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Abstract: The current study investigates the dynamics of the chemical looping hydrogen production 

(CLHP) process, which consists of three interconnected moving-bed reactors (MBRs) that circulate a 

solid oxygen carrier (OC). The OC undergoes redox reactions in each unit to generate various product 

gases, including the target hydrogen (H2) gas, which is a highly efficient fuel source. The first two 

reactors known as the reducer and oxidizer respectively, were simulated in the MATLAB environment. 

The reactions are assumed to be conducted within a multi-tubular vessel while the pellet-grain model 

(PGM) was employed to represent the gas-solid interaction within a single particle, due to its reliability 

proven through several studies. The initial test data for reducer was retrieved from previous 

investigations, involving experimental verification and evaluation of the flow rates. Solid achieved the 

target phase for the oxidizer process, though a significant amount of unconverted gas (~ 27.5 %) was 

present in the outlet stream due to flow restrictions. The analysis was extended in this study by testing 

under reduced pellet sizes, where impurity concentrations as low as 6.5 mol% were achieved. The 

system was further investigated by varying the reaction temperature, which exhibited sufficient 

conversions (> 95%) for implementing a carbon capture strategy. A critical trade-off point was observed 

at 1070 K, which can be utilized for developing a temperature control system within the reactor. The 

oxidizer was simulated using reducer output flows to represent inter-connectivity, aimed at describing 

continuous production characteristics. Co-current and counter-current flows were compared for the 

reactor design, where the former regime was considered suitable due to a larger effective reaction zone. 

Due to several restrictions from the reducer, the process within the oxidizer could only be tested under 

the effect of reaction temperature. The optimum H2 concentration (~ 34 mol%) recorded at 950 K, 

which must be controlled within a narrow range (± 5K) to ensure consistent quality. These findings 

indicated the importance of maintaining isothermal operation, which could be potentially solved 

through an effective tubular reactor design. The third unit called combustor was not included due to 

unavailability of the reaction kinetics, serving as prospects for further research in the field. Control 

system and scale-up design implications of the two reactors were further discussed, serving as essential 

information for future investigations. The findings presented within this study are vital contributions 

to the presently available research on CLHP, which is an important process for producing affordable 

green hydrogen fuel.      
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1. Introduction 

Energy is a consistent pursuit of every individual, given its necessity to sustain and improve the quality 

of life. Other than the fundamental requirements, fuel and electricity serve as key sources for various 

day-to-day operations. The sharp population growth since the industrial revolution has resulted in a 

considerable global demand [1]. The heavy reliance on modern technology and recent advancements 

further add to the elevated consumption, as evident by the three-fold increase within the energy usage 

per capita (per individual) in Malaysia over a three-decade period between 1984 – 2014 [2]. Although 

several alternatives have been implemented over the recent decades, the statistics indicate a significant 

rise in the fossil fuel-based applications over the same period (87% in 1984 and 97% in 2014) [3].  The 

percentage of alternative energy sources have also reduced (11% in 1984 and 1.3% in 2014), indicating that 

the supply is incapable of coping with the current demand [4].  

A major issue arising from the non-renewable resources is through emission of greenhouse gases 

(GHGs) such as carbon dioxide (CO2), leading to negative environmental impact through global warming 

[5]. In Malaysia, non-replenishable fuels such as coal, crude oil and natural gas, contributed around 93.3% 

of the total CO2 emissions in 2020 (239 out 256 million tons total) [6]. The limited availability of fossil 

fuels presents another critical issue, which may lead to an energy crisis in the future. Thus, the current 

barriers to the energy industry require research towards sustainable alternatives, which can reduce 

emissions while simultaneously satisfying the increasing global demand. . Solar, wind, and geothermal 

technologies rely particularly on the weather, and require expensive battery storage to achieve 

continuous production [7].  Biomass-derived synthesis gas (Bio-syngas) is another possibility due to 

abundant availability, although the low yield and thermal efficiency necessitate implementation at a 

massive scale [8]. Nuclear fuels can generate an enormous amount of power at smaller scales, though the 

safety and disposal issues are critical elements preventing their commercialization [9, 10].  

Hydrogen (H2) is an excellent alternative due to its energy efficiency in fuel cells, along with clean 

combustion products (Steam or H2O) [11]. Recent studies have also highlighted the possibility of 

producing H2 through biomasses from various industries, which contributes to net-zero carbon emissions 

and co-integration potential [12, 13]. Literatures further demonstrate pathways for incorporating carbon 

capture and storage (CCS) systems, along with additional commercial applications for the produced CO2 

gas [14, 15]. Steam methane reforming (SMR) is a significant production process, which currently 

generates majority of the global H2 supply. The SMR system reforms the natural gas fuel (primarily 

methane or CH4) into a syngas product (CO and H2 gas), which is further converted to CO2 and H2 

mixture through catalytic shift reactions. The produced gas fuels are separated using the pressure swing 

adsorption (PSA) unit to achieve a high-purity (< 99.9%) product. Despite outperforming several H2 

production processes, the economic efficiency of SMR is considerably lower than typical fossil-fuel based 

plants [16, 17]. Combustion within the reformer requires high energy demand to achieve adequate 

temperatures, which can incur considerable utility expenses. Moreover, the PSA equipment represent a 

significant cost within the process due to extensive capital and operating demand. Addition of a PSA unit 

for CCS can increase production costs by two to three times in comparison to the standard operation [18, 

19]. These inefficiencies are reflected through the prices of H2-based electricity (0.05-0.07$/kWh), 

representing a two to three times higher cost than coal/gas-fired industries [20, 21].  Operating 

expenditures are consistent throughout plant lifetime and exhibit a critical barrier towards widespread 

acceptance of H2 as a fuel source. Developed economies are adopting the current SMR-based H2 as a clean 

energy initiative, though the issue of affordability persists within developing nations and fossil fuels 

continue to dominate the supply [22-25].  

Chemical looping combustion (CLC) is a well-known technology since the early 20th century, with 

several published patents between 1950 – 1980 [26-28]. The CLC process utilizes a metallic oxygen carrier 

(OC) to undergo redox cycles, while interacting with gases to form products. Early concepts were limited 

by the capability of gas-solid reactors for continuous solid circulation (Fixed-bed), which prevented the 

process from achieving mass industrial application. Moving-bed reactor (MBR) represents a significant 

feat of chemical and mechanical engineering which has restored research interest towards vital gas-solid 

processes such as CLC [29]. Chemical looping hydrogen production (CLHP) is a three-reactor CLC 
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concept, which can provide effective purification of the product gases without the PSA system. 

Additional/ advantages include the possibility of utilizing affordable solid OCs such as iron, as opposed 

to nickel for the SMR process [30]. Experimental investigations of CLHP using bench-scale equipment 

have produced promising results, demonstrating the capability to generate high-purity H2 and effective 

CCS application [31]. The key issue surrounding this technology is the lack of dynamic process models, 

primarily due to the complexity of gas-solid interactions. The intricacy of reaction kinetics presents a 

challenging task to develop mathematical models representing the entire system. Limited number of 

studies have attempted to formulate dynamic process models for CLHP, primarily restricted to the 

analysis of a single reactor unit [32, 33]. Some investigations have also verified the findings from literature, 

thus confirming the validity of the proposed model [34]. Although the individual reactor simulation is 

necessary for model verification, it may not be adequate for process optimization. This is due to the 

inherent connectivity of MBRs within the closed-loop configuration, which may impose additional 

constraints during production. Few recent literatures have modelled the connected system through 

software such as ASPEN, however the simulation could only evaluate the process under steady-state 

operation [35]. Detailed mathematical models can determine the unsteady characteristics of the process, 

which are necessary for commercial reactor design. Such systems can also be used for testing control 

applications and identify key issues which preventing the system from achieving optimum operation. 

However, no known research has formulated the dynamic system of co-integrated reactors. The current 

study attempts to bridge this crucial research gap by demonstrating the unsteady dynamics of the first 

two CLHP reactors, developed within the MATLAB (r2020a) framework. The MBR units are assumed to 

operate under controlled temperatures (isothermal), which is possible through the implementation of 

multi-tubular configuration [36-38]. The system is tested through modification of essential parameters 

along with potential constraints, to optimize the product conversions. The third reactor is not included 

as part of simulation due to unavailability of the reaction kinetics for the process, serving as an essential 

prospect for further research. Nevertheless, this study represents a vital extension to the existing 

literature and provided vital information regarding the commercial implications of the CLHP technology.  

 

2. Materials and Methods 

The CLHP system comprises of an OC circulating among three reactors, where each reaction is targeted 

towards a specific oxidation state. Kang, Kim [39] conducted a comprehensive review of the reactant 

solids capable of being utilized within chemical looping applications. Iron-based OCs were identified 

superior for large-scale implementation, due to their lower prices, widespread commercial availability, 

and relatively high redox performance.  

 

2.1. Chemical looping hydrogen production 

 

A schematic illustration of the CLHP process can be referred from Figure 1, highlighting the reactant and 

product states at each stage. The first unit is known as the reducer, which converts the initial hematite 

(Fe2O3) state to a wüstite/iron (FeO/Fe) mixture. Bio-syngas represents a potential solution for achieving 

green H2 production and is thus preferred for meeting the sustainability criteria. The oxidized gas within 

the reducer is a mixture of CO2 and steam (gasified H2O), which can be readily purified through 

condensers. This strategy demonstrates a crucial benefit of employing the CLHP process, as it can avoid 

the expenses incurred by PSA units. 

The second reactor called oxidizer utilizes high-pressure steam to partially oxidize the solid into 

magnetite (Fe3O4) state. The gas mixture is reduced to H2/H2O state, and pure product can be retrieved 

through a condenser identical to the CSS (for reducer). The condensed steam from both reducer and 

oxidizer can recovered and re-pressurized for effective recycling, exhibiting an additional economic 

advantage. The Fe3O4 OC further advances to the combustor, where contact with high-temperature air 

oxidizes the solid, consequently restoring the initial Fe2O3 state. This reactor is vital for achieving 

continuous production as the oxidizer process is thermodynamically limited [40]. The combustion with 

air is a highly exothermic process, which provides heat recovery pathways for satisfying demand [41].  
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Figure 1. The three-reactor CLHP process [40] 

 

2.2. Dynamic modelling procedures 

 

The proposed simulation is developed within the MATLAB r2020a framework, utilizing multiple codes 

(m-files) compiled into a Simulink model. The process kinetics are formulated through the pellet-grain 

model (PGM), where the gas species diffuse into a porous pellet to undergo reactions [42]. PGM 

represents an extension of the well-known shrinking core model (SCM), comprising additional 

computations accounting for changes in pellet porosity. This mathematical procedure has been 

implemented within literature to study the kinetics of various industrial gas-solid processes, along with 

a comparison against experimental profiles for verifying accuracy [43-45]. Rahimi and Niksiar [34] 

investigated the application of PGM for demonstrating reduction of spherical Fe2O3 pellets through 

syngas, facilitated within a MBR environment. The system was tested at multiple operating conditions 

for verifying the metrics against the experimental work conducted by Takenaka, Kimura [46]. The results 

produced an average error of around 1.2 %, which suggests the validity of PGM in CLHP reactions.  

Kataria, Yeo [47] simulated the profiles for a multi-tubular reducer with isothermal operation, where 

the temperature control was achieved through a heating/cooling fluid supply on the shell side. The 

reactions were demonstrated in the tubes with the assumption of negligible radial profiles due a large 

length-diameter ratio (Lt/Dt > 50). Further assumptions were defined through PGM, involving the 

diffusion of gas into the porous pellet. The diffused fluid reacts through the surface of microscopic grains, 

which were considered nonporous due to negligibility at the pellet scale. Profiles from a single pellet were 

compiled a over a small tube section, and the output flows were then utilized to initialize the next 

differential length. The iterations were repeated with the addition of each section, resulting in the profiles 

representing complete reactor length. The MBR vessel was assumed to operate in countercurrent flow, 

where the solids flow downward from top and the gas flows upwards from the bottom. A schematic 

illustration of the model is represented in Figure 2, describing the multi-scale process.  
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Figure 2. Illustration of the proposed gas-solid system in a counter-current MBR tube [34]. 

 

The Fe2O3 pellet reacting within the reducer undergoes consecutive reduction, resulting in presence 

of multiple solid phases. The terms M1 (Fe2O3), M2 (Fe3O4), and M3 (FeO) were assigned to the oxidation 

states of the OC based on their sequence of generation. In addition to stagewise solid phase change, 

parallel reactions from both syngas species CO and H2 (referred as A and C in equations) were also 

considered. The conversion of solids was modelled as a function of gas reaction rates (Rj), which is a 

function of the respective concentration diffused into the pellet (Ct,p) and reaction temperature (T). The 

reaction kinetic data were retrieved from Negri, Alfano [48], and may be utilized to reproduce the current 

simulation. Changes within the innermost solid surface M1 were described through its radius r1 and the 

surface reactions from both gases with respect to time (t), as shown in (1).  

 
dr1

dt
= −

1

ρ1
[αA(I)RA(I) + αC(I)RC(I)] = −

1

ρ1
∑ αjRjj=A,C                     (1 ) 

 

The terms α and ρ refer to the gas stoichiometric coefficient and solid phase density, respectively. 

Solid phase M2 is consecutively produced by the first reaction and consumed through the second during 

reactions. The effective volume of M2 present in the grain is calculated through the remaining volume 

from the reduced core (
4

3
π(r2

3 − r1
3)). Utilizing a similar derivative approach, molar profiles of each 

reactant phase Mi with i >1 can be calculated through (2).  

 

dri

dt
= −

1

ρi
  ∑ αjRjj=A,C +

ri−1
2

ri
2 {

1

ρi
 ∑ βj(i−1)Rj(i−1)j=A,C −  ∑ −

1

ρi−1
 ∑ αj(i−1)Rj(i−1)j=A,C )

mi
j=A,C,⋯ }         (2 ) 

 

The term β indicates the solid phase stoichiometric coefficient, during reaction with a given gas 

species (j). Gas diffusion into the pellet was assumed as Knudsen type, allowing estimation of the inlet 

flow through the pellet surface. The concentration difference between the bulk (Ct,b) and pellet phases 

(Ct,p) were utilized to estimate the diffusive flux Nj, and its relevant correlation can be referred from Yang, 

Gu [49]. Although the inward radial flow of gases can develop concentration profiles within the granular 

pellet, the changes were assumed to be negligible on a reactor scale. The even distribution of diffused gas 

allowed integration of grain conversion over the entire pellet structure. The material balance for gas 

species at the pellet scale was then established through the inward diffusion and conversion to product 

through reactions, as shown in (3).  

 
∂(εp Ct,p yj,p)

∂t
=

Nj.Ap

Vp
−

3(1−εp)

Rg
3  ∑ ∑ ri

2Rjj=A,Ci=1,2,3                     (3 )  
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The terms εp, Ap, and Vp refer to the porosity, surface area and volume of the pellet, respectively. 

The parameter Rg indicates grain radius, and yj,p demonstrates the gas mole fraction inside the pellet. 

The pellet behaviour can be readily scaled up over the reactor due to the previous defined MBR 

assumption of uniform radial profiles.  Gas generates concentration profiles along the axial reactor length 

(z), which are computed in the bulk phase according to (4).  

 
∂

∂z
(ug ct.b yj,b) = −[

Apṅp

Abus
(Nj − ∑ Rj

k
j=1 )                    (4 )   

 

The terms ug and  yj,b refer to the velocity and bulk mole fraction of a given gas species, whereas Ab 

and us indicate the solid bed surface area and velocity. The parameter ṅp describes the number of pellets 

entering the system per unit time, which can be estimated using the pellet volume flow and available bed 

length. The correlation presented in (4) models the bulk phase interactions in a stationary fixed-bed 

reactor, which is valid assuming that the solid flow is negligible compared to the gas (ug ≫ us). The 

equations mentioned above provide a brief description of the modelling procedures required to develop 

the proposed reducer simulation, and the methods can be repeated for expressing oxidizer and 

combustor systems. The detailed derivations and modelling procedures are available through the 

literature cited and can be referred for further information [34, 47]. The initialization parameters are 

described in Table 1, which were utilized to generate the initial reducer profiles.  

 

Table 1. Initial specifications for the reducer 

Parameter (units) Value 

Dt (cm) 25 

Rp (cm) 0.61 

εp  0.22 

Gas flow (cm3/s) 28,666.67 

Solid flow (g/s) 17.39 

Mole ratio H2/CO 2 

T (K) 1,173 

Pressure (atm) 20 

 

3. Results and Discussion 

3.1. Previous findings 

 

Prior to presenting the results, it is necessary to establish the background of previous investigations 

conducted within this research project. Kataria, Yeo [47] simulated the isothermal reducer profiles based 

on the parameters from Table 1. Findings revealed that the solid conversion was restricted to the FeO 

phase, which can be utilized within the oxidizer for H2 production. The profiles also indicated that the 

H2 from the reactant gas was completely removed, whereas large amounts of CO (~ 32.9 mol %) remained 

unconverted. The observed deviations were justified through the selected operating conditions and 

equilibrium phase diagrams. The system was further subjected to modification in the reactant flow rates 

using the gas-solid ratio (Vgs), where no noticeable impact was observed with considerable reduction. A 

significant impact was observed around 682 (cm-3.s-1 gas/ cm-3.s-1  solid), and lower values accelerated the 

conversion. The tests were stopped at a value of 170, which indicated a minimum flow rate ratio (Solid 

flow = 1% of the gas) to approximate the MBR profiles as a fixed bed. The examination concluded with 

the unconverted CO gas (~ 27.5 mol %), suggesting further optimization using additional considerations 

such as bed porosity and reaction temperature. Recommendations from the National Physical Laboratory 

indicate a minimum gas purity of 95% for employing a successful CCS strategy through conceptual 

designs [50]. The current analysis serves as an extension of the study conducted by Kataria, Yeo [47], 
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where the model is subjected to further modifications using recommended parameters. The investigation 

is aimed at achieving conversions within the desired purity limits (< 5%), along with additional modelling 

procedures to study the oxidizer system.  

 

3.2. Reducer optimization 

 

The simulated reduction process assumes reactions within spherical pellets of uniform diameter (Dp), in 

a counter current MBR with no radial profiles (due to tubular design) [51]. Porosity of the packed bed 

(εb) is an essential parameter, due to its impact on the effective solid surface available for gas diffusion 

and reaction. The correlation for εb was utilized within the dynamic model and can be referred from the 

previous investigation [47]. The equation depicts an inverse relationship with the tube-to-pellet diameter 

ratio (Dt/Dp), suggesting that these parameters may present an impact on CO conversion. The system 

was subjected to modification of Dt, in accordance with several standard sizes from the American Society 

of Mechanical Engineers (ASME). Values of  Dp were also consecutively reduced to lower voidage, and 

the test was conducted over four industry-grade sizes [52]. Figure 3 illustrates the impact of bed porosity 

on CO mole fraction, highlighting effectiveness of the selected variables. 

 

 
Figure 3. Impact of reducer bed porosity on CO conversion 

 

Results indicate a negligible influence over a wide range of Dt values, whereas Dp exhibited 

considerable effects. Reduction of the pellet size improved the outlet CO mol fraction by a significant 

margin, and the lowest available size (0.8 cm) produced only 6.5 mol % in the outlet stream. The 

optimization tests did not depict any noticeable changes in the H2 and solid performances, and thus their 

profiles are not displayed. These findings confirm the hypothesis surrounding the impact of bed porosity 

on isothermal reducer efficiency, representing a vital contribution to the CLHP literature. Another 

advantage of reducing the pellet size is the enhancement of mechanical strength, consequently 

promoting resistance to abrasion and sintering [53]. The reactor system is solved through an iterative 

technique, compiling the axial profiles generated within multiple smaller sections. The model can be 

scaled up by addition of length representing the solid volume, along with consecutive elevation in the 

gas flow to maintain the Vgs value and pellet residence time (gas contact time). However, ug must be kept 

below the fluidization regime (umf) to ensure moving bed operation [54]. Thus, the gas velocity limitation 

describes a maximum allowable reactor length. On the other hand, the length-diameter constraint for 

the tube (Lt/ Dt > 50) represents another essential restriction necessary to avoid radial profiles within the 

tubular vessel [51]. Thus, it is imperative to identify scale-up limits based on the selected pellet size prior 

to attempting a commercial design. The value of umf (~ 6.12 m.s-1) was determined using the correlations 

within literature, employing the Dp recommended using the results from Figure 3. Additionally, the 

minimum required length (~ 13.2 m) was estimated by using Dt as the nearest standard ASME size (26.4 



ASEAN Journal of Process Control 2023, 2 (1) 8 of 14 
 

of 17 

 
 

cm). Gas flow at the specified length (~ 1.67 m3.s-1) produced velocities well below the umf range (ug ~ 2.54 

m/s), suggesting that the process conditions are safe for industrial-scale applications. Moreover, the 

considerably lower ug value also presents potential for further increments in length without violating the 

flow constraint. A detailed design of the large-scale system is not included within the scope of current 

study and presents scope for further investigations. The presented findings may prove essential for future 

research, aimed at evaluating commercial limitations of the CLHP process. 

Evaluation of the changes in the pellet and tube sizes remained insufficient in achieving the purity 

targets (> 95% syngas conversion) necessary for implementing an effective CCS strategy. The system was 

then subjected to temperature modifications, representing a crucial model parameter controlled through 

a heating/cooling fluid supplied in the shell of the reactor vessel. Figure 4 displays the concentrations 

(mol %) of H2 and CO in response to the applied changes, where the solid performance was not shown 

due to negligible effects. 

 
Figure 4. Effects of temperature on syngas conversion in the reducer 

 

Results in Figure 4 suggest a minimal impact on the CO concentration with up to 100 K (1173K – 

1073) reduction, and a critical temperature (Tc ~ 1070 K) was identified below which complete 

conversion was achieved. However, values lower than Tc resulted in large amounts unconverted H2 

present within the outlet stream. These findings describe a trade-off point between the reaction 

dynamics of syngas components, which can be utilized for developing a control strategy to achieve 

optimum performance. In the reaction profiles demonstrated by Kataria, Yeo [47], the H2 was primarily 

converted at the bottom of the bed through the reactions involving production of Fe from FeO. The 

Fe2O3 and Fe3O4 states were reduced through CO at the top, indicating that an allowable temperature 

drop (ΔT) may be beneficial for the process kinetics. Lower sections of the reactor require a higher heat 

supply to maintain temperature higher than the critical point (Tbottom > Tc) for promoting H2 reactions, 

and the ΔT must be ensured over the effective tube length for complete CO conversion. Based on the 

current findings, a 10 K temperature drop is sufficient to completely consume the reactant gas. The 

proposed range can be further investigated within future investigations focusing on control system 

analysis, representing additional prospects arising from this study. Moreover, the CO fraction observed 

at Tc (~ 4.92 mol %) is within the desired purity constraints, suggesting that CCS can be successfully 

implemented using the presented reducer design. Therefore, the optimum operating conditions of the 

isothermal CLHP reducer can be utilized for achieving the desired gas-solid production targets.  
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3.3. Oxidizer simulation 

 

The simulation model was further extended by incorporating the oxidizer design, utilizing similar PGM-

based dynamics from the reduction process. The pellet outflow, solid concentration and reaction 

temperature exiting the reducer were employed as the initial conditions. The Vgs was also maintained 

at the previous value, allowing computation of the required inlet steam flow rate. Furthermore, the tube 

dimensions (Dt and Lt) were also taken identical to the previous unit, which conserved the overall gas-

solid contact time within the vessel. Majority of the input parameters were conserved to simulate inter-

connected reactors, where the product from reducer can be directly fed to the oxidizer without any 

preprocessing. The reaction kinetic data (Reaction rate and equilibrium constant) were modelled as 

reverse reactions of the H2-based reduction process, defined previously within the reducer. Reaction 

profiles for the oxidizer MBR were generated as both co-current and counter-current flows for 

comparison, as exhibited in Figure 5. 

 

  
(a) (b) 

Figure 5. Isothermal oxidizer profiles representing (a) Co-current and (b) Counter-current flow. 

 

The simulated reactions in Figure 4 indicate that both flows achieved identical conversions, with 

the solid completely oxidized to the desired state (Fe3O4) and around 30 mol % H2 in the outlet gas. 

Despite similar outcomes, the effective length of the reaction zone (Leff) differs significantly between 

the two configurations. The counter-current strategy presented a smaller value of Leff (~ 20 cm), which 

is likely due to the improved gas-solid contact time of the flow regime [55]. Exothermicity of the oxidizer 

reactions is a vital consideration for implementing a temperature control system with effective heat 

removal, which may be inefficient over shorter lengths. The sharp increase in system heat may lead to 

a significant deviation, consequently impacting other process parameters. Thus, co-current approach 

proves beneficial in the oxidizer case as it displays a significant improvement in the reaction zone size 

(Leff ~ 50 cm). These findings describe crucial implications regarding commercial reactor design 

procedures for CLHP, which may be attempted in future investigations.  

 

3.4. Oxidizer optimization 

 

Optimization for the steam oxidation process presents further challenges, due to several constraints 

arising from the interconnected reactor system. The pellet movement is constrained by the reducer 

outlet, which consequently restricts the reduction of gas flow through the minimum Vgs (~ 170) required 

for maintaining MBR dynamics. The H2 conversions are analyzed as a function of the reaction 

temperature, which was highlighted as a critical parameter in implementing the CCS. The observations 

are displayed in Figure 6, representing the effects of temperature on the product mole fraction. 

 

 

Leff Leff 
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Figure 4. Effects of temperature on syngas conversion in the reducer 

 

The outlet gas concentration (yH2, bulk) from the oxidizer presents substantial deviations through 

temperature changes, leading to function with several optima. Such non-linear behavior may arise due 

to comparable diffusion-reaction rates within the process, promoting variability within the output 

concentrations [56]. Operating in a reaction-dominated regime is recommended to avoid the instability, 

although it might impose limitations on industrial applications. A large temperature difference from 

the reducer values may lead to degradation of the pellet, causing loss of essential mechanical properties 

[57]. Damage to the solid surface may require frequent replacements, thus lowering the efficiency of 

continuous production. Hence, the current range is considered suitable for avoiding significant heat 

changes and maintaining the longevity of OC circulation. The global optimum was identified at 950 K, 

producing 34 mol % H2 in the outlet stream. However, the optimum is achieved within a narrow range 

(± 5K) and may produce challenges in implementing a capable controller.   

The issue of overcomplexity can be resolved using polynomial approximations, allowing 

identification of patterns or directions within a dynamic response [58]. A sixth-order trend (yH2, 

(poly6)) was projected over the trends in Figure 5, which describe a moving average of the H2 

temperature-conversion function. The updated dynamics clearly indicate improvements through 

temperature reduction, although the variations are substantial at lower temperatures. From a control 

system perspective, achieving higher conversion for H2 may a challenging task. Higher range (1000 – 

1100 K) is recommended to restrict sudden changes due to minor temperature deviation, potentially 

resulting in a reduced cost and computation for controller design. Lower temperatures may be 

employed for boosting process productivity, though the deployed control system must be capable of 

limiting the deviations within a range (950 ± 5K). Thus, industrial application of the CLHP oxidizer 

requires strategic decision-making from the engineers based on available technology and resources. The 

results from this study are tabulated in Table 2, indicating the difference between optimum and initial 

values of the evaluated parameters. 

 

Table 2. Initial and optimum values of the evaluated parameters. 

Parameter Initial Recommended optimum 

Dp  1.22 cm 0.8 cm 

Dt  25 cm 26.4 cm 

T (reducer) 1173 K 1070 K 

T (oxidizer) 1070 K 950 K 

 

Global optimum 
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Further process optimization necessitates modification of the solid flow from reducer, which may 

result in a re-iteration of the devised operating conditions. The inherent dependence of inter-connected 

units is apparent through the restrictions imposed on the current oxidizer, and the combustor model 

may provide further information regarding the complete characteristics of the closed-loop CLHP 

process. The overall aim of this simulation and optimization analysis is to determine the maximum 

achievable process efficiency under realistic conditions, which can provide a basis for designing the 

industrial reactors. Commercial implementation of technologies such as CLHP is vital to ensure 

sustainable energy production at a large scale, which is necessary to tackle the consistently rising issue 

of global warming.   

 

4. Conclusions 

Dynamic behavior of the CLHP reducer and oxidizer were analyzed in this study, aimed at 

optimizing performance for continuous production. The reactors were simulated as inter-connected 

tubular MBRs, which can maintain isothermal operation and circulate the solid OC. Reaction kinetics 

were described using PGM for achieving high accuracy estimates of gas-solid reactions, based on the 

modelling procedures conducted by Kataria, Yeo [47] for the reducer. The gas-solid ratio (Vgs) was 

previously reported to present limited impact, which resulted in large amount of unconverted CO (~ 27.5 

mol %) in the outlet stream. The process was further enhanced in the current investigation by employing 

changes in pellet dimensions and reaction temperature, thereby reducing the impurity to a specified limit 

(< 5%) for achieving an efficient CCS design. Pellet size reduction caused a drop in the umf values, which 

can restrict gas flow on a larger scale. However, the presented reducer could achieve the minimum 

required length (~ 13.2 m) to avoid radial profiles as the umf limit (~ 6.12 m/s) was not exceeded by the 

computed gas velocity (~ 2.54 m/s).  

Final reducer outflows were then utilized to develop the oxidizer simulation, which was analyzed 

under co-current and counter current MBR flow regimes. The findings indicated a narrow reaction zone 

for the counter-current strategy, which may limit heat exchange necessary to achieve isothermal 

operations. The co-current method was thus recommended for achieving stable H2 concentrations under 

a large-scale design. The inter-connectivity of the reactors imposed several parametric constraints on the 

oxidizer, allowing optimization of the system solely through temperature. The applied modifications 

displayed significant variations within the conversion, with a 5 mol % improvement in the output 

concentration at the identified global optimum (950 K). However, the proposed enhancement was 

applicable within a narrow range (± 5 K) along with large deviations at the surrounding values. Hence, 

operating within lower temperatures may result in an expensive controller design and requires a cost-

benefit analysis prior to devising an optimum. It was recommended to operate at the higher temperature 

range (1000 – 1100 K) due to lower variations, which can allow engineers to develop cost-effective control 

systems despite some loss in the conversion. Further optimization for the oxidizer necessitates re-

evaluation of the reducer operation due to inter-connectivity, which highlights the importance of 

conducting the current research. Combustor simulation is a crucial next step for investigating 

characteristics of the closed-loop process, allowing determination of the achievable optimum production 

under realistic constraints. The optimized dynamic model can then be implemented in the development 

of an adequate control system and scale-up design, serving as the ultimate aim of the proposed research. 
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