𝐸𝑂 − 𝑇𝐸𝑅 
 

Figure 14. Left: Transient temperature profile of 4 min oxidation (the top thermocouple), Right: 

Corresponding transient species volume fraction at pressure 2, target temperature 750 °C, s/c 3 
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Figure 15 shows the effect of oxidation time on the temperature rise. It can be seen 

that in 6 minutes of oxidation the temperature rise was higher than the other 

experiments, which indicates that almost all the copper in the oxygen carrier was 

oxidized by air. During the experiments, it was observed that for the oxygen carrier 

utilization of 7 and 8 minutes, at the end of oxidation, the temperature started to drop 

which can be due to O2 slippage as the result of the heat removal by the unconverted 

O2 which caused a decrease in the temperature. 

 
Figure 15. The temperature rises for different oxidation times 

 

It is clear that by increasing the oxidation time the temperature rise increases due to 
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Figure 16 Shows the effect of reforming time on the reactor performance in terms of 

methane conversion. The conversion for each reforming time was taken from the 

average conversion of 5 cycles at the corresponding temperature at the end of the 

reforming stage and compared with the equilibrium. In 6 min reforming (relatively short 

cycle), the conversion was high which can be explained due to in the shorter cycle time 

the temperature is close to the target temperature and reaction takes place at a higher 

temperature close to the target temperature. On the other hand, when the reforming 

time increases, in the reforming time of 8 to 16 min the conversion decreases due to a 

lower temperature resulting from longer reforming stage time than the target 

temperature. 

Indeed, there is a counter-balance between having a high methane conversion at 

shorter cycle and low purity and capture efficiency of CO2 due to gas mixing. This 

phenomena (mixing between purging N2 and reforming products) is happening when 

switching between the GSR stages. In a longer cycle time the relative length of the 

period of undesired gas mixing is shorter which improves CO2 capture efficiency. 

Therefore, there should be a trade-off between having higher methane conversion but 

lower capture efficiency at shorter cycle time or lower conversion but higher efficiency 

capture at longer cycle time. 

Figure 16. Reactor performance in terms of methane conversion as a function of reforming time 
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4.3 Demonstration of the GSR concept at higher 
pressure 

Figure 17 shows the typical GSR reactor behavior at 2 bar for the outlet gas 

composition. For the first cycle, the particles were reduced completely by hydrogen, 

therefore there was no oxygen at the beginning of the reforming stage and it was just 

a steam methane reforming process, that is the reason of the higher amount of CO 

than CO2. From the second cycle, after the oxidation stage is taken into account in to 

the procedure, the reforming stage is divided into two sub-stages in which reduction of 

CuO and reforming are happening simultaneously. In the first sub-stage CO2 is 

produced from the raction of methane with the oxidized oxygen carrier and also from 

the reaction of CO (which is produced from simultaneous reforming reaction) with the 

oxygen. Afterward, the production of hydrogen starts to take place through the steam-

methane reforming and water-gas shift reactions with the rhodium catalyst. In this step, 

CO also produced and increased sharply but for almost 2 min the volume fraction of 

CO increased slowly meanwhile a sudden increase observed in the production of CO2 

which can be related to the faster reaction of water gas shift and then the steam 

methane reforming continued to produce syngas. It can be seen that most of the 

methane was converted into this experiment.  The time step in all plots is 0.5 second, 

therefore the duration of 12 min reforming, 1 min purging, and 6 min oxidation in the 

plots are 1440, 120, 720 respectively. 

Figure 17. Corresponding transient species volume fraction at pressure 2 bar, target temperature 750 
°C, s/c 3 and gas velocity 3.06 mm/s, target temperature 750 °C, s/c 3 and gas velocity 3.06 mm/s; 

I-Reduction/reforming, II-Oxidation 
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Figure 18 shows the transient temperature profile which is measured at two places in 

the bed (the bottom of the bed T411 and the top of the bed T410). At the beginning of 

the experiment, the target temperature was set at 750 °C and then the oven 

temperature was set at a lower temperature of 730 °C to perform the auto-thermal 

GSR. As described before, due to fluidization calculation and the difference between 

the density and mean size of the particles, the homogenous fluidized regime was not 

achieved completely and particle segregation in fluidized beds happened. At the top 

part of the reactor, the temperature profile is more reasonable with decreasing by the 

endothermic reforming to minimum temperature and increasing by the exothermic 

oxidation. However, at the bottom part, with more particles, most of the reactions take 

place at the beginning of the bed. Apart from the first cycle which can be due to 

systematic error, from the third cycle, it is observed that the bottom temperature 

dropped sharply during the reforming stage compared to the top part. Considering the 

bottom temperature profile, there is a drop with a low slope in the temperature and then 

an increase and again a sharp drop. This can be due to the fact that at the beginning 

of reduction both reforming (with the presence of Rh) and combustion (due to CuO) 

reaction takes place simultaneously; combustion and reforming of the methane with 

different enthalpies of reactions, then for a short period of time the exothermic reaction 

between CuO and CO or H2 caused the rise in temperature. This exothermic reaction 

between syngas and copper oxide is one of the advantages of using CuO in GSR to 

keep the temperature as close as the target temperature. and finally, only the 
endothermic steam methane reforming reaction took place. 

 
Figure 18. Transient temperature profile at the top(T410) and bottom(T411) part of the reactor at 

pressure 2 bar; I-Reduction/reforming, II-Oxidation  
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The other insight that has been observed or obtained is as the pressure increases the 

mixing get improved; which can be confirmed with the temperature profile (see figure 

19). Although the starting temperature is not the same for two sections of the reactor 

(with a difference of 14 °C) from the second cycle it can be seen that the temperature 

behavior for both parts is almost the same. At the top part (T410) in the reforming stage, 

there is the difference in slope which is due to the exothermic combustion of methane 

and the endothermic reforming reaction (when the combustion reaction finished the 

slope is sharper due to the subsequent highly endothermic reaction and of course also 

due to the additional heat loss). At the bottom part of the reactor (T411), as described 

as the previous part, there is an increase in the reforming stage which is due to the 

exothermic reaction of CO with oxygen from copper oxide. Comparing the temperature 

profiles of 2 bar and 3 bar, it is shown that at a higher pressure and flow rate the 

fluidizing is more homogenous thus temperature profile is more or less the same for 

both top and bottom part of the reactor, and also the temperature rise is higher. 

The last cycle shows a different profile in compare with the other cycles which can be 

due to pressure fluctuation (because of filter blocking). 

 
Figure 19. Transient temperature profile at the top(T410) and bottom(T411) part of the reactor at 

pressure 2 bar; I-Reduction/reforming, II-Oxidation 
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The effect of operating pressure on the auto-thermal GSR reactor performance was 

evaluated and compared with the result with thermodynamic equilibrium from ASPEN 

at the same condition. Figure 20 shows the average conversion of GSR experiment for 

different operating conditions. As it can be observed, the conversion decreases by 

increasing the pressure due to equilibrium limitations and the stoichiometry of the 

steam methane reforming reaction (higher pressure pushed the reaction backward and 

less methane is converted during the reaction). Moreover, the yield of hydrogen 

production reduces due to this phenomena. The plots of outlet gas composition at 

pressure 3 and 4 bar can be found in the appendix. 

 
Figure 20. Methane conversion as a function of pressure in the GSR operation in compare with 

thermodynamic equilibrium  
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Figure 21 shows the effect of pressure on the temperature rise. As we expected by 

increasing the pressure, the temperature rise increased due to higher reaction rates 

with the corresponding reduction of the bed material and by increasing the density of 

the gas, mass flow increases. Increasing in pressure increase the gas convective heat 

transfer due to an increase in the gas density which increases the temperature. It can 

be concluded that at higher pressure, in fluidized bed, the gas-solid mixing gets 

improved and better heat transfer can also be achieved; thus improves the overall 

performance of the system.  
 

 

 
Figure 21. The temperature rise as a function of pressure at 2,3 4 bar 
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5 Conclusions and recommendations 

5.1 Summary and conclusion 
The main goal of this project is to investigate the synergy effect of the mixture of two 

particles (an oxygen carrier and a reforming catalyst) in a GSR reactor at elevated 

pressure. The GSR concept was demonstrated in a lab-scale reactor using a mixture 

of two particles as an oxygen carrier and reforming catalyst. The oxygen carrier was 

80 wt.% copper oxide supported on alumina and the catalyst was 1 wt.% rhodium on 

alumina. The copper oxide was used as an oxygen carrier to generate heat for the 

auto-thermal operation while syngas production has occurred with the dominance of 

catalytic steam methane reforming with rhodium catalyst. With 17% (in weight) of 

catalyst to oxygen carrier, it was possible to achieve the thermodynamic equilibrium 

while still having a virtual autho-thermal process.  

The catalytic performance of the reactor was confirmed by achieving equilibrium 

conversion for steam methane reforming and mass or kinetic limitation was not 

observed. The GSR concept demonstrated at relative pressures from 2 to 4 bar. The 

auto-thermal operation was achieved for the GSR reactor. Dynamic operation of the 

GSR reactor performed periodically with repeating cycles of reduction/reforming and 

oxidation. During the fuel stage methane and steam were fed to the reactor. At the 

beginning of the reduction stage, syngas combustion takes place and produces H2O 

and CO2 with a simultaneous reforming reaction, then just the reforming of methane by 

rhodium takes place with the production of syngas. The GSR concept was studied for 

the elevated pressure and it was observed that the hydrogen selectivity decreased by 

increasing the pressure and the temperature rise of the system increased. 

Another important issue in this concept was the cycle time. Shorter cycle time showed 

higher conversion but it was in counter-balance with the problem of gas mixing which 

caused lower CO2 capture efficiency. Longer cycle time resulted in lower reactor 

temperature at the end of the reforming stage, thus the overall methane conversion 

was decreased. On the other hand, longer relative length of the period of undesired 

gas mixing reduced. A trade-off should be made between higher methane conversion 

in the shorter cycle and higher capture efficiency in a longer cycle. 
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5.2 Recommendations 
Based on the results, the following recommendations are proposed: 

• Since two different particles with different properties mixed physicaly, there 

might be some segregation problem in the system. 

• Further TGA tests should be performed to better understand the reactivity of 

the CuO (gas-solid reaction) and also more reaction kinetic tests are required 

(mainly with the Rh catalyst) to evaluate if there is any side reaction at the 

working temperature or not. Yao et al. [36] studied oxidizing conditions of Rh 

on alumina at a higher temperature above 600 °C and concluded that exposure 

of Rh/Al2O3 catalysts to high temperature under oxidizing conditions will cause 

loss of active area. This also needs to be futher investigated and confirmed. 

• Because of the limitation in the system experiments at higher pressure above 

4 bar was not possible, so more high-pressure tests are recommended. 

Moreover, if the desired product is hydrogen not syngas, integrating 

membranes for pure hydrogen production would improve the overall system 

performance as it is now possible to work at relatively high pressure. 
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Appendix 

Appendix A: GC calibration 

Gas analyzer calibration 

Calibrating of the gas analyzer is another important factor in the experiments in which 

accurate results can be obtained. After some experiments, it was observed that even 

by zero calibrating of the analyzer, there was an error in carbon balance in the results. 

Therefore, for correcting the error, the analyzer was calibrated by feeding the 

calibration gas mixture directly to the analyzer. The range of the analyzer for gasses 

was CO 0-5%, CO2 0-5%, CH4 0-5%, and H2 0-40% while the calibration mixture gas 

concentration was CO 10%, CO2 5% CH4 15% and H2 10%, therefore N2 was used to 

dilute the gas mixture to make the concentrations in the range of the analyzer for all 

the gasses. The actual concentration of each gas was plotted against the analyzer 

result. The linear correlation with the good accuracy of R2≈1 was used as a correction 

factor. GC calibrations and correction factors are presented for each of the gasses. 
 
 

• CO GC calibration 
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• CH4 GC calibration 

 
• CO2 GC calibration 
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• H2 GC calibration 
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Appendix B: Flow controller calibration 

Flow controller calibration 

In order to get the right calculated values of the feed, flow controllers and the pump 

were calibrated. Different flow rates were fed through the flow meter and the actual 

values plotted against the set point. The linear correlation was obtained with the high 

values of R2 which showed the accurate calibration of the flow controllers. For 

calibrating the pump, different values of feeding were set and the volume of the water 

was measured per minute. The actual volumetric water flow rate was plotted against 

the set point. Flow controller calibrations are presented below for each of the flow 

controllers. 

 
• CH4 calibration 
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• H2 calibration 

 
 

• N2 calibration 
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• N2 dilution calibration 

 

Appendix C: Pump calibration 
• Pump calibration 
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Appendix D: Outlet gas composition at higher 
pressure 

 
Corresponding transient species volume fraction and transient temperature profile at pressure 3 bar, 

 target temperature 750 °C, s/c 3 and gas velocity 4.6 mm/s 
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Corresponding transient species volume fraction and transient temperature profile at pressure 4 bar, 

 target temperature 750 °C, s/c 3 and gas velocity 6.12 mm/s 
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