
 Eindhoven University of Technology

MASTER

Proof of concept of the Ca-Cu looping process

Druijff, P.M. (Mike)

Award date:
2018

Link to publication

Disclaimer
This document contains a student thesis (bachelor's or master's), as authored by a student at Eindhoven University of Technology. Student
theses are made available in the TU/e repository upon obtaining the required degree. The grade received is not published on the document
as presented in the repository. The required complexity or quality of research of student theses may vary by program, and the required
minimum study period may vary in duration.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain

https://research.tue.nl/en/studentTheses/a4944913-03a4-48b5-a956-8d06944fa346


 
 

 

Department of Chemical Engineering and Chemistry 

Multiphase Reactor Group 

 

 

 

 

 

Proof of concept of the Ca-Cu looping process 
 

 

P.M. Druijff 
 

 

 
 

 

 

Committee: 

prof. dr. Ir. M. (Martin) van Sint Annaland 

prof. dr. Ir. F. (Fausto) Gallucci 

dr. Ir. M.F. (Fernanda) Neira d'Angelo 

Ir. M. (Michela) Martini 

 



Page | I 
 

Abstract 
Steam methane reforming (SMR) is a well-established technology and widely applied in the industry 

for hydrogen production. However the world is moving towards more sustainable and more efficient 

hydrogen production processes which also includes reduction of carbon dioxide emissions. Therefore 

several processes are being studied and developed to produce pure hydrogen from methane which 

requires lesser energy as well as captures the formed CO2. The Ca-Cu process is a novel concept for 

hydrogen production with inherent CO2 capture that has received great attention in the last years as 

potential low-CO2 emission technology for power generation and hydrogen production from natural 

gas. The process is based on the reforming of natural gas in the presence of a CaO-based sorbent 

(sorption enhanced reforming) and a Cu/CuO chemical looping combustion loop that provides the 

energy needed for CaCO3 calcination.  

This study focusses on the proof of concept of this process by running a sufficient number of complete 

cycles under different conditions. The experimental results show the feasibility of the process at lab 

scale. These results have been then simulated using a 1-D packed bed reactor model. The simulations 

results did not match properly the experimental data since the material distribution inside the reactor 

changed over time, clusters of solids of different dimensions were formed and therefore it was not 

possible to model this phenomena with a 1-D model.  
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Nomenclature 
   

Symbol  Description Dimension 

𝑎, 𝑏 Stoichiometric coefficients for carbonation reaction - 

𝐴𝑖  Pre-exponential factor of SMR and WGS molm-3bar-1s-1 

 Pre-exponential factor for Carbonation m3mol-1s-1 

𝐶𝑖 Concentration of gas component i molm-3 

𝐶𝑖
𝑒𝑞

 Equilibrium concentration of gas component i molm-3 

𝐶𝑝,𝑔 Gas heat capacity Jkg-1K-1 

𝐶𝑝,𝑠 Solid heat capacity Jkg-1K-1 

𝑑𝑝 Particle diameter m 

𝑑𝑟 Reactor diameter m 

𝐸𝑎𝑐𝑡 Activation energy KJmol-1 

𝐷𝑎𝑥 Axial mass dispersion m2s-1 

𝐹𝑚 Mass flow Kgm-2s-1 

𝑘𝑖 Reaction rate coefficient m3mol-1s-1 

𝐾𝑖 Equilibrium constant for gas phase reactions - 

𝐿𝑜 Initial total pore length of pore system 𝑚𝑙𝑚𝑣
−3 

𝑀𝑤,𝑔,𝑖 Molecular weight of gas component i Kgmol-1 

𝑀𝑤,𝑠,𝑖 Molecular weight of solid component i Kgmol-1 

𝑀𝐶𝑎𝑂 Molecular weight calcium oxide Kgmol-1 

𝑛 Reaction order - 

𝑁𝑢 Nusselt number - 

𝑝𝐶𝑂2

𝑒𝑞  Equilibrium pressure of CO2 Pa 

𝑝𝑖  Pressure of gas component i Pa 

𝑝𝑜 Atmospheric Pressure Pa 

𝑃𝑒 Peclet number - 

𝑃𝑟 Prandtl number - 

𝑅𝑖 Pore radius m 

𝑅 Gas constant JK−1mol−1 

𝑟𝑖 Reaction rate molm-3s-1 

𝑅𝑒 Reynolds number - 

𝑆𝑐 Schmidt number - 

𝑆𝑜 Initial surface area 𝑚𝑠
2𝑚𝑣

−3 

𝑇 Temperature K 

𝑇𝑤 Temperature of the wall K 

𝑇𝑒𝑛𝑣 Temperature of the enviroment K 

𝑤𝑎𝑐𝑡,𝑠
𝑜  Initial active solid component weight fraction KgKg-1 

𝑤𝑔,𝑖 Gas component weight fraction KgKg-1 

𝑤𝑔,𝑖
𝑖  Gas component weight fraction in feed gas KgKg-1 

𝑤𝑠,𝑖 Solid component weight fraction KgKg-1 

𝑋𝑖  Solid component conversion KgKg-1 

Δ𝑟𝐻𝑖 Reaction enthalpy Jmol-1 
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Greek symbols   

Symbol  Description Dimension 

𝜀𝑝 Particle porosity 𝑚𝑔
3𝑚𝑝

−3 

𝜀𝑔 Void fraction of the bed 𝑚𝑔
3𝑚𝑟

−3 

𝜂 Effectivity coefficient - 

𝜂𝑔 Gas viscosity Pas 

𝜆𝑒𝑓𝑓 Effectivity thermal conductivity Wm-1K-1 

𝜆𝑔 Thermal conductivity of the gas Wm-1K-1 

𝜆𝑜 Thermal conductivity of the empty bed Wm-1K-1 

𝜉𝑖  Amount of reaction taking place molm-2s-1 

𝜌𝑔 Gas density Kgm-3 

𝜌𝑠 Solid density Kgm-3 

𝛼 Heat transfer coefficient Wm-2K-1 

𝜏 Characteristic time s-1 

   

Abbreviations   

PHM Pseudo-homogeneous model  

S/C ratio Steam to methane ratio  

SER  Sorption enhanced reforming  

SMR  Steam methane reforming  

WGS Water gas shift  
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1 Introduction 
One of the major contributors for the increasing CO2 concentration in the atmosphere is fossil fuel 

combustion. This increase contributes in the global warming [1]. The consumption of fossil fuels is 

predicted to increase in the future to meet the increasing energy demand. To meet the worlds energy 

needs and reduce the global warming it is needed to reduce the greenhouse gas emissions for energy 

production [2]. One of the technology’s that has potential is CO2 capture and storage (CSS). CSS 

produces concentrated CO2 steams from fossil fuel power plant which can be transported to safe 

storage sites [1]. 

Different approaches has been taken towards CO2 capture at pre-combustion as well as post 

combustion stage. Amine scrubbing is one of the most common pre-combustion CO2 capture 

technology used during production of H2 from natural gas [1]. Currently most of the H2 is produce using 

Steam Methane Reforming (SMR). SMR generates about 8.9-9.1 kgCO2/kgH2 [3], and with the expected 

increase in demand it is interesting to develop new CO2 Capture and storage technology’s (CCS) for this 

process. 

One of the new processes for the capture of CO2 is Sorption Enhanced Reforming (SER). It combines 

the SMR and WGS reactions (Eq. 1 and 2) with in situ CO2 capture through carbonation of CaO (Eq. 3). 

The capture of CO2 during the reaction has the benefit that it shifts the reaction to the right side and 

therefore promotes the conversion of methane. Moreover, since the carbonation reaction is 

exothermic, when the reactions are combined together the overall reaction is slightly exothermic (Eq. 

4), and therefore no external heat is needed. 

𝐶𝐻4 + 𝐻2𝑂 ↔  𝐶𝑂 + 3 𝐻2 Δ𝑟𝐻298 𝐾 = 206 𝑘𝐽/𝑚𝑜𝑙 (1) 
 

𝐶𝑂 + 𝐻2𝑂 ↔ 𝐶𝑂2 + 𝐻2 Δ𝑟𝐻298 𝐾 = −41 𝑘𝐽/𝑚𝑜𝑙 (2) 
 

𝐶𝑎𝑂 + 𝐶𝑂2  ↔ 𝐶𝑎𝐶𝑂3 Δ𝑟𝐻298 𝐾 = −178 𝑘𝐽/𝑚𝑜𝑙 (3) 
 

𝐶𝑎𝑂 + 𝐶𝐻4 + 2 𝐻2𝑂 ↔ 𝐶𝑎𝐶𝑂3 + 4 𝐻2 Δ𝑟𝐻298 𝐾 = −13.9 𝑘𝐽/𝑚𝑜𝑙 (4) 
 

The downside of this process is the regeneration of the sorbent. The calcination is an endothermic 

reaction and therefore needs external heat. Several solutions have been proposed to supply the large 

amount of energy required without losing the benefits of SER. Some of the proposed strategies to 

regenerate the CaCO3 are pressure swing to decrease the equilibrium pressure of CO2 in the calcination 

step or the temperature swing [4]. However some of the drawbacks of these options are high 

equipment costs and poor thermal efficiencies [5]. A newly developed idea to solve this problem is 

combining sorption enhanced reforming with Cu chemical looping process [6]. This additional loop 

provides the heat for the calcination reaction by reducing the copper oxide with a fuel gas containing 

H2, CO and/or CH4 (Eq. 5, 6 and 7 respectively). The type of fuel gas will have influence on the bed 

composition. Because different fuel gasses have different reaction heats the amount of copper needed 

to provide enough heat for the calcination differs with the gas used. 

With this process the outflow of the reduction step will exist only out of CO2 and steam which can be 

easily separated by condensation.  

𝐶𝑢𝑂 + 𝐻2 → 𝐶𝑢 + 𝐻2𝑂 Δ𝑟𝐻298 𝐾 = −86 𝑘𝐽/𝑚𝑜𝑙 (5) 
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𝐶𝑢𝑂 + 𝐶𝑂 → 𝐶𝑢 + 𝐶𝑂2 Δ𝑟𝐻298 𝐾 = −127 𝑘𝐽/𝑚𝑜𝑙 (6) 
 

4 𝐶𝑢𝑂 + 𝐶𝐻4 → 4 𝐶𝑢 + 2 𝐻2𝑂 + 𝐶𝑂2 Δ𝑟𝐻298 𝐾 = −170 𝑘𝐽/𝑚𝑜𝑙 (7) 
 

To be able to reduce the copper oxide, the copper first needs to be oxidized (Eq. 8). For the best carbon 

efficiency the amount of CO2 released in this step needs to be as small as possible. This is done by using 

diluted air to reduce the temperature rise and therefore reduce the release of CO2. The oxidation 

cannot be before the SER because besides the oxidation of copper also the nickel catalyst will be 

oxidized (Eq. 9). 

𝐶𝑢 + 1/2 𝑂2 → 𝐶𝑢𝑂 Δ𝑟𝐻298 𝐾 = −178 𝑘𝐽/𝑚𝑜𝑙 (8) 
 

𝑁𝑖 + 1 2⁄  𝑂2 → 𝑁𝑖𝑂 Δ𝑟𝐻298 𝐾 = −241 𝑘𝐽/𝑚𝑜𝑙 (9) 
 

A total overview of the process is displayed in Figure 1.  

The process consists in 3 main steps: 
A. Sorption enhanced reforming where a hydrogen-rich stream is produced by feeding CH4 

and steam; 
B. Oxidation of Cu to CuO with diluted air in conditions such that no major decomposition 

of CaCO3 takes place; 
C. Calcination of CaCO3 and the reduction of CuO with a fuel gas in order to obtain most or 

all of the heat necessary for calcination. 
 

 

Figure 1: General Scheme of the Ca/Cu chemical looping process 
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Different studies are already present in literature on the Ca-Cu process. Most of these studies focus on 

simulations, kinetics and stability of different solids or specific steps of the process but not complete 

cycles [1] [2] [5] [7] [8] [9] [10]. The focus of this study will be to prove that the Ca-Cu chemical looping 

process is experimentally feasible by doing complete cycles with different operating conditions. A 1-D 

pseudo-homogeneous packed bed reactor model is then used to simulate the experimental data in the 

same conditions. The comparison between the experimental and the simulated results will be 

discussed. 
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2 Experimental set-up 

2.1 Set-up description 
For the experimental study a packed bed reactor developed by Array Industries BV has been used 

(Figure 2, left). The reactor has a total length of 1600mm, an outer diameter of 400mm and an inner 

diameter of 63mm are used. Figure 2, right gives a schematic cross section of the reactor [11]. The 

maximum operating temperature is 1200 °C and the maximum operating pressure is 10 bar. The inner 

tube is made from Inconel of a thickness of 6 mm. In between the inner tube and the outer tube there 

is an insulation material (IsoFrax 160 kg/m3) to decrease the heat losses. To allow dilatation of the 

inner tube the top part is not welded to the outer tube. To prevent the outlet gasses from entering the 

insulation a small flow of nitrogen (2 ln/min) is sent through the insulation to equalize the pressure. 

All results are corrected for this flow. The outer wall is made of carbon steel to allow for operation at 

higher pressures. Around the outer tube some tracings are placed to further reduce the heat losses. 

 

Figure 2: Left: Picture of the reactor. Right: Schematic cross section of the reactor 

Along the bed there are 20 K-type thermocouples (Rössel, 1.5 mm thermocouples) to measure the 

axial temperature profile in the bed. The thermocouples have a 2mm Inconel protection layer and 

there is some air between the protection layer and the thermocouple. Therefore, an approximate 

response time of 45 seconds is taken into account. 

Multiple mass flow controllers (Bronkhorst) are used to feed de desired flow and composition. Because 

of the limited range and availability of the mass flow controllers, multiple different gasses are 

calibrated for each controller and used depending on the experiment. 
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Before entering the reactor, the gasses are heated to the desired feed temperature with 2 ovens of 

2.2 KW each. The steam is generated by pumping demineralized water directly into the ovens together 

with the feed gas using a HPLC pump (Shimadzu). The line between the ovens and the reactor is traced 

with high temperature tracing to reduce the heat losses. To further limit heat losses, the bottom part 

of the reactor is covered with vermiculite. 

The reactor is filled with inert clay particle until the first thermocouple. From the first until the last 

thermocouple (710 mm) the reactor is filled with the desired bed composition. The remaining of the 

reactor is also filled with inert clay particles. 

After the reactor, the gasses are cooled first using an air cooler and second using a liquid condenser. 

The pressure is regulated with a digital back pressure regulator (Bronkhorst). After the pressure 

regulator the gasses are send to the analyzers. A Sick Infrared analyzer is used to analyze: H2, CH4, CO 

and CO2 and a Siemens Ultramat 23 paramagnetic oxygen analyzer is used to measure the O2. 

Figure 1 shows a schematic overview off the process. In Appendix  A, the set-up is explained in more 

detail and in Appendix C, an overview is given for all analyzers that are used.  

 

Figure 3: Schematic overview of the reactor 

The set-up is controlled using a custom-made interface in InTouch Window Viewer from Wonderware. 

With this interface al controllers and valve can be set. Because the experiments needed to run for a 

long time it was not possible to do this manually. Therefore, the interface was adapted to allowed to 

program cycles for 24/7 operation. 

The readout from the sensors are logged in Wonderware historian client on the same computer that 

is used to control the set-up. The data is logged live but the data that is used for the results are taken 

every second to get smooth graphs. The data are collected from the computer via a text file (.CSV) and 

further processed using a custom made macro in Microsoft Excel. Here all values are corrected for the 

dilution and the delays of the analyzers and thermocouples. Also, all external calibrations are done by 

this macro.  
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2.2 Bed Composition 
The benefit of this process is the in-situ CO2 capture. To get the best capture of CO2 and to limit the 

reactor size and investment costs, a high amount of active CaO is needed in the reactor. Beside the 

CaO also Ni is needed as a catalyst. The amount of catalyst needs to be as low as possible but high 

enough to reach equilibrium in the reaction step. Also Cu is needed to provide the heat necessary to 

release the CO2 from the CaO to complete the cycle. 

In this work the commercial Ni catalyst (HiFUEL) supplied by Johnson Matthey (Figure 4, left), a 

calcium-based solid supplied by Carmeuse (Figure 4, middle) and a copper-based material developed 

during the ASCENT project by Johnson Matthey (Figure 4, right) have been used.  

The amount of Cu needed depends on the fuel gas used to reduce the CuO. Assuming thermal 

neutrality in the reaction during Step C and taking into account the reaction enthalpies at 1123 K the 

Cu/Ca molar ratio can be calculated. This calculation is assuming that all CaO is carbonated.  

In this work the composition of the bed was calculated in order to have 4% of Ni inside the bed and a 

Cu/CaO molar ratio of 2.1. The particle size of all the solids is around 3 mm. Table 1 gives the initial 

bed composition that is used in this experiments. These values already take the amount of active 

material into account 

Table 1: Bed composition used in the experiments 

 
 Kg   wt%  

 CuO   0,459   0,176  

 CaO  0.171 0.065 

 CaO inert  1.251   0.479  

 NiO   0,105   0,040  

 Alumina   0,626   0,240     

 Total   2,612   1  

 

 

 

Figure 4: From left to right: Fresh catalyst particles, Fresh Sorbent particles and Fresh copper particles 
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2.3 Problems 
During the experimental campaign there where different problems with the set-up. The main problem 

is that the reactor was not designed for this process. The amount of steam and the temperature where 

the main part of the problems. 

There are 2 types of mass flow controllers used. Two “Big” mass flow controllers with ranges from 

about 20 until 400 or 600 ln/min. And four “Small” mass flow controllers up to 50 ln/min. The nitrogen 

is connected to a big controller but if a small flow is required, the nitrogen needed to be rerouted 

through a “small” controller. This is also the case if we need a low flow of air. Therefore multiple 3-

way values are added to reroute different gasses to different mass flow controllers.  

For the measurement of hydrogen in the outlet gas, the outlet gas needed to be diluted with nitrogen 

to get in the range of the analyzers. This is done by using a “small” mass flow controller and a 3-way 

valve to choose if the gas is added before or after the reactor. 

For the steam production a pump that can go up to 10 ml/min of water was used. For the higher S/C 

ratios this was not enough so an additional pump was added. The combination of both pumps gave 

rise to a high amount of fluctuations in the flow and therefore also in the outlet gas composition. To 

reduce the fluctuation a new HPLC pump was bought that had a higher capacity.  

Beside the problem of unsteady feed it was found that the temperature in the air cooler was low 

enough to condense the steam. This resulted in liquid water build-up in a line that resulted in 

fluctuations. Also the amount of steam at high pressure resulted in the leaking of the 3-way value that 

was used to switch between reactors. This valve and line where removed and replaced with a new line 

without a valve where the water should not build-up. This resulted in less fluctuations in the results. 

The reactor is heated only by the inlet gas. This makes it hard to control the temperature. To reach 

temperature of 600 °C in the reactor (the temperature needed for the SER) a flow of 100 ln/min of 

nitrogen and the ovens at 900 °C are needed. If the flow decreases the temperature in the reactor also 

decreases due to the heat losses. Therefore the experiments of Oxidation and Reduction are done with 

a total flow of 100 ln/min to keep the initial temperature constant. The flowrate used during the SER 

was 16-24 ln/min because of limitations in steam production. Therefore the reactor temperature will 

decrease because the heat losses are higher than the amount of heat entering the reactor. The 

temperature also give problems during the Reduction. Here the temperature needs to be high to 

calcine all the CaCO3 and the only way for the temperature to rise was with the reduction reaction 

itself. This resulted that everything is tested at as high as possible temperature and there are no 

experiments to test the effect of temperature. 

Because the temperature is hard to control multiple experiments are done after each other until they 

reach a “Steady State” where the temperatures between cycles don’t change anymore. This happens 

after about 3 to 5 cycles. At first this was done manually and that resulted that we could only do 3 a 4 

cycles a day. To get to the “Steady State” the set-up is automated to run 24/7. 

The condenser was also not designed for high flows of steam. Therefore during one experiment the 

water in the condenser was carried out and flooded all the piping after the condenser including the 

analyzers. The condenser was adapted to prevent this from happening again. Also the release of the 

condensate was automated to let the set-up run 24/7. 

A problem with the analysis of the outlet gas was the flow to the analyzers. The analyzers used had no 

sample pump. Therefore the flow to the analyzers was regulated with a manual mass flow controller 

that works with the overpressure in the vent. The problem is that during the SER a lower flow and 
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therefore a lower overpressure in the vent is used than during the Oxidation and Reduction. The 

manual controller was therefore set at a value so that the flow during the Oxidation and Reduction 

was not too high and during the SER not too low, but these values where both far from optimal. Also 

during pressure release of the reactor the flow to the analyzers could become too high therefore this 

release is limited. 
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3 Experiments  

3.1 SER   
To study the SER step experiments under different conditions have been done. Steam to carbon ratio 

(S/C) has been varied between 3 and 5 and two different pressures (2 and 7) have been selected. The 

flow of methane was kept constant at 4 ln/min and the flow of steam was varied according to the 

steam to carbon ratio. The bed was heated up to at least 600 before the reaction starts. To regenerate 

the sorbent an oxidation with 100 ln/min and 5 vol% of oxygen, and reduction with 100 ln/min, 40 

vol% of hydrogen, both at 2 bar, have been carried out. The increase and decrease of the pressure is 

done in the purge step before and after the SER. All cycles are done at least 10 times to get to a “Steady 

State” where the temperature between cycles do not change anymore. 

The experiments exist in three zones as can be seen in Figure 5: Pre-Breakthrough (A), Breakthrough 

(B) and Post-Breakthrough (C). During the Pre-Breakthrough all the CO2 that is formed is reacting with 

CaO present in the bed and the outlet flow only exist out of steam, hydrogen and unreacted methane. 

During the Breakthrough not all CO2 is captured and CO2 and CO are also exiting the reactor. During 

the Post-Breakthrough the bed is fully carbonated and the benefit of in situ CO2 capture is gone. Here 

the outlet composition exists of the SMR and WGS equilibrium. Multiple experiments at 2 Bar with an 

S/C of 3 are shown in Figure 5, where it can be seen that the results are quite reproducible and steady 

state is reached. Both SER and SMR equilibrium are reached. The results have some little fluctuation 

due to the steam production.  The temperature in the bed is quite constant as shown in Figure 6 where 

the axial temperature profiles are shown. This is due to the high heat losses in the reactor.  

 

Figure 5: Gas and temperature profiles of 8 consecutive experiments for SER at 2 Bar with a S/C ratio of 3 
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Figure 6: SER at 2 bar with S/C ratio of 3 axial temperature profiles in the bed 

In all the other experiments the SER and SMR equilibrium are also reached and the reproducibility is 

good. These results are shown in Appendix A.  

Figure 7 and Figure 8 show the comparison between the experiments with different S/C ratios at 2 and 

7 bar, respectively. At both pressures, the S/C ratio does not influence the H2 outlet composition, while 

temperature decreases. With higher ratios the ovens need to evaporate more water. The ovens that 

are used did not have the capacity to keep the temperature of the inlet gas constant over time and 

over the different ratios.  

Increasing the pressure, the SER is less favored as expected by the thermodynamic. The hydrogen 

fraction is about 4% lower in the case at 7 bar compared to the case at 2 bar. The breakthrough is a bit 

delayed in the case at high pressure since the CO2 produced is lower.  
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Figure 7: Comparison of SER experiments at 2 Bar 

 

Figure 8: Comparison of the SER experiments at 7 Bar 

One of the important parameters of the experiments is the amount of CO2 that is captured. This is 

shown in Table 2. The difference between the different ratios and pressures is small, which is expected 

since the capacity of the CaO becomes constant after a number of cycles. Only at 7 Bar and S/C 4 and 



Page | 12 
 

5 the amount of CO2 captured is higher. This could be due to experimental error, since an increase in 

the fluctuation due to the steam production.  

Table 2: Comparison of the amount of carbon adsorbed during the experiment 

 

  

 2 Bar 7 Bar 

S/C 3 4 5 3 4 5 

CO2 captured 3.0 2.8 2.9 3.0 3.2 3.5 
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3.2 Oxidation 
During the oxidation it is important that almost no CO2 is released. The CO2 that is released in this step 

is not captured and therefore limits the efficiency of the process. To limit the CO2 loss, low temperature 

and high pressure should be used. Since the oxidation is an exothermal reaction it is important to keep 

the reaction rate low, by limiting the oxygen content in the feed.  

To test the oxidation first the bed is carbonated by feeding 100 ln/min and 10 vol% of CO2. To keep 

the temperature low the bed is reduced with 100 ln/min and 20 vol% hydrogen. The reduction is than 

fully completed. The amount of CO2 release during the reduction doesn’t matter because the bed is 

carbonated afterwards. This is done to start the oxidation always with the same bed composition. The 

carbonation is always done at 2 bar to keep the bed composition the same between the experiments 

with different pressures. The oxidation step was studied under different concentrations of oxygen: 3%, 

5%, and 10%. The total flow rate was kept constant to 100 l/min and the flows of air and nitrogen 

where varied to obtain the oxygen composition wanted. The initial bed temperature was around 650 

°C and the pressure 2 and 7 bar. Figure 9 show 10 experiments with 10 vol% O2. There is a small 

difference in the temperature between the steps that results in a difference in the CO2 release, 

although it can be stated that steady state is reached also for this step. Figure 10 shows the axial 

temperature profile in the bed. The temperature peak, due to the oxidation reaction, moves through 

the bed but seems to skip the first part of the bed. 

 

Figure 9: Gas and temperature profiles of 10 consecutive experiments for Oxidation at 2 Bar with a concentration of 10 vol% 
O2 
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Figure 10: Oxidation at 2 bar with a concentration of 10 vol% O2 Axial temperature profiles in the bed 

The same experiments are done for oxidation at 7 Bar. The results are shown in Figure 11. During these 

experiments some problems were encountered with the pressure of Nitrogen and Air in the supply of 

the building, which were not enough to provide the necessary flows at 7 bars in the set-up. This results 

in a lower concentrations of CO2 and hydrogen during the Carbonation and Reduction respectively and 

sometimes unstable flows during the Oxidation. The reproducibility is anyway good and steady state 

it reached.  
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Figure 11: Gas and temperature profiles of 10 experiments for Oxidation at 7 Bar with a concentration of 10 vol% O2 

Figure 12 and Figure 13 show the comparison of different oxygen concentration at 2 and 7 bar 

respectively. At both pressures, as expected, the temperature increases with the increase in oxygen 

concentration and therefore more CO2 is released. Lower amount of O2 would decrease the amount 

of CO2 released, but it is not reachable with this setup due to a limitation in the mass flow controllers. 

Increasing the pressure has a benefit on the release of CO2, which decreases at higher pressure, as 

seen in Figure 13. 
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Figure 12: Comparison of oxidation experiments at 2 Bar 

 

Figure 13: Comparison of oxidation experiments at 7 Bar 
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3.3 Reduction 
During step the reduction and calcination step, it is important that as much as possible CO2 is released 

before the breakthrough of the fuel gas. In these experiments diluted hydrogen is used as fuel gas. The 

dilution is to reduce the relative heat losses in the reactor, as the most CO2 is released at high 

temperatures. For the best operation the breakthrough needs to be sharp. This will result in a higher 

temperature peak and therefore a better calcination, also an increase in hydrogen concentration will 

give a higher temperature peak. The reduction needs to be stopped before the breakthrough, 

otherwise the purity of the CO2 will decrease and therefore decreases the efficiency. 

In this set-up it is not possible to heat the bed at higher initial temperatures than about 650 °C. To 

keep the bed as hot as possible the time between the cycles are kept short so that the heat stays inside 

the bed. 

To test the reduction first an oxidation with 5 vol% of oxygen is done followed by a carbonation with 

10 vol% CO2, both with 100 l/min as total flow rate. This is done to keep the amount of CO2 in the bed 

the same in all experiment independently from the conditions of the oxidation. The reduction has been 

done with different hydrogen fractions (20%, 40% and 60%) and with a total flow rate of 100 ln/min. 

Figure 14 shows 10 experiments with a reduction of 60 vol% hydrogen and also in this case the results 

are reproducible and steady state is reached. Figure 15 show the axial bed profile. The calcination 

happens at high temperatures and therefore high temperatures in the bed are needed in this step. 

However the temperature peak seems to skip the first part of the reactor. 

 

Figure 14: Gas and temperature profiles of 10 consecutive experiments for Reduction at 2 Bar with a concentration of 60 vol% 
H2 
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Figure 15: Reduction at 2 bar with a concentration of 60 vol% H2 Axial temperature profiles in the bed 

Figure 16 shows the comparison between experiments with different hydrogen concentrations. The 

experiment with higher hydrogen concentrations have as expected an earlier breakthrough and a 

higher temperature peak. Because of this temperature peak the amount of CO2 release is higher. 

 

Figure 16: Comparison of the Reduction experiments at 2 Bar 
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During the reduction the amount of CO2 release should be as high as possible. Table 3 shows the 

amount of CO2 release during the experiment. As expected is the release the highest with 60 vol% of 

hydrogen. Further increasing the hydrogen fraction would bring to higher amount of CO2 released. But 

also in this case is not possible with this setup, due to a limitation in the mass flow controller and heat 

losses.  

Table 3: Comparison of the amount of carbon release during the experiments 

Hydrogen [vol%] 20 40 60 

CO2 Released 2.0 2.2 2.6 
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3.4 Quick Cycles 
For the proof of concept an experiment is done where the step switches at breakthrough (quick cycles).  

For the quick cycles at 2 bar first a purge of 5 minutes is done together with the build-up of the steam 

production. During the build-up a flow of 2 ln/min of H2 is used to keep the Ni and Cu from oxidizing 

because of the steam. After the steam is build-up a SER of 16 ln/min and with S/C 3 is done for 5 

minutes. After a purge of 2 minutes of 100 ln/min N2 a oxidation is done with 100 ln/min and 5 vol% 

oxygen is done for 10 minutes. After a 2 minute purge of 100 ln/min N2 a reduction with 100 ln/min 

and 40 vol% is done for 3 minutes to complete the cycle. Figure 17 shows the results of the 

experiments. During the first cycles the temperature is lower and will increase until a “Steady state” is 

achieved. This is the reason that all experiments are done multiple times after each other. 

 

Figure 17: Quick cycles at 2 bar 

Figure 18 shows a zoom in on the cycles. During the SER the flow is lower than the rest of the cycles. 

Therefore the relative heat losses are higher and the temperature decreases during this step.  
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Figure 18: Quick cycles at 2 bar zoom in. P is purge and S is steam build-up. 

For the quick cycles at 7 bar first a purge of 1 min 100 ln/min is done at 2 bar. After this the reactor 

takes 6 min to build-up pressure to 7 bar with a flow of 100 ln/min. After the pressure is build-up to 7 

bar the steam is started and is build-up for 4 minutes. During this build-up a flow of 2 ln/min H2 is used 

to keep the Ni and Cu from oxidizing because of the steam. After the steam is build-up a SER of 5 

minutes with 16 ln/min and S/C of 3 is done. After a 2 minutes purge of 100 ln/min N2 a oxidation of 

100 ln/min with 5 vol% O2 is done for 10 minutes. After the oxidation the pressure is slowly decreased 

during a 6 minute period with a flow of 100 ln/min N2 to 2 bar. After the pressure is 2 bar a reduction 

with 100 ln/min and 60 vol% H2 is done for 3 minutes to close the cycle. Figure 19 shows the results 

of these experiments.  
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Figure 19: Quick Cycles at 7 bar 

Figure 20 shows a zoom in on the cycles. During the pressurization the pressure controller closes and 

no gasses from the reactor go to the analyzers. Therefore the analyzer will analyze the air, these are 

the oxygen peaks.  

As it can be seen in Figure 18 and Figure 20, during the SER around 95 % of hydrogen is reached in both 

cases. During the Oxidation and Reduction, the temperatures are higher than in the previous 

experiments explained above since, by stopping the step as soon as the reaction finished, the heat 

present in the bed was not flush out of the reactor by the gas.  
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Figure 20: Quick Cycles at 7 bar zoom in. P is Purge, PI is Pressure increase, PD is Pressure Decrease and S is Steam Build-up  
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3.5 Reproducibility 
The total amount of complete cycles carried out is more than 300. Figure 21 and Figure 22 show the 

comparison between different cycles (100, 175 and 285) both for SER and Reduction. As it can be seen 

in the case of SER, after 285 cycles the H2 produced before the breakthrough is still higher than 95 %. 

At cycle 100 the breakthrough happens later than the other 2 cases because more CaO is available. 

This can be due to fact that the capacity of the sorbent decreased with the cycles or that some CaO 

dropped in the bottom of the reactor (where only clay is present and no catalyst). Regarding the 

reduction step the pre-breakthrough and the breakthrough are very similar for all the three cycles. At 

cycle 100 more CO2 is released, and therefore the maximum temperature is lower, this could be due 

to same reason as explained above or because a carbonation is done before the Reduction of cycle 100 

and not before the other cycles. It can be concluded that after 285 cycles, the solids are still performing 

good in terms of chemical reactions.  

 

Figure 21: Comparison of SER S/C 3 after 100, 175 and 285 complete Cycles 
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Figure 22: Comparison of Reduction 40 vol% H2 after 100, 175 and 285 complete Cycles 
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4 Model 

4.1 Model Description 
A one dimensional pseudo-homogeneous model (PHM) has been used to describe the behavior of the 

packed bed reactor. The unsteady state processes are simulated by considering axial mass and heat 

dispersion and reaction kinetics, considering both gaseous and solid components. This model is one 

dimensional and therefore no radial mass and heat dispersion are considered. Mass and heat transfer 

resistances between the gas and solid phases have been neglected making it pseudo-homogenous. 

The mass balance of the different gas phase components are described using equation 10. 

 
𝜖𝑔𝜌𝑔

𝜕𝜔𝑖,𝑔

𝜕𝑡
= −𝜌𝑔𝑣𝑔

𝜕𝜔𝑖,𝑔

𝜕𝑥
+ 

𝜕

𝜕𝑥
(𝜌𝑔𝐷𝑎𝑥,𝑒𝑓𝑓

𝜕𝜔𝑖,𝑔

𝜕𝑥
) + 𝜖𝑠𝑟𝑖𝑀𝑖 (10) 

The solid phase has no axial movement or dispersion and the mass balance for these components 

simplify to equation 11. 

 
𝜖𝑔𝜌𝑔

𝜕𝜔𝑖,𝑔

𝜕𝑡
= 𝜖𝑠𝑟𝑖𝑀𝑖  (11) 

Because the model is pseudo homogenous there is only one energy balance for both gas and solid. The 

heat losses to the environment are calculated using two different methods. Either with direct heat 

exchange with an overall α and Teniroment in the energy balance (only using eq. 12) or with a heat balance 

in the wall (using eq. 12 and 13). 

 
(𝜖𝑔𝜌𝑔𝐶𝑝,𝑔 + 𝜖𝑠𝜌𝑠𝐶𝑝,𝑠 + 𝜖𝑇𝐶𝜌𝑠𝑡𝑒𝑒𝑙𝐶𝑝,𝑠𝑡𝑒𝑒𝑙)

𝜕𝑇

𝜕𝑡

= −𝜌𝑠𝑣𝑔𝐶𝑝,𝑔

𝜕𝑇

𝜕𝑥
+

𝜕

𝜕𝑥
(𝜆𝑒𝑓𝑓

𝜕𝑇

𝜕𝑥
) + 𝜖𝑔𝑟𝑖Δ𝐻𝑅,𝑖 − 𝛼

4

𝑑𝑟

(𝑇 − 𝑇𝑤) 
(12) 

 

 
(𝜖𝑙𝑖𝑛𝑒𝑟𝜌𝑠𝑡𝑒𝑒𝑙𝐶𝑝,𝑠𝑡𝑒𝑒𝑙)

𝜕𝑇𝑤

𝜕𝑡

=
𝜕

𝜕𝑥
(𝜆𝑠𝑡𝑒𝑒𝑙

𝜕𝑇

𝜕𝑥
) + 𝛼𝑟𝑙

4

𝑑𝑟

(𝑇 − 𝑇𝑤) − +𝛼𝑙𝑒

4

𝑑𝑟+𝑙𝑖𝑛𝑒𝑟

(𝑇𝑤 − 𝑇𝑒𝑛𝑣) 
(13) 

 

The pressure drop inside the reactor is calculated using the Ergun equation (eq. 14) 

 
−

𝑑𝑝

𝑑𝑥
= 150

𝜂𝑔𝑣𝑔

𝑑𝑝
2

(1 − 𝜖𝑔)
2

𝜖𝑔
3 + 1.75

𝜌𝑔𝑣𝑔
2

𝑑𝑝

(1 − 𝜖𝑔)

𝜖𝑔
3  (14) 

4.2 Heat and mass dispersion 
The effective axial heat dispersion is calculated using equations 15-17 and the axial mass dispersion is 

calculated using equation 18 [11]. 

 
𝜆𝑒𝑓𝑓 = 𝜆𝑏𝑒𝑑,0 +

𝑃𝑒 ∗ 𝑃𝑟 ∗ 𝜆𝑔

𝑃𝑒𝑎𝑥
+

𝑅𝑒2 ∗ 𝑃𝑟2 ∗ 𝜆𝑔

6(1 − 𝜖𝑔)𝑁𝑢
 (15) 

 

 

𝑃𝑒𝑎𝑥 =
2 (0.17 + 0.33 ∗ exp [

−24
𝑅𝑒 ])

1 − (0.17 + 0.33 ∗ exp [
−24
𝑅𝑒 ])

 (16) 
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 𝑁𝑢 = (7 − 10𝜖𝑔 + 5𝜖𝑔)(1 + 0.7𝑅e0.2𝑃𝑟1 3⁄ ) + (1.33 − 2.4𝜖𝑔 + 1.2𝜖𝑔
2)𝑅𝑒0.7𝑃𝑟1 3⁄  (17) 

 

 

𝐷𝑎𝑥,𝑒𝑓𝑓 = (
0.73

𝑅𝑒 ∗ 𝑆𝑐
+

0.5

𝜖𝑔 +
9.7𝜖𝑔

2

𝑅𝑒 ∗ 𝑆𝑐

) 𝑣𝑔𝑑𝑝 (18) 
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4.3 Reactions 

4.3.1 Steam methane reforming and water gas shift 
The SMR and WGS are heterogeneous reaction that are catalyzed using a nickel catalyst. The kinetics 

used in the model to describe these reaction are shown as equations 19 – 21 and the constant used 

are shown in Table 4 [12]. 

 

𝑟𝑆𝑀𝑅 =

𝑘𝑆𝑀𝑅 ∗ (𝑝𝐶𝐻4
𝑝𝐻2𝑂 −

𝑝𝐻2

3 𝑝𝐶𝑂

𝐾𝑆𝑀𝑅
)

𝑝𝐻2𝑂
1.596  

(19) 

 

 

𝑟𝑊𝐺𝑆 =
𝑘𝑊𝐺𝑆 ∗ (𝑝𝐶𝑂𝑝𝐻2𝑂 −

𝑝𝐻2
𝑝𝐶𝑂2

𝐾𝑊𝐺𝑆
)

𝑝𝐻2𝑂
 (20) 

 

 
𝑘 = 𝑘0 ∗ exp (−

𝐸𝑎

𝑅𝑇
) 𝜖𝑠,𝑝𝜌𝑠𝜔𝑁𝑖 (21) 

 

 Table 4: Reaction constants used for the SMR and WGS 

 

4.3.2 Carbonation and Calcination 
The Carbonation and Calcination are described using a Shrinking Core Model (eq. 22) [10]. The 

equilibrium pressure is calculated using equation 23 [13]. The reaction constants that are used are 

shown in Table 5. 

 𝑑𝑋

𝑑𝑡
= 𝑘(1 − 𝑋)

2
3 ∗ (𝐶𝐶𝑂2,𝑒𝑞 − 𝐶𝐶𝑂2

) (22) 

   
 

𝐿𝑜𝑔(𝑃𝐶𝑂2

𝑒𝑞
) = 7.079 −

38000

4.574 ∗ 𝑇
 (23) 

 

 Table 5: Reaction constants used for the Carbonation and Calcination 

 

  

 𝑘0 𝐸𝑎 

𝑘𝑆𝑀𝑅 [𝑚𝑜𝑙 ∗ 𝑠−1𝑘𝑔𝑐𝑎𝑡𝑏𝑎𝑟0.404] 3.65 ∗ 102 42.8 

𝑘𝑊𝐺𝑆 [𝑚𝑜𝑙 ∗ 𝑠−1𝑘𝑔𝑐𝑎𝑡𝑏𝑎𝑟] 2.45 ∗ 102 54.5 

 𝑘0 𝐸𝑎 

𝑘𝐶𝑎𝑟 [𝑚𝑜𝑙 ∗ 𝑠−1] 2.52 ∗ 102 91.7 
𝑘𝐶𝑎𝑙 [𝑚𝑜𝑙 ∗ 𝑠−1] 1.72 ∗ 102 72.2 
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4.3.3 Oxidation and reduction Copper 
The kinetics used in the simulation are from the papers of Diez-Martin [9] [14]. It is assumed that the 

kinetics are fully reaction controlled. The equations used to model the reaction are shown as equations 

24-27. The material properties and the reaction constants are shown in Table 6 and Table 7 

respectively. 

 

 
𝜏 =

𝜌𝑏𝐿

𝑏𝑖𝑘𝑠𝑖𝐶𝐴
𝑛 (24) 

 

 
𝑘 = 𝑘0 ∗ exp (−

𝐸𝑎

𝑅𝑇
) ∗ 𝑃𝑞 (25) 

 

 

 𝑑𝑋

𝑑𝑡
=

2

𝜏
∗ (1 − 𝑋)

1
2 (27) 

 

 Table 6: Material properties of the used copper particles 

 

 Table 7: Reaction constants used for the Oxidation and Reduction of copper 

 

  

 𝑡

𝜏
= 1 − (1 − 𝑋)

1
2 (26) 

 𝑃𝑒𝑙𝑙𝑒𝑡 𝑜𝑓 𝐶𝑢65𝐴𝐿_𝐶𝑂𝑃 

𝑊𝑡% 𝐶𝑢 60.2 
%𝑂𝑇𝐶 [𝑚𝑔𝑂 𝑚𝑔⁄ 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙] 0.147 
𝑃𝑒𝑙𝑙𝑒𝑡 𝑑𝑖𝑚𝑎𝑡𝑒𝑟 [𝑚] 3.3 ∗ 10−3 
𝑃𝑒𝑙𝑙𝑒𝑡 ℎ𝑒𝑖𝑔ℎ𝑡 [𝑚] 3.3 ∗ 10−3 
𝜌 [𝑘𝑔 𝑚3⁄ ] 2300 
𝜌𝑏[𝑚𝑜𝑙𝐶𝑢𝑂 𝑚3⁄ ] 21186 
𝑛 1 
𝑘0 [𝑚 𝑠⁄ ] 42 
𝐸𝑎  [𝑘𝐽 𝑚𝑜𝑙⁄ ] 21.8 
𝑏 2 

 𝑂2 𝐻2 𝐶𝑂 𝐶𝐻4 
𝑛 1 1 0.9 0.5 
𝑘0 [𝑚𝑜𝑙1−𝑛𝑚3𝑛−2𝑠−1𝑏𝑎𝑟𝑞]  42 ∗ 10−2 35 ∗ 10−2 32 ∗ 10−2 5 ∗ 10−2 
𝐸𝑎  [𝑘𝐽 𝑚𝑜𝑙⁄ ] 21.8 10 25 60 
𝑏 2 1 1 4 
𝑞 0.08 − − − 
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4.3.4 Oxidation and reduction nickel 
The kinetics used for the oxidation and reduction of nickel are from H.P. Hammers (eq. 28)  [11]. The 

reaction constants used are shown in Table 8. 

 

 

 Table 8: Reaction constants for the Oxidation and reduction of nickel particles 

 

 

  

 
𝑑𝑋

𝑑𝑡
=

3 ∗ 𝑐𝑔
𝑛

𝑟0𝑐𝑠𝑏

1
𝑘

(1 − 𝑋)−
2
3 +

𝑟0
𝐷𝑠

(1 − 𝑋)−
1
3 −

𝑟0
𝐷𝑠

 (28) 

 𝑂2 𝐻2 𝐶𝑂 

𝐶𝑠 [𝑚𝑜𝑙 𝑚3⁄ ] 151200 89960 89960 
𝑟0 [𝑚] 5.8 ∗ 10−7 3.13 ∗ 10−8 3.13 ∗ 10−8 
𝑘0 [𝑚𝑜𝑙1−𝑛𝑚3𝑛−2𝑠−1𝑏𝑎𝑟𝑞]  1.2 ∗ 10−3 9.00 ∗ 10−4 3.5 ∗ 10−3 
𝐸𝑎  [𝑘𝐽 𝑚𝑜𝑙⁄ ] 7 30 45 
𝑛 0.9 0.6 0.65 
𝐷𝑠,0 [𝑚𝑜𝑙1−𝑛𝑚3𝑛−2𝑠−1] 1 1.70 ∗ 10−3 7.4 ∗ 106 

𝐸𝐷𝑠 [𝑘𝐽 𝑚𝑜𝑙⁄ ] 0 150 300 
𝑘𝑥 0 5 15 
𝑏 2 1 1 
𝑞 1.05 0.85 0.75 
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5 Simulations 

5.1 Heat balance 
One of the main aspects in this reactor are the heat losses. There are different way to simulate the 

heat losses. Either with direct exchange with the environment or with a heat balance in the wall in-

between (See 4.1 eq. 12 and 13). The direct heat losses are easily simulated but they do not take into 

account that the wall can heat up during a temperature peak and give this heat back when the peak 

has passed. A heat balance in the wall will take this into account. In Figure 23 a simulation of oxidation 

with 10 vol% of oxygen is compared with a simulation with direct exchange with the environment and 

a simulation that uses a heat balance in the wall. 

 

Figure 23: Comparison between the simulation with direct heat exchange (Sim Direct) and with a heat balance in the wall (Sim 
Balance) 

The simulation with a heat balance on the wall give better result in term of temperature that direct 

heat exchange. Therefore the heat balance in the wall is incorporated in the simulations. Figure 24 

shows the steady state heat profile in the reactor and the simulations. Note that the direct exchange 

is linear and the heat balance uses 3 different zones to get as close as possible to the real profile. 
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Figure 24: Steady state heat loss of the set-up and the simulations 

In the last part of the profile the simulations matches the experiment. Only in the first part the 

experiment has a curve. This could be because there are two different kinds of isolation used or that 

the gas is bypassing due to the packing of the solid at the bottom of the reactor, as it will be explained 

later. 
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5.2 SER 
Simulations of the sorption enhanced reforming step have been done. In Figure 25 the comparison 

with the experimental results is shown at 2 bar and S/C 3. As it can be seen, only in the first 4 minutes 

the simulation matches with the experimental results. After that, the breakthrough starts for the 

experiments while in the simulations a high fraction of H2 is still produced, and CO2 still captured. 

There is difference also in the temperature, which in the simulations is higher during the breakthrough 

and lower in the post-breakthrough. Since during the SER step, 3 different equilibrium reactions (SMR, 

WGS and Carbonation) happen at the same time, both the temperature and the composition can 

influence the outlet gas composition. To get a better picture of what is happening only the Carbonation 

was simulated and compared with the experiment. In Figure 26 the comparison for the case with 10 

vol% of CO2 and 100 ln/min is shown. As it can be seen also in this case in the simulations the pre-

breakthrough is longer and the breakthrough is sharper than the experiment. However, the carbon 

captured in the experiments matches with the one simulated. Also, the temperature is higher in the 

simulations. This could be due to the fact that inside the bed the mass transfer limitation is much 

higher than in the simulations or the carbonation kinetic is lower.   

 

Figure 25: Comparison of experiment with a simulation of a SER with a S/C of 3 at 2 Bar 
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Figure 26: Comparison of experiment with a simulation of a Carbonation of 10% CO2 at 2 bar 
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5.3 Oxidation 
Simulation for the oxidation at 2 bar with 10 vol% of oxygen is done. Figure 27 shows the comparison 

between the simulation and the experimental results. The pre-breakthrough time of the experiments 

is shorter and breakthrough starts sharper than in the simulation. Except at the start of the 

breakthrough, the breakthrough of the simulation is sharper that the breakthrough of the experiment. 

The amount of CO2 released in the simulation is higher than in the experiments. This is due to the 

higher amount of heat that is released from the oxidization. The differences could be due to the fact 

that inside the bed the mass transfer limitation is much higher than in the simulations or the 

carbonation kinetic is lower.   

 

Figure 27: Comparison between experiment and simulation of an oxidation of 10 vol% at 2 Bar 
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5.4 Reduction 
Figure 28 shows the comparison between the experiment and the simulation of a reduction at 2 bar 

with a hydrogen concentration of 60 vol%. The pre-breakthrough time of the simulation almost 

matches the experiment. Only the breakthrough of the simulation is sharper. This results in a higher 

temperature peak that causes more CO2 release. The differences could be due to the fact that inside 

the bed the mass transfer limitation is much higher than in the simulations or the carbonation kinetic 

is lower.   

 

Figure 28: Comparison between experiment and simulation of a Reduction of 60 vol% H2 at 2 Bar 
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6 Discussion 
To check why the simulation do not match the experiments the reactor is opened to check if the bed 

has some maldistributions or other problems.  

To remove the bed a cyclone with vacuum cleaner is used. The first thing that was noticed is that the 

inert clay particles where stuck together. A metal rod was used to get them lose to be sucked up with 

the vacuum cleaner. The clay particles had a reddish discoloration, compared to fresh particles, which 

became more the closer to the bed. This color is probably caused by powder of Cu which was 

transported by the gas flowing in the reactor to the upper layers of the bed.  

 

Figure 29: Left: Clay particles from above the bed. Right: Comparison of fresh particle with a used particle 

After all the inert clay particles where removed the top of the bed was visible. The bed was very hard 

and particles seemed to be merged together. 

 

Figure 30: Picture of the top of the bed 

To remove the bed a drill was added to the metal rod to loosen the bed. The particles that were 

removed where all reddish of color (see Figure 31 left). 
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Figure 31 middle shows a chuck of particles that was (judging from its shape) around the 

thermocouples. It is solid with a few cracks. This could explain the differences between the 

experiments and simulations. The gas was flowing between the thermocouple and the solid, lowering 

the temperature around the thermocouples. Also the diffusion of the gas inside this clusters was lower, 

causing an increase in mass transfer limitation and therefore a decrease in the reaction rate.  

Figure 31 right shows a chuck of particles where, with some water, a bit of the copper was washed of. 

Here you can see the Ni catalyst and the CaO covered in the copper. During inspection there were no 

Cu particles left. A possibility is that the copper particles turned into a powder which formed the 

chunks in the bed and covered the other particles. This could be due to the weight of the bed and the 

inert clay particles on top of the bed, but also due to the reaction conditions or a combination of both. 

 

Figure 31: Left: Used particles from the bed. Middle: A chunk that came out of the reactor. Right: A chunk that came out of 
the reactor and some copper is washed off. Black is Ni, white is CaO and red is Cu 
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7 Conclusion 
The experimental results obtained in this work have demonstrated the reproducibility of complete 

cycles of the Ca-Cu. After 300+ cycles the outlet profiles are still comparable with the profiles of the 

first cycles, only the breakthrough time is shorter because of the loss of the activity of the sorbent. The 

experimental results were at non-ideal conditions because of different problems with the set-up and 

also the non-ideal reactor bed. Because of these problems the results could not be used to validate 

the reactor model.  
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8 Recommendations 

8.1 Set-Up 

8.1.1 Heat losses 
To get good results one of the main things that needs to be changed are the heat losses. The reactor 

is heated with the inlet gasses. This should not be a problem when the heat losses are low. In this 

reactor the gasses are first heated to about 850 °C before entering the reactor. The temperature 

reached in the reactor is than a little above 600 °C. By reducing the heat losses the temperature of the 

reactor can higher what is better for the reduction. Also the temperature can then be regulated by the 

inlet temperature. Currently the inlet temperature is always as high as possible to keep the reactor 

from cooling down. 

There are multiple ways to do this. The first is using better insulation, this will probably not make a big 

difference because the reactor is already quite insulated. The second is by external heating, this is 

already done with some tracings but during the experiments the temperature of the tracings where 

above the set point due to the high heat losses. Some higher temperature tracings or even ovens 

around the reactor would decrease the heat losses. With the current set-up that is not possible 

because the outer shell is not made to withstand high temperatures (design temperature is 350 °C). 

The third option is to increase the diameter of the reactor, the heat losses are at the surface of the 

reactor. If the diameter is increased the surface to volume ratio will get smaller and therefore the 

relative heat losses will also get smaller. 

8.1.2 Steam production 
To do a SER experiment, steam needs to be produced. This is done by injecting liquid water into the 

ovens. This results in a drop of temperature in the ovens. The current ovens are not enough to 

evaporate the water and keep the temperature of the inlet gas constant.  

There are multiple solutions for this problem. The water could be pre heated to reduce the amount of 

energy needed to heat up and evaporate the water. Also the heating capacity of the ovens could be 

increased by adding another oven or replacing the ovens with ones that have a higher capacity. Also a 

possibility is to have a separate steam production and then feeding steam into the oven to mix it with 

the inlet gas and heat up to the desired inlet temperature. 

8.1.3 Gas analysis 
In the current set-up there are 4 different analyzers attached to the system. This was needed because 

of the different gasses and the ranges of these gasses they could measure. In the first set-up only two 

analyzers where attached. This is preferable but the system used for that analyzer was connected to 

another computer and had a separate data logging software. This could give problems with the timing 

and it is also not possible to regulate the system on those values. Also the analyzer had a limited range, 

therefore dilution was necessary. 

The best option is to get an analyzer(s) that could measure up to pure hydrogen and around 50 vol% 

of the other gasses and also could be connected to the regulation system, therefore eliminating 

multiple different data loggers and also provides the possibility to automate the system further. 

Besides the chose for analyzers one important thing is the calibration of these analyzers. Currently the 

calibration is done externally, the readout of the analyzers is later corrected. This is of course not the 

best way. All analyzers have an option to calibrate them so the readout is the correct value. This is 

needed when the concentrations are used to regulate the system. Also most analyzers have an auto 

calibration function. A calibration gas needs to be connected to the analyzer and the analyzer will 
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automatically calibrated with that gas after some time of operation. This will decrease measurement 

errors between the experiments when running for a long time.  

8.1.4 Automation 
In the current system the switching between steps is done based on a time value. This is good for the 

testing because we want to see the breakthrough and what happens after that so we could model it. 

For a more real operation the set-up needs to switch at the breakthrough. Currently the analyzers are 

connected to the system and the outlet concentrations could in theory be used to switch between the 

steps.  

8.1.5 Quantification of CO2 release 
The CO2 Release calculated is currently all the CO2 released during the whole experimental time. The 

length of the experiment has an influence on the CO2 released because there is always release of CO2 

due to the equilibrium. This release is added to the total release. Therefore the comparison between 

the different may be unfair. Also the peak of CO2 may come after the breakthrough and therefore can 

still have a better performance during the pre-breakthrough, with is the most relevant. 

To get a more fair comparison the amount of CO2 release until a curtain point in the breakthrough, like 

50% of inlet concentration of oxygen, could be compared. 

8.1.6 Outflow measurement 
For the mass balances the in and out flow of the reactor are needed together with the 

concentrations. Currently the outflow is calculated based on the outflow concentration of nitrogen 

which in turn is based on all the other concentrations. A error in one of the concentrations will give 

an error in the calculation of the nitrogen concentration and will therefore give an error in the mass 

balance.  

To solve this problem a mass flow sensor could be placed before the vent. This value together with 

the concentrations will give a better mass balance even if one concentration measurement is wrong. 

8.1.7 Better copper particles 
During the experiments the copper became a powder. This is not ideal for the reactor. A copper particle 

needs to be chosen that has enough mechanical strength at all the reactor conditions to prevent this 

from happening.  

8.2 Simulation 

8.2.1 2-D model 
Currently the model is one dimensional. This could be good enough but with this results it is not clear 

if that is the case or not. When the reactor will become bigger the effect of radial dispersion will 

become more important. A two dimensional model could therefore predict the behavior of the reactor 

better.  
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Appendix A: Results Experiments 

 

Figure 32: SER at 2 Bar with a S/C ratio of 4 

 

 

Figure 33: SER at 2 Bar with a S/C ratio of 5 
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Figure 34: SER at 7 Bar with a S/C ratio of 4 

 

 

Figure 35: SER at 7 Bar with a S/C ratio of 5 
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Figure 36: Oxidation at 2 Bar with a concentration of 5 vol% O2 

 

 

Figure 37: Oxidation at 2 Bar with a concentration of 3 vol% O2 
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Figure 38: Oxidation at 7 Bar with a concentration of 5 vol% O2 

 

 

Figure 39: Oxidation at 7 Bar with a concentration of 3 vol% O2 
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Figure 40: Reduction at 2 Bar with a concentration of 40 vol% H2 

 

 

Figure 41: Reduction at 2 Bar with a concentration of 20 vol% H2 
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Appendix B: Detailed overview of the set-up 
 Figure 42 show the control board of the set-up. Inside the red dotted square are the values and mass 

flow controllers that are used. In the gray square there are values to control the direction of the flow. 

The green square is the digital back pressure regulator. The yellow square is the manual flow controller 

that controls the flow to the analyzers. 

The red arrow indicates the line to the reactor and the yellow arrow indicates the line coming from the 

condenser. The green line goes to the vent while the gray line is used to dilute the outflow of the 

reactor. The purple line goes to the different analyzers. 

 

Figure 42: Control board 
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Figure 43 show the front view of the set-up. The green square are the supply of the gasses. Here 

different 3-way valves are used to supply the needed gasses to the different mass flow controllers. The 

red square is the liquid condenser. This condenser is fully automated with temperature and level 

sensors to cool gasses or release to condense. It also has a value at the bottom to manually release the 

condensate. Inside the yellow square is the pump with the demineralized water container together 

with the condensate collection. 

 

Figure 43: Front view of the set-up  
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Figure 44 gives an overview of reactor. Inside the gray square they are 2 2.2 KW oven to heat up the 

gasses and evaporate the water that are fed from the control board and the pump (Red Arrow). The 

gasses exit the ovens at the bottom and goes to the bottom of the reactor. The red square indicates 

the reactor. After the reactor it goes through an air cooler and into the liquid condenser, indicated 

with a green square and a yellow square respectively. The yellow arrow indicates the line back to the 

control board. The dilution is fed just before the condenser and is indicated by the gray arrow. 

 

Figure 44: Overview of the reactor 
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           Figure 45: Process Flow Diagram of the Rector Set-up 
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Appendix C: Overview of the analyzers used 
 

Table 9: Overview of the analyzers used 

Name Notes Range H2 
[vol%] 

Range CH4 
[vol%] 

Range CO 
[vol%] 

Range CO2 
[vol%] 

Range O2 
[vol%] 

MKS Cirrus 2 Broken and send to reparation 50 50 - 50 50 

Sick S710 Ranges low 40 5 20 5 - 

Sick GMS815P High delay, analyzer was in another box 50 50 50 50 - 

X-Stream XEGP O2 and CO2 measurement broken 100 - 100 40 25 

Siemens Ultramat 23  - - 50 - 25 

 

 


