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Abstract—Dense oxygen permeable membrane 
supported water splitting is a potential technology for high 
purity hydrogen production. It utilizes thermochemical 
energy to split water to hydrogen with the membrane 
separating the products so that the water splitting extent is 
not constrained by its thermodynamic equilibrium. 
Meanwhile, when methane partial oxidation is integrated into 
the other side of the membrane, syngas is co-produced with 
stoichiometry H2/CO = 2. The carbon species will not mix 
with the H2/H2O mixture on the water side since the dense 
membrane is selective to oxygen permeation only. In this 
paper, the co-production of high purity hydrogen and syngas 
is studied in a monolith membrane reactor, and a 
computational model is developed to study the reactor 
performance and the associated material cost. Two types of 
membranes are investigated, i.e., La0.9Ca0.1FeO3-δ (LCF) and 
BaCoxFeyZrzO3-δ (BCFZ) membranes. Results show that the 
required BCFZ membrane surface area for the production of 
100 kmol H2/h (from water splitting) is 5.3 times smaller 
than the required LCF area under base case conditions. 
Moreover, the cost study shows that the raw material cost 
depends on the price of the critical minerals such as cobalt, 
which are uncertain due to the demand and supply 
imbalance. Therefore, developing membrane materials with 
less critical minerals can benefit the implementation of the 
membrane reactor in an industry-scaled hydrogen production 
plant. 
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I. INTRODUCTION 

Hydrogen is an important chemical feedstock. The annual 
consumption of hydrogen is approximately 7.2 exajoules 
(EJ) globally [1], among which 53% is in ammonia 
production and another 31% in refineries [2]. Most of the 
hydrogen is produced from hydrocarbon reforming (e.g., 
96% in 2012), among which half is from natural gas [3]. 
Using the conventional steam methane reforming (SMR) 
process as an example, 
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more than 5.5 t CO2 is generated per ton H2 production. In 
addition, to produce high purity hydrogen, pressure swing 
adsorption (PSA) columns are usually used. However, the 
hydrogen recovery ratio using PSA is around 75 – 90%, and 
this value drops with increasing purity requirements [4]. The 
recovery ratio will further decrease to produce hydrogen fuel 
for the proton-exchange membrane fuel cells where the CO 
concentration standard becomes more stringent (< 0.2 ppm) 
[5]. This stringent CO standard also increases the capital cost 
of PSA. Therefore, hydrogen produced from water splitting 
is more desired for the applications with stringent CO 
standards. 

In this paper, we discuss a potential technology that uses 
an oxygen permeable membrane to facilitate water splitting 
for hydrogen production. Methane partial oxidation is 
integrated in the membrane reactor to use the permeated 
oxygen to co-produce syngas (with stoichiometry H2/CO = 
2). A schematic is shown in Figure 1. The overall reaction is 
endothermic, and renewable or low-carbon heat source can 
be used as thermal input.  

This technology is in the category of clean energy 
conversion technologies: Conversion of petroleum/gas/coal 
to high-valued materials and chemicals (A), and multienergy 
carrier energy systems (A or B). Understand the reactor 
design and costs can guide the development of lower cost 
membrane materials and expedite the deployment of this 
membrane-based co-production technology. 

 
Figure 1 Schematic shows co-production of hydrogen and syngas from 

water splitting on the feed side and methane partial oxidation on the sweep 

side, respectively, in an oxygen permeable membrane reactor at elevated 
temperatures 
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II. MEMBRANE MODEL 

Two types of membrane materials, i.e., La0.9Ca0.1FeO3-δ 
(LCF) [6-11] and BaCoxFeyZrzO3-δ (BCFZ) membranes [12-
15] are proposed and their properties are well reported for 
oxygen permeation. In recent developments, due to the 
volatility of cobalt price [16, 17] and instability of Co cations 
under reducing environments [18], membrane materials 
without Co are more desired for large scale applications. 
Here, we compare the membrane reactors made of BCFZ and 
cobalt-free LCF membranes in the aspects of material 
consumptions and raw material costs. The results can guide 
the development of cobalt-free membrane materials to 
enhance hydrogen and syngas co-production. 

The monolith membrane reactor design is investigated, 
which has high surface-area-to-volume ratio and can be 
readily produced and modularized in industry scale. We 
developed a 1D isothermal reactor model to compare the 
reactor design and the costs of the required mineral salts to 
fabricate the BCFZ and LCF membranes. The 1D monolith 
reactor model is shown in Figure 2.  

 

 

 

Figure 2 A monolith reactor is modelled in this study. (a) The channels are 

with dimensions: 2H × 2H × L; (b) the control volume (CV) of the plug-
flow reactor model. Xj is the molar concentration of species j, and the 

subscripts f and s represent feed and sweep sides, respectively.  

The resistant-network oxygen flux model is used to 
simulate the oxygen transport process [7, 18]. This flux 
model considers both the surface reactions and ion diffusion 
kinetics in the membrane, and gives better description of the 
oxygen transport process in the membrane reactor than the 
previous models that assume the thermodynamic equilibrium 
in the gas phase [19]. The kinetics for the oxygen flux model 
are fitted using the least-squares method, and the fitted 
oxygen fluxes are compared with the experimental values, as 
shown in Figure 3. The mass transfer between the gas bulk 

and the membrane surface is also considered in the monolith 
reactor model. 

 
Figure 3 Comparison between the experimental data and the calculated 

values using the fitted kinetic parameters. The BCFZ data are from Jiang et 

al. 2008 [13] and Jiang et al. 2010 [15]; the LCF data from Wu et al. 2015 
[7] and Wu et al. 2016 [6]  

III. RESULTS 

A. Base model results 

A base case with operating conditions similar to the solid 
oxide electrolysis cell (SOEC) is modeled (TABLE 1). The 
required channel length is defined as the length for 90% 
methane conversion, and results show that BCFZ membrane 
can co-produce more hydrogen and syngas per m2 membrane 
area than the LCF membrane due to its high oxygen fluxes. 
As a result, the required BCFZ membrane surface area for 
the production of 100 kmol H2/h (from water splitting) is 5.3 
times smaller than the required LCF area.  

 

TABLE 1 GEOMETRY, OPERATING CONDITIONS AND THE 

PERFORMANCES OF THE MEMBRANE REACTORS  

 LCF BCFZ 

Channel height 2H [mm] 2 

Channel length L [mm] 
7.81 7.35 

Membrane thickness [mm] 0.9 

Porous catalytic layer thickness [mm] Negligible (washed-

coated) 

Temperature T [oC] 990 

Feed side flow rate [sccm/cm2]* 4.2 21 

Feed water concentration [-] 80% 

Sweep side flow rate [sccm/cm2] 4.2 21 

Sweep methane concentration [-] 5% 

Flow rates [sccm] 4.2 21 

L [cm] 7.81 7.35 

4CHR  [-] 90% 

2H OR  [-] 5.57% 

H2 production [mol cm-2 s-1] 1.782×10-7 9.465×10-7 

Total membrane area for production 
 of 100 kmol H2/h [m2] 

1558.9 293.5 

Total cost of raw materials for 

 the membrane reactor 
70153 29843 

* Standard condition: 1 atm, 273 K 

 

B. Costs 

We also compare the costs of the mineral salts required to 
manufacture the membranes for a small-scaled hydrogen 



plant (100 kmol H2/h from water splitting). The costs of 
mineral salts (industrial grade, purity > 98%) used in this 
study were quoted from the Alibaba website in the first 
quarter of 2018. The prices are the Free on Board (FOB) 
price from various major ports in China. The average price of 
each material is the mean value of all the available 
quotations. Based on our model, the raw materials required 
to produce 1 m2 BCFZ membrane (stoichiometry is 
estimated as BaCo1/3Fe1/3Zr1/3O3) are 2.3 times more 
expensive than those for the LCF membrane. However, as 
the required LCF membrane area is larger, the cost for the 
LCF reactor is 2.4 times more expensive than that for the 
BCFZ reactor, which is shown in Figure 4. This means that 
the performance of the cobalt-free LCF membranes should 
be improved by more than 2.4 times compared with the 
literature reported values in  [6] and [7], so that its cost can 
be lower than the BCFZ reactor.  

 
Figure 4 Total raw materials cost for a hydrogen plant (size: 100 kmol H2/h 

from water splitting) 

 

Figure 5 Sensitivity of material cost to the raw materials cost. The blue 

solid bars are results with +100% changes of the base case price, while the 

red patterned bars are results with -50% changes. The raw material next to 
each bar is the one with price changes 

The sensitivity of the raw material costs to the prices of 
different mineral nitrate salts is also examined, and the 
results are shown in Figure 5. The positive change represents 
the cases doubling the raw material prices, while the negative 
change means half of the base case prices. We can see that 
LCF depends greatly on the lanthanum nitrate and iron 
nitrate costs, while BCFZ membrane reactor depends the 
most on the cobalt nitrate cost. The average cobalt price is 
expected to keep rising [17] (e.g., the cobalt price in US in 
2017 was about 2.2 times of that in 2016) [16], while the 
lanthanum price is predicted to maintain low and drop 

slightly beyond 2019 [20]. Based on the sensitivity analysis, 
if cobalt price increases 2.82 times, the cost for the BCFZ 
reactor will be the same as that of the LCF reactor. Using 
cobalt-free membrane materials has more economic 
incentives for an industry-scaled co-production membrane 
reactor in the near future.  

ACKNOWLEDGMENT  

The authors would like to thank the Exelon Corporation 
for funding the research. 

REFERENCES 

[1] IEA, "Technology Roadmap: hydrogen and fuel cells," 2015. 

[2] F. Ausfelder, "Hydrogen in the Chemical Industry, Market options and 

challenges in  IEA Hydrogen Roadmap Europe Workshop," 

https://www.iea.org/media/workshops/2013/hydrogenroadmap/IEA_Ausfel

der.pdf, Accessed on April 17 2018 

[3] S. Koumi Ngoh, and D. Njomo, "An overview of hydrogen gas 

production from solar energy," Renewable and Sustainable Energy 

Reviews, 16(9), pp. 6782-6792, 2012. 

[4] M. Luberti, D. Friedrich, S. Brandani, and H. Ahn, "Design of a H2 PSA 

for cogeneration of ultrapure hydrogen and power at an advanced 

integrated gasification combined cycle with pre-combustion capture," 

Adsorption, 20(2), pp. 511-524, 2014. 

[5] "ISO 14687-2:2012 , Hydrogen fuel -- Product specification -- Part 2: 

Proton exchange membrane (PEM) fuel cell applications for road vehicles,"  

[6] X.-Y. Wu, A. F. Ghoniem, and M. Uddi, "Enhancing co-production of 

H2 and syngas via water splitting and POM on surface-modified oxygen 

permeable membranes," AlChE J., 62(12), pp. 4427-4435, 2016. 

[7] X. Y. Wu, L. Chang, M. Uddi, P. Kirchen, and A. F. Ghoniem, "Toward 

enhanced hydrogen generation from water using oxygen permeating LCF 

membranes," PCCP, 17(15), pp. 10093-10107, 2015. 

[8] S. Heidenreich, "Hot gas filtration – A review," Fuel, 104, pp. 83-94, 

2013. 

[9] X. Y. Wu, and A. F. Ghoniem, "CO2 reduction and methane partial 

oxidation on surface catalyzed La0.9Ca0.1FeO3-δ oxygen ion transport 

membranes," Proceedings of The Combustion Institute, 37(4), pp. 5517 - 

5524, 2019. 

[10] G. Dimitrakopoulos, and A. F. Ghoniem, "A two-step surface 

exchange mechanism and detailed defect transport to model oxygen 

permeation through the La0.9Ca0.1FeO3−δ mixed-conductor," J. Membr. Sci., 

510, pp. 209-219, 2016. 

[11] A. Hunt, G. Dimitrakopoulos, P. Kirchen, and A. F. Ghoniem, 

"Measuring the oxygen profile and permeation flux across an ion transport 

membrane and the development and validation of a multistep surface 

exchange model," J. Membr. Sci., 468, pp. 62-72, 2014. 

[12] H. Jiang, Z. Cao, S. Schirrmeister, T. Schiestel, and J. Caro, "A 

Coupling Strategy to Produce Hydrogen and Ethylene in a Membrane 

Reactor," Angew. Chem. Int. Ed., 49(33), pp. 5656-5660, 2010. 

[13] H. Jiang, H. Wang, S. Werth, T. Schiestel, and J. Caro, "Simultaneous 

Production of Hydrogen and Synthesis Gas by Combining Water Splitting 

with Partial Oxidation of Methane in a Hollow-Fiber Membrane Reactor," 

Angew. Chem. Int. Ed., 47(48), pp. 9341-9344, 2008. 

[14] C. Y. Park, T. H. Lee, S. E. Dorris, Y. Lu, and U. Balachandran, 

"Oxygen permeation and coal-gas-assisted hydrogen production using 

oxygen transport membranes," Int. J. Hydrogen Energy, 36(15), pp. 9345-

9354, 2011. 

[15] H. Jiang, H. Wang, F. Liang, S. Werth, S. Schirrmeister, T. Schiestel, 

and J. Caro, "Improved water dissociation and nitrous oxide decomposition 

http://www.iea.org/media/workshops/2013/hydrogenroadmap/IEA_Ausfelder.pdf
http://www.iea.org/media/workshops/2013/hydrogenroadmap/IEA_Ausfelder.pdf


by in situ oxygen removal in perovskite catalytic membrane reactor," Catal. 

Today, 156(3–4), pp. 187-190, 2010. 

[16] "US Geological Survey. Average cobalt spot price in the United States 

from 2013 to 2017 (in U.S. dollars per pound)*. ," 

https://www.statista.com/statistics/339743/average-spot-price-of-cobalt-in-

the-us/ Accessed on April 19, 2018 

[17] "Cobalt Prices from Quandl," 

https://www.quandl.com/data/LME/PR_CO-Cobalt-Prices, Accessed on 

April 4 2018 

[18] J. Sunarso, S. Baumann, J. M. Serra, W. A. Meulenberg, S. Liu, Y. S. 

Lin, and J. C. Diniz da Costa, "Mixed ionic–electronic conducting (MIEC) 

ceramic-based membranes for oxygen separation," J. Membr. Sci., 320(1-

2), pp. 13-41, 2008. 

[19] H. Wang, Y. Hao, and H. Kong, "Thermodynamic study on solar 

thermochemical fuel production with oxygen permeation membrane 

reactors," International Journal of Energy Research, 39(13), pp. 1790-1799, 

2015. 

[20] Stormcrow, "Lanthanum oxide price worldwide from 2009 to 2025 (in 

U.S. dollars per metric ton)," 

https://www.statista.com/statistics/450139/global-reo-lanthanum-oxide-

price-forecast/, Accessed on April 19, 2018 

 

 

 

 

http://www.statista.com/statistics/339743/average-spot-price-of-cobalt-in-the-us/
http://www.statista.com/statistics/339743/average-spot-price-of-cobalt-in-the-us/
http://www.quandl.com/data/LME/PR_CO-Cobalt-Prices
http://www.statista.com/statistics/450139/global-reo-lanthanum-oxide-price-forecast/
http://www.statista.com/statistics/450139/global-reo-lanthanum-oxide-price-forecast/

