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Abstract 

Chemical looping reforming (CLR) is a process that enables the production of 

syngas/H2 with CO2 capture by using oxygen carriers that prevent direct contact 

between the fuel and air. This work presents the experimental results obtained in a 1 

kWth CLR unit using a Ni-based oxygen carrier and diesel as fuel, as a first trial for 

further advancement with heavier liquid fuels. The influence of the main operating 

conditions, such as oxygen-to-diesel molar ratio and the H2O and/or CO2 feed into the 

system, was analysed in both steam and dry CLR processes. In addition, the combined 

steam-dry CLR process enabled the production of syngas with any H2/CO molar ratio 

between 0.2 and 3, which resulted in a wide variety of final products during its use in 

Fischer-Tropsch processes. In all cases, the syngas composition was close to that given 

by the thermodynamic equilibrium. These results demonstrate the technical feasibility 

of steam, dry, and combined steam-dry reforming processes for liquid fossil fuels in a 

chemical looping system. 
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1. Introduction: 

The CO2 concentration in the atmosphere is continuously increasing, with values 

above 400 ppm reached last year [1]. For this reason, new energetic processes and 

resources with low a carbon footprint have gained increasing relevance in recent 

years. Although there is growing interest in renewable sources, estimates show that 

petroleum will be still the main primary energy source until 2040, responsible for 

36% ofproduction, followed by natural gas at 30% [2]. However, given the 

importance of petroleum to the worldwide economy and its associated 

environmental impact, it would be necessary to implement carbon capture and 

storage (CCS) technologies to reduce greenhouse gas emissions in the refining 

processes [3]. Of the available CCS technologies, chemical looping (CL) processes 

are considered to be promising  owing to their reduced cost [4].  

Chemical looping reforming (CLR) is a process for the production of syngas with 

CO2 capture [5]. The CLR system is based on the partial oxidation and subsequent 

reforming of the fuel, to produce syngas (CO+H2) while preventing direct contact 

between air and fuel through the use of a solid oxygen carrier. This oxygen carrier 

circulates between two interconnected fluidized-bed reactors. The oxygen carrier 

reacts with the fuel in the fuel reactor (FR), giving rise to the partial oxidation and 

reforming of the fuel. Ni-based oxygen carriers are the most common materials 

used in CLR due to the catalytic activity of metallic Ni in reforming reactions [6, 7]. 

Although other, more environmental friendly and cheaper metal oxides have been 

considered in chemical looping processes to replace nickel oxide, this material is 

still preferred for those processes that include reforming reactions. The reduced 

oxygen carrier reacts with air in the air reactor (AR) and is regenerated. A major 
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advantage of this process is the possibility to obtain pure N2 at the AR outlet stream 

by controlling the air entering the AR [8]. Another advantage of the CLR process is 

that the heat needed for the endothermic reforming reactions taking place in the FR 

is provided by the hot solid transported from the AR to the FR. Hence, the CLR 

process does not need any external heat source [9]. In fact, previous works have 

demonstrated the possibility of operating at autothermal conditions using methane 

or ethanol [9, 10].  

The CLR process with gaseous fuels has been evaluated under different operating 

conditions at atmospheric pressure in continuous units, at scales ranging from 300 

W to 140 kWth [5, 6, 11-13]. Different liquid fuels, such as sulphur-free kerosene 

[14] and ethanol [15], have recently been used with good results. 

The syngas obtained in the CLR process can be used for several purposes. The first 

is H2 production, which can be achieved by integrating a CLR system, a water gas 

shift (WGS) reactor, an absorption process, and a pressure swing adsorption (PSA) 

unit, as seen in Fig. 1a. In this process, H2O is used as the reforming agent for H2 

production, i.e. by means of a steam CLR process. Half of the hydrogen produced 

worldwide is used for ammonia production [16], and a quarter is used for 

hydrotreating and hydrocracking in refineries [16-18]. The CLR process presents a 

significant advantage for the NH3 production industry, since it is possible to obtain 

syngas/H2 and pure N2 simultaneously under autothermal conditions [8].  

Another interesting option would be the use of syngas for Fischer-Tropsch 

processes [19-22]. It should be considered, however, that these processes usually 

operate at high pressure, 20–30 bars. An experimental evaluation of the pressurised 

CLR process using CH4 as a fuel was carried out by Ortiz et al. [23] in a semi-
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continuous fluidized bed. They found similar syngas compositions at both 

atmospheric and pressurised conditions. However, the pressurised operation of CLR 

processes including fluidized beds is far from becoming a reality in a near future. 

Therefore, a syngas compression step should be included in between.  

In a Fischer-Tropsch process, different H2/CO molar ratios are needed depending 

on the desired final product, i.e. a H2/CO=3 for methanol production, 2.5 for 

ethanol, ≤2 for general processes including production of alkanes/alcohols, =1 for 

oxo synthesis, and < 1 for synthesis of long chain hydrocarbons producing CO2 as a 

by-product [20-22]. To reach this range of syngas composition, a feed of reforming 

agents (water and/or CO2) should be necessary. Fig. 1b and 1c show the scheme of 

dry CLR and steam-dry CLR units, respectively, for the further use of syngas in 

Fischer-Tropsch processes. The dry reforming process has been evaluated in the 

past using gaseous fuels. Dry reforming of methane allows  H2/CO molar ratios to 

be lowered with the advantage of reducing the carbon footprint [24]. Khani et al. 

[25] reported the possibility of obtaining different H2/CO molar ratios by using a 

combination of dry-steam reforming with methane as fuel [25]. However, no 

research on dry reforming or steam-dry reforming processes using liquid fuels has 

been found in the literature. 

The aim of this work was to determine the existence of any evidence that would 

prevent the technical feasibility of syngas production using liquid fossil fuels. 

Diesel oil was selected as a representative liquid fuel for further evaluations of other 

heavier liquid hydrocarbons. The effect of the main operational conditions on the 

syngas production composition, i.e. H2/CO molar ratio, was evaluated in a 1 kWth 

CLR unit for steam, dry, and combined steam-dry CLR processes. The novelty of 
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the work is therefore twofold: the first-time use of diesel as feedstock in a CLR 

process, and the possibility of performing combined dry-steam CLR to vary syngas 

composition. 

 

2. Experimental  

2.1 Materials  

2.1.1 Fossil Fuel  

Commercial diesel oil was used as the fuel in the CLR process. Diesel is comprised 

of 86.3 wt% carbon and 13.7 wt% hydrogen, with a negligible presence of sulphur 

and nitrogen. In addition, the distillation curve of the diesel was determined by 

using a standard method (ISO 3405:2011) [26], see Fig. 2. The 5% and 95% 

distilled volume fractions of diesel are produced at temperatures of 162 ºC and 

354 ºC, respectively. This would correspond to a mixture of different paraffins and 

aromatic compounds between C7 and C20. An empirical molecular formula 

corresponding approximately to the 50 vol% distilled fraction was assumed for the 

diesel: C15H28. This formula was used to calculate the equilibrium data in the CLR 

process.  

2.1.2 Oxygen carrier  

A Ni-based oxygen carrier, NiO18-Al, was used in this work. This oxygen carrier, 

containing 18 wt.% of NiO, has been patented by CSIC [27]. It was obtained by the 

hot incipient wet impregnation method using -Al2O3 as support, which was 

obtained by calcination of commercial -Al2O3 (Puralox NWa-155, Sasol Germany 

GmbH). The physical characteristics of the oxygen carrier and the inert support 

were presented in previous works [15, 28]. Specifically, the size of the solid was 
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100-300 m; the apparent density of the oxygen carrier was 2500 kg/m
3
; and the 

oxygen transport capacity (Roc) was 3.8 %. X ray diffraction (XRD) analysis 

showed the presence of two different compounds, NiO and NiAl2O4. Although they 

exhibit different reactivities, both compounds are active for oxygen transference 

[29]. The catalytic activity and the oxidation and reduction kinetics of the oxygen 

carrier were also determined in previous works [28, 30]. The sintering temperature 

of this type of Ni-based material  is very high, with values of about 1800–2000 ºC 

for the different compounds existing inside the oxygen carrier (Ni, NiO, NiAl2O4, 

Al2O3). Therefore, the reactivity of the oxygen carrier is more affected by the 

structural changes undergone by the material during successive redox reactions than 

by the operating temperature.   

 

2.2 Experimental facility 

A 1 kWth CLR prototype, which was designated as ICB-CSIC-liq1, was used. The 

schematic diagram of the prototype is shown in Fig. 3, and a detailed description of 

the unit can be found elsewhere [15]. In this work, diesel oil and water were 

injected into a heater (8) by means of two peristaltic pumps (10). Once evaporated, 

the liquids were fed into the FR (1) together with N2 as an inert carrier gas. The 

temperature in the heater was kept constant at 400 ºC, to ensure that the injected 

liquid fuels were completely evaporated. The oxygen carrier reacted in the FR to 

produce CO and H2 and was reduced to Ni. The reduced oxygen carrier was 

transferred to the AR (3) where it was regenerated and forced to circulate through 

the unit.  
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The total flow fed into the FR was kept constant in all the tests and equal to 150 

Nl/h. The flow of diesel fed was 50 g/h, which corresponds to a power of 635 Wth. 

Air and N2 were fed into the AR, considering both primary (700 Nl/h) and 

secondary (400 Nl/h) flows. The total solids inventory was kept constant, at a value 

of 1.5 kg, of which 0.45 kg was inside the FR. 

The gas outlet streams of the FR and AR were drawn to specific on-line gas 

analysers to obtain continuous gas composition data. The syngas exiting the FR 

consisted of H2, CO, CO2, H2O and small amounts of CH4. Furthermore, a gas 

chromatograph was established on line to detect the presence of hydrocarbon 

compounds in the syngas. Pure N2 was obtained in all cases at the AR outlet. 

Possible carbon formation inside the FR would be detected as CO2 at the AR outlet 

stream.  

2.3 Main reactions 

Table 1 shows the main reactions that took place inside both the fuel and air 

reactors. CO2 and H2O were obtained as final products in the FR by the complete 

oxidation of the diesel oil and other intermediate gaseous compounds (R.1-R.4). 

Syngas was able to be produced via partial oxidation (R.5), and via steam and dry 

reforming reactions (R.6-R.10), which were catalysed by metallic Ni. Solid carbon 

was produced by carbon chain breakage reactions, with CH4 acting as a possible 

intermediate compound (R.11). This carbon could be gasified in the presence of 

H2O or CO2 (R.12-R.13). Finally, the WGS reaction was considered to take place in 

the gaseous phase (R.14).   

The main reaction taking place in the AR was Ni oxidation to give NiO (R.15). The 

specific conditions given in the process allowed the production of pure N2 at the 
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outlet of this reactor. Whenever carbon was formed in the FR, it would be burnt to 

give CO2 (R.16), which decreased the CO2 capture efficiency of the process and the 

purity of the N2 obtained in the AR. 

3. Results and discussion 

During this work, specific tests were carried out to accomplish the objective 

proposed, which was to demonstrate the viability of different reforming processes 

(dry, steam, and a combined steam-dry). Some operating variables such as 

temperature and solid circulation rates, although important for potential industrial 

operation, were set at typical values (900 ºC in the fuel reactor, and 8 kg/h of solids 

circulation rate). Each test corresponded to at least of 1 hour of steady state 

operation. Therefore, a total of 40 hours of operation at high temperature were 

executed, of which 22 hours corresponded to operation with diesel oil feeding. It 

should be pointed out that the same batch of NiO18-Al was used throughout the 

entire experimentation campaign. The behaviour of this oxygen carrier was similar 

to that observed during previous experiments conducted on the material with other 

fuels. This came as no surprise considering that the fuel used here, diesel, did not 

contain sulphur, which is the main compound that can produce the deactivation of 

Ni-based oxygen carriers. 

 

3.1 Effect of the oxygen to fuel molar ratio 

The main operating variable in a CLR process is the oxygen to diesel molar ratio, 

ONiO/diesel, which indicates the amount of oxygen transferred by the oxygen carrier 

from the air to the fuel for syngas production. This parameter was experimentally 

controlled by the nitrogen-to-air ratio fed into the AR. This control methodology 



Submitted, accepted and published by: 
Chemical Engineering Journal 325 (2017) 369-377 

 

9 
 

allowed us to obtain pure N2 at the AR exit. During the tests, the inlet O2 

concentration was varied from 2 to 21 vol.% by diluting air with N2 at the AR inlet, 

with the total flow rate kept constant. This should not be necessary in an industrial-

scale plant if the design allows for a proper solids circulation rate through the unit. 

In the experimental tests, the solids circulation rate was maintained constant at 8 

kg/h. With these operating variables, ONiO/diesel molar ratios ranging from 2 to 45 

were achieved. 

Fig. 4 shows the effect of the ONiO/diesel molar ratio on the gas product 

composition obtained at the FR outlet stream during operation at 900 ºC with diesel 

oil and without feed water. Each experimental data set corresponds to at least 1 h of 

steady state operation (full dots). Moreover, continuous lines represent the gas 

composition at thermodynamic equilibrium calculated using HSC Chemistry 6.1 

software [31]. Complete conversion of the fuel could be considered at all 

ONiO/diesel molar ratios used. This conclusion was based on the mass carbon 

balance and on the fact that negligible amount of hydrocarbons, other than CH4, 

were detected in the FR outlet stream.  

In addition, near complete fuel combustion to CO2 and H2O was achieved at 

ONiO/diesel ratio values above 44, which correspond to reactions R.1-R.4. Below 

this value, 15<ONiO/diesel<44, CO2 and H2O concentrations decreased and syngas 

production increased, exhibiting a H2/CO molar ratio close to 1. This was the 

consequence of the increasing relevance of the partial oxidation and reforming 

reactions (R.5-R.10). No carbon formation was detected at any of these conditions, 

which led to the production of a pure N2 stream at the AR outlet. It can be also 
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observed that experimental data were very close to values given by the 

thermodynamic equilibrium.  

However, at ONiO/diesel<15, there was not enough oxygen available to oxidize the 

diesel and carbon, and H2 was produced during diesel decomposition (reaction 

R.11). Gaseous samples analysed in a gas chromatograph determined the presence 

of CH4 as the only hydrocarbon present at the FR outlet stream. This fact suggests 

that CH4 acts as an intermediate compound in fuel conversion during the process. 

Furthermore, the presence of CO2 in the AR outlet stream derived from carbon 

combustion (R.16) produced a decrease in the CO2 capture efficiency. However, 

previous theoretical studies carried out by García-Díez et al. [32] showed that the 

autothermal CLR condition using diesel and without feed water was reached at 

these ONiO/diesel molar ratios, below 15. This operation is not desirable due to the 

above mentioned decrease in carbon capture efficiency which makes it necessary to 

add H2O to the fuel reactor to solve the problem. 

 

3.2 Steam Chemical Looping Reforming 

The most suitable alternative to increase the H2 content in the syngas and prevent 

carbon formation is to feed water into the FR. The boosting of the steam reforming 

catalysed by metallic Ni produces an increase in the H2/CO molar ratio in the 

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

As shown in Fig. 1a, it comprises a CLR, a WGS reactor, an absorption step for 

CO2 removal, and a PSA (pressure swing adsorption) unit to obtain a high purity H2 

stream.  
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In this work, the behaviour of the CLR process for different ONiO/Diesel molar 

ratios was evaluated using a H2O/diesel molar ratio of 15, according to the 

stoichiometry of the steam reforming reaction (R.6). In this case, a part of the 

nitrogen used as fluidizing agent in the fuel reactor was replaced with steam, with 

the total gas flow kept constant at 150 Nl/h. 

Fig. 5 shows the gas composition obtained at the outlet of the FR as a function of 

the ONiO/diesel molar ratio working at 900 ºC. In comparison with Fig. 4, it can be 

observed that the injection of water into the FR produced an increase in H2 and a 

decrease in the CO concentration, for a given ONiO/Diesel molar ratio. This 

variation was due to the increasing presence of the steam reforming reactions (R.6-

R.8) and the WGS reaction (R.14). Again, the gas product composition was very 

close to that given by the thermodynamic equilibrium. Similar results and 

behaviours have been also observed in previous CLR works using both methane 

[11] and ethanol [15] as fuel and opens the possibility for the design of new CLR 

processes based on equilibrium thermodynamic data. It should also be mentioned 

that carbon formation was never observed. 

An important advantage to be considered in any steam CLR process is the 

possibility to operate under autothermal conditions. Mass and heat balances 

calculations made under the above given conditions showed that autothermal 

conditions are reached at an ONiO/diesel molar ratio equal to 12.3, see Fig. 5. A 

syngas with a H2/CO molar ratio of 1.85 was obtained under these conditions. In 

any case, it should be taken into account that the autothermal operational conditions 

and syngas composition are a function of the H2O/diesel ratio fed into the FR [32]. 
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3.3 Dry Chemical Looping Reforming 

Steam CLR requires a great amount of heat during water evaporation. However, 

this energy cost is reduced by the use of CO2 in a dry CLR process. As far as we 

know, no previous studies regarding dry CLR using liquid fuels can be found in the 

literature. Fig. 1b shows the scheme of the dry CLR process, in which the WGS 

reactor is no longer required. CO2 recirculation could be used in the process, 

although an external CO2 feed would always be needed at autothermal conditions. 

For example, operation at 900 ºC requires an additional feed of 5.8 mol of CO2 per 

mol of diesel to reach the stoichiometry of the dry reforming reaction inside the FR 

(CO2/diesel=15). The use of the CO2 for dry CLR systems may be a good 

alternative for a direct use that can revalorize it. Nowadays CO2 is used for several 

processes such as new material synthesis, artificial photosynthesis, Fischer-Tropsch 

processes or as a “green solvent” [33]. 

In contrast to the steam CLR, the feed of CO2 allows H2/CO molar ratios to reach 

values lower than 1. In our tests, different ONiO/Diesel molar ratios were used at 

900 ºC with a CO2/diesel molar ratio of 15. This ratio was selected according to the 

stoichiometry of the dry reforming reaction (R.9). The total gaseous flow fed to the 

FR was maintained constant at 150 Nl/h by replacing some of the fluidizing agent, 

nitrogen, with CO2.  

Fig. 6 shows the gas composition as a function of the ONiO/diesel molar ratio for the 

dry CLR process. The feed of CO2 into the FR caused an increase in CO and a 

decrease in the H2 concentration, due to the boosting of the dry reforming reactions 

(R.9 and R.10) and the reverse WGS reactions (R.14). As with the steam CLR data, 

no carbon formation was observed in any case and the experimental results were 
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close to the theoretical thermodynamic equilibrium. The latter demonstrates that, 

although the reaction rate in dry reforming is always lower than when using water 

as reforming agent, it is high enough at these operating conditions for the 

production of syngas. 

For the dry CLR process the autothermal operation is achieved at an ONiO/diesel 

molar ratio of 14.3, higher than the one obtained in the steam CLR; see Fig. 6. This 

is because reforming reactions with CO2 are more endothermic than those taking 

place with steam, which implies a higher contribution from the complete oxidation 

and a higher heat flux from the AR. A syngas with a H2/CO molar ratio of 0.45 was 

obtained under these conditions. 

3.4 Steam-Dry Chemical Looping Reforming 

According to the different Fischer-Tropsch processes, the H2/CO molar ratios 

required range from 0.2 to 3 [20, 22, 34, 35]. Therefore, a value of 3 is used for the 

methanol formation, a value of 2.5 for ethanol production, and a value of 2 allows 

formation of alkenes and alcohols. Furthermore, some specific values below 2 are 

used for the formation of alkanes, commonly H2/CO molar ratios close to 1 at 

temperatures lower than 700 ºC. Values below 1 are also used for production of 

specific chemical products, mainly long chain hydrocarbons. 

The feeding of H2O (steam CLR) or CO2 (dry CLR) into the system together with 

the liquid fuel allowed all of the above range to be covered. H2/CO molar ratios 

above 1 are always obtained in the steam-CLR, and values near 3 could be reached 

with high H2O/fuel ratios or by the additional use of a WGS reactor. In contrast, 

dry-CLR allows H2/CO molar ratios below 1 to be obtained. However, previous 

calculations showed that a minimum of H2O or CO2 feed into the system is required 
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to achieve autothermal conditions with no carbon formation [32]. This implies that 

there are H2/CO molar ratios close to 1 that can be only obtained by feeding a 

mixture of H2O and CO2. Fig. 1c shows a scheme of the combined steam-dry CLR 

process whose feasibility was evaluated in this work. Different H2O:CO2 ratios 

from pure steam through to pure CO2 were used, with an ONiO/diesel molar ratio 

equal to 19 used to ensure proper operation with no carbon formation in any case. 

The total (H2O+CO2)/diesel molar ratio in the FR inlet was kept constant at 15. In 

all cases, the total gaseous flow fed to FR (H2O+CO2+N2) was set at 150 Nl/h and 

the operational temperature was 900 ºC.  

Fig. 7 shows the syngas composition per mol of diesel injected into the FR for 

different H2O:CO2 ratios ranging from steam to dry CLR. Syngas obtained in the 

reference case, without water or CO2 feed, H2O:CO2=0:0, is also shown. It was 

observed that an increase of the H2O:CO2 molar ratio led to a progressive increase 

in H2 production and a decrease in CO, although the total amount of syngas 

obtained remained almost constant. Furthermore, the same production of H2 and CO 

was obtained using H2O:CO2 molar ratios of 1:1 and 0:0. The advantage associated 

with the use of a ratio of 1:1 is that is possible to operate at autothermal conditions 

without carbon formation, which it is not possible when using the ratio 

H2O:CO2=0:0. 

Moreover, Fig. 8 shows the H2/CO molar ratio obtained, both theoretically and 

experimentally, for the different H2O to CO2 ratios defined as H2O/(H2O+CO2). 

This ratio was varied from 0 to 1 to cover the entire range from pure steam to pure 

dry CLR processes. Dots represent experimental data obtained in the 1 kWth CLR 

unit during, at least, 1 hour of steady state operation for a (H2O+CO2)/diesel=15 
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and ONiO/diesel=19. Continuous lines represent the theoretical H2/CO molar ratio 

given by the thermodynamic equilibrium for different ratios of (H2O+CO2)/diesel. 

This means that any H2/CO molar ratio between 0.25 and 2.5 can be obtained 

choosing the suitable H2O/(H2O+CO2) molar ratio. By way of example, Fig. 1 

shows the data corresponding to the dry, steam, and combined steam-dry CLR 

processes for the conditions indicated in Fig. 8 with open symbols.  

It can be also observed that the range of feasible H2/CO molar ratios becomes wider 

as the (H2O+CO2)/diesel increases. Moreover, the same H2/CO molar ratios can be 

obtained with different combinations of (H2O+CO2)/diesel and H2O/(H2O+CO2). 

The selection of the best one should be based on the heat balance and energy costs 

of the overall process. These balances would depend on the flows of new and 

recirculated reforming gases introduced into the FR. Fig. 8b shows the flows 

needed for each H2/CO and different (H2O+CO2)/diesel molar ratios. It can be 

observed that there are conditions where no additional flow of reforming gases is 

needed (values below zero in Fig. 8.b). These cases correspond to those where the 

reforming gases entering the FR come only from the recirculation stream.  

There is also an interesting zone at low H2O/(H2O+CO2) molar ratios, up to 0.4, 

which is valid for the production of specific chemicals, where external CO2 is 

needed, and this is marked by the green area. This process therefore allows the 

transformation of CO2 into a more value product. The use of this additional CO2 

increases as the (H2O+CO2)/diesel molar ratio rises.  

Finally, it can be concluded that the use of combined steam-dry CLR process allows 

the production of a broad range of H2/CO ratios to be used in a Fischer-Tropsch 

process. Consequently, tests carried out in this work have showed no evidence of 
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any concern that prevents the technical feasibility of syngas production using fossil 

liquid fuels. 

 

4. Conclusions 

The process using diesel fuel was evaluated in a 1 kWth unit using a Ni-based 

oxygen carrier. Tests corresponding to steam, dry, and steam-dry CLR were 

performed to analyse the effect of the main parameters. No evidence of any concern 

that prevents the technical feasibility of these processes with liquid fuels was 

detected, which implies that further studies with heavier liquid hydrocarbons could 

be considered in the future. 

Some specific conclusions derived from the experimental tests were: 

- High hydrogen yield was reached at autothermal conditions in the steam-

CLR process. 

- Syngas composition was close to the values given by the thermodynamic 

equilibrium data. Reaction rates, even in the dry CLR process, and solid 

inventories were high enough to reach equilibrium conditions.  

- Any H2/CO molar ratio between 0.2 and 3 can be achieved by a combined 

steam-dry CLR process, which allows a wide variety of final products to be 

achieved during its use in Fischer-Tropsch processes. Some specific H2/CO 

ratios require the additional use of CO2.  
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Figure Captions 

 

Fig. 1. a) General scheme for hydrogen production using a steam-CLR process. b) 

General scheme for syngas production using a dry-CLR process. c) General scheme for 

syngas production using a steam-dry CLR process. 

Fig. 2. Distillation curve of commercial diesel oil. 

Fig. 3. Schematic diagram of the 1 kWth chemical-looping reforming unit (ICB-CSIC-

liq1). 

Fig. 4. Gas product composition obtained at the exit of the FR as a function of the 

oxygen-to-fuel molar ratio. Lines: thermodynamic equilibrium. Dots: experimental data. 

H2O/Diesel = 0, T = 900 ºC. 

Fig. 5. Gas product composition obtained during steam-CLR as a function of the 

oxygen-to-fuel molar ratio. Lines: thermodynamic equilibrium. Dots: experimental data. 

H2O/diesel = 15, T = 900 ºC. 

Fig. 6. Gas product composition obtained during dry-CLR as a function of the oxygen-

to-fuel molar ratio. Lines: thermodynamic equilibrium. Dots: experimental data. 

CO2/diesel = 15. T = 900 ºC. 

Fig. 7. Syngas production for different H2O/CO2 molar ratios. 

Fig. 8. H2/CO molar ratio obtained and reforming gas requirements in the steam-dry 

CLR process as a function of the H2O/(H2O+CO2) molar ratio for different 

(H2O+CO2)/diesel ratios. T = 900 ºC, ONiO/Diesel = 19. Dots: experimental data at 

(H2O+CO2)/diesel=15.  
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Tables 

 

Table 1. Main reactions in the CLR process. 

 
H900ºC  

kJ/mol 
 

 

Fuel reactor: 

 

Complete Oxidation 

    C15H28 + 44 NiO → 44 Ni + 15 CO2 + 14 H2O 989.9 (R.1) 

    CH4 + 4 NiO → 4 Ni + CO2 + 2 H2O 135.6  (R.2) 

    H2 + NiO → Ni + H2O -14.3  (R.3) 

    CO + NiO → Ni + CO2 -48.5  (R.4) 

Partial oxidation 

    C15H28 + 15 NiO → 15 Ni + 15 CO + 14 H2 1938.8  (R.5) 

Steam reforming catalyzed by Ni 

    C15H28 + 15 H2O → 15 CO + 29 H2 2158.7  (R.6) 

    C15H28 + 30 H2O → 15 CO2 + 44 H2 1634.9  (R.7) 

    CH4 + H2O → CO + 3 H2 229.6  (R.8) 

Dry reforming catalyzed by Ni 

    C15H28 + 15 CO2 → 30 CO + 14 H2 2682.5  (R.9) 

    CH4 + CO2 → 2 CO + 2 H2 262.69  (R.10) 

Carbon chain breakage 

    C15H28 ↔ 15 C + 14 H2 (+CH4) 119.8  (R.11) 

Carbon gasification 

    C + H2O → CO + H2 135.8  (R.12) 

    C + CO2 ↔ 2 CO 172.8  (R.13) 

Water-gas shift 

    CO + H2O ↔ CO2 + H2  34.9  (R.14) 

 

Air Reactor: 

 

    Ni + ½ O2 (air)→ NiO (+ N2) -234.2 (R.15) 

Carbon combustion 

    C + O2 → CO2 -392.7 (R.16) 
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Fig. 1. a) General scheme for hydrogen production using a steam-CLR process. b) General scheme for 

syngas production using a dry-CLR process. c) General scheme for syngas production using a steam-dry 

CLR process. 

 

 



Submitted, accepted and published by: 
Chemical Engineering Journal 325 (2017) 369-377 

 

25 
 

 

 

 

 

 

 

 

Fig. 2. Distillation curve of commercial diesel oil. 
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Fig. 3. Schematic diagram of the 1 kWth chemical-looping reforming unit (ICB-CSIC-liq1). 
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Fig. 4. Gas product composition obtained at the exit of the FR as a function of the oxygen-to-fuel molar 

ratio. Lines: thermodynamic equilibrium. Dots: experimental data. H2O/Diesel = 0, T = 900 ºC. 

 

  

0

10

20

30

40

50

60

70

80

90

100

0 10 20 30 40 50

G
a

s 
co

m
p

o
si

ti
o

n
 (

v
o
l.

%
, 
d

ry
 b

a
si

s)

ONiO/Diesel

H2

CO2

CH4

CO

Carbon 

formation



Submitted, accepted and published by: 
Chemical Engineering Journal 325 (2017) 369-377 

 

28 
 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Gas product composition obtained during steam-CLR as a function of the oxygen-to-fuel molar 

ratio. Lines: thermodynamic equilibrium. Dots: experimental data. H2O/diesel = 15, T = 900 ºC. 
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Fig. 6. Gas product composition obtained during dry-CLR as a function of the oxygen-to-fuel molar ratio. 

Lines: thermodynamic equilibrium. Dots: experimental data. CO2/diesel = 15, T = 900 ºC. 

 

  

0

10

20

30

40

50

60

70

80

90

100

0 10 20 30 40 50

G
a

s 
co

m
p

o
si

ti
o

n
 (

v
o

l.
%

, 
d

ry
 b

a
si

s)

ONiO/Diesel

H2

CO2

CH4

CO

Dry-CLR 

Autothermal 

condition



Submitted, accepted and published by: 
Chemical Engineering Journal 325 (2017) 369-377 

 

30 
 

 

 

 

 

 

 

 

 

 

Fig. 7. Syngas production for different H2O/CO2 molar ratios. 
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Fig. 8. H2/CO molar ratio obtained and reforming gas requirements in the steam-dry CLR process as a 

function of the H2O/(H2O+CO2) molar ratio for different (H2O+CO2)/diesel ratios. T = 900 ºC, 

ONiO/Diesel = 19. Dots: experimental data at (H2O+CO2)/diesel=15.  
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