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Abstract 
This thesis comprises an assessment of a novel concept to produce high purity hydrogen using mixed 

oxide ion/electronic conductor (MIEC) membranes and energy provided by solar concentrators (i.e. 

parabolic troughs or parabolic dishes). The vision of this concept is that it will be used to produce tons of 

high purity hydrogen for fuel cells, which is a scarce commodity with an increasing demand from 

residential and transportation power generation applications. The MIEC membrane activates a steam 

reforming reaction between water and methane to produce hydrogen of high purity on the water side and 

syngas on the fuel side. Expectations are that this concept has cost advantages over other thermo-

chemical water-dissociation methods, using a lower temperature and no electricity for the reaction 

process.  

The thesis’ focus is on techno-economic aspects of the concept, as part of an application process for 

project financing by the European Commission of Research and Innovation. The assessment in the thesis 

shows that the overall efficiency of the concept is expected to be very low. It also identifies the difficulties 

of providing stable working conditions for the concept. Suggestions to improve the concept are proposed 

to address the most urgent problems of the concept. These suggestions illuminate the opportunities that 

actually do exist to combine MIEC membranes, solar energy and thermo-chemical water splitting into a 

working concept. These improvements include using parabolic dishes instead of parabolic troughs, using 

furnaces with control systems and using a viable flow rate. The production capacity of high purity 

hydrogen is expected to be approximately 89 mg per minute in a membrane bundle (i.e. 150 thin 

membrane fibers with an oxygen permeation flux of 1 ml cm-2 min-1) if these improvements were 

implemented. This would imply that the studied concept needs further development to produce high 

purity hydrogen in quantities that could meet the shortage on the commercial fuel cell markets. 
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Sammanfattning 
Denna uppsats omfattar en utvärdering av ett nytt koncept för att producera vätgas av mycket hög renhet 

genom att använda oxidjon/elektronledande (MIEC) membran och energi inbringad från 

solkoncentratorer (dvs. paraboliska tråg eller paraboler). Visionen för detta koncept är att det ska kunna 

producera tonvis med vätgas av mycket hög renhet, vilket är en bristvara som efterfrågas till bränsleceller i 

bostads- och transportapplikationer. MIEC membranet aktiverar en ångreformeringsreaktion mellan 

vatten och metan för att producera vätgas av mycket hög renhet på vattensidan och syntesgas på 

bränslesidan. Detta koncept förväntas ha kostnadsfördelar jämfört med andra termokemiska 

vattendelningsmetoder, eftersom temperaturen är lägre och ingen elektricitet krävs för reaktionsprocessen. 

Uppsatsen fokuserar på tekniska och ekonomiska aspekter av konceptet, som en del av en 

ansökningsprocess för projektfinansiering från den Europeiska Kommissionen för Forskning och 

Innovation. Utvärderingen i uppsatsen visar på att konceptets verkningsgrad förväntas vara mycket låg. 

Den pekar också på svårigheterna att skapa de stabila termodynamiska förhållanden som krävs för att 

MIEC membran ska kunna användas. För att förbättra konceptet identifieras de största problemen med 

konceptet och förslag ges för att åtgärda dessa. På så sätt framhålls de möjligheter som faktiskt finns att 

kombinera MIEC membran, solenergi och termokemisk vattendelning till ett fungerande koncept. Dessa 

förbättringar av konceptet inkluderar att använda paraboler istället för paraboliska tråg, att använda ugnar 

med kontrollsystem och att använda en rimlig flödeshastighet. Med dessa förbättringar så förväntas 

produktionen vätgas av mycket hög renhet i en membranmodul, som består av 150 membranfiber med en 

genomsnittlig syrepermeation på 1 ml cm-2 min-1, att kunna uppgå till ungefär 89 milligram per minut. 

Denna produktionskapacitet antyder att konceptet behöver utvecklas ytterligare innan det kan komma att 

användas för att framställa de volymer som skulle kunna möta efterfrågan på vätgas av mycket hög renhet 

som finns på de kommersiella bränslecellsmarknaderna. 
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Introduction 
Thermo-chemical water splitting is an umbrella term used to market the scientific field of the concept 

under study. However, the studied concept is not working as other thermo-chemical processes. The 

novelty is the use of solar-powered hollow MIEC membranes that produce a continuous stream of high 

purity hydrogen. A solar-driven thermo-chemical process is otherwise intrinsically discontinuous, making 

use of solid oxide-reduction at high temperature and re-oxidization of the oxide at low temperature 

(Meier, 2010).  

The thermodynamic and economic outlook of the studied concept is promising, given that there is no 

need for gas purification steps and electrodes for the reaction process (Sunarso, et al., 2008). Potentially 

this technique will bring a timely and mechanistic efficiency to high purity hydrogen production that will 

help it prosper commercially in the long-term future.  
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1 Chapter One - Thesis Outline 
This chapter outlines the context, the goal and the scope of the thesis. In addition, the thesis methodology 
is specified including how the data collection was made.  

1.1 Thesis Context 
The thesis has been conducted in the context of an application process (February 2012 – May 2012) for a 

multimillion field specific project financing distributed by the European Commission of Research and 

Innovation (European Communities, 2012). The consortium behind the project proposal included several 

strong academic institutions and industries e.g. the Swiss Federal Institute of Technology (Lausanne and 

Zurich), the Italian National Environmental and Renewable Research Centre (ENEA), the Swiss Federal 

Laboratories for Materials Science and Technology (EMPA), Abengoa Solar and the Fraunhofer Institute 

for Interfacial Engineering and Biotechnology IGB. The commissioned project would set out to 

demonstrate the proof-of-concept, through the realization of a pilot plant in a couple of years (about year 

2015). To be classified as a proof-of-concept, the project must rely on scientifically proven technologies. 

1.2 Goal and Scope 
The thesis is an exploratory study, which could be noted since the thesis gives a first indication of where 

techno-economic benefits related to the studied concept lie. Directives regarding the characteristics of the 

concept have continuously been provided during the application process, which has emanated in a broad 

study area of the thesis. The study area includes concentrated solar energy, membrane technology and 

steam reforming. These are all technologies that one-by-one are well-documented and used in industry 

(Siemens, 2010; Pereira Nunes & Peinemann, 2006; Brightling, et al., 2005). However, several new 

challenges appear when these technologies are combined into a single system. The main objective of 

this thesis is to assess the ability to reach the performance targets that are given in the project 

application submitted to the European Commission of Research and Innovation. The performance 

targets of the concept are listed in Table 1.  

Table 1: The performance targets of the concept under study. 

I: An average membrane oxygen permeation of 5 ml min
-1

 cm
-2

 and a hydrogen production rate of 10 ml min
-1

 cm
-2

. 

II: To provide solar energy at 800°C under stable working conditions. 

III: To maintain a high oxygen chemical potential in each membrane module and keep the gases strictly separated 

for producing high purity hydrogen on the inside of the membranes. 

IV: To provide enough water steam for producing 0.89 g (i.e. 10 liters) of high purity hydrogen per minute in each 

membrane module. 

Comment: These performance targets are assessed throughout the thesis and the outcome is presented 

in Chapter 4 (Discussion and Conclusions). 

By highlighting the most critical problem areas, this thesis wishes to improve the concept and focus the 

concept on its long-term benefits as a transition technology towards the renewable society. Laboratory 

work is not within the scope of the thesis. Experimental data for technology validation is contributed by 

partners within the project consortium. 
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1.3 Methodology 
The assessment of advocated solar technology (i.e. parabolic troughs) and the endothermic reaction 

process are based on scientific articles and interviews with partners within the project consortium. The 

project application was used for understanding how the project consortium is hoping that the studied 

concept will work.  

Technical, thermodynamic and economic aspects were considered to identify so-called “show stoppers” 

and other inefficiencies. By suggesting improvements and thus increasing the feasibility of the concept, 

this thesis wishes to promote market-oriented system thinking within the project consortium. 

Experimental data contributing to technology validation was obtained from scientific journals and 

interviews with senior scientists from PSI, EMPA, ENEA and Fraunhofer IGB. Cost assumptions were 

partly based on information from interviewing researchers at ENEA and Fraunhofer IGB. In Addition, 

the simulation tool System Advisor Model (SAM 2012.5.11) provided by the US National Renewable 

Energy Laboratory (NREL) was used to estimate different costs of the system configuration. The 

economic analysis was based on the economic framework available in the System Advisor Model (SAM). 

All costs are based on 2012 US Dollars (i.e. $ 1 = € 0.8) over an analysis period of 30 years. 
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2 Chapter Two – The Concept under Study 
The purpose of this chapter is to give an overview of the studied concept. Starting with a subject 

orientation, this chapter goes deep into what this production method consists of: firstly, a review of the 

literature and secondly a description of the complete system configuration.  

2.1 Subject Orientation 
Manmade global warming is a major concern (Stern, 2006; Pachauri & Reisinger, 2007). Meanwhile, 

technologies to extract tar sand, shale gas and other recently feasible fossil fuels are expanding in use 

around the globe (Ensys Energy, 2010; Alberta Chamber of Resources, 2004; Horne, 2011; OTA, 1985; 

Bott & Carson, 2007). According to economists and cooperate leaders, this expansion is essential for the 

continuity of our modern welfare. They indicate that the utilization of profitable fuels, however dirty, 

allows the world’s economies to gain resources to build up transition technologies for a carbon-neutral 

future (Economists Intelligence Unit, 2012; Mouawad, 2010; IBM, 2010; Tillerson, 2011; Ebeling, 2012). 

Example strategies are discernible among apparent key players such as oil companies and in the Chinese 

Five-year-plan 2011-2015 (NPC, 2011; Ebeling, 2012; Gowers, 2010; Johnson, 2009). Incorporating this 

reality of capital investment, new technologies for the transition towards a carbon-neutral economy will 

typically need to make use of both renewable and fossil energy sources.  

Hydrogen production by the use of both solar heat and natural gas attracts a lot of scientific as well as 

industrial interest (Pröll, et al., 2006; Bürkle & Roeb, 2008). Hydrogen as society’s energy carrier is widely 

considered the best choice for the long-term future (United States Department of Energy, 2001; Pozio, et 

al., 2011; Jones, 2012). It is already widely used in the chemical industry and in the fossil fuel sector 

(United States Department of Energy, 2001). It contains two-and-a-half times more chemical energy per 

gram than does gasoline (highest of all fuels) and if put in a fuel cell it produces electricity on demand by 

recombination of oxygen (Jones, 2012; Muller, 2010; Bissolotti, et al., 2002). Notably, hydrogen is the only 

known renewable energy carrier without resource limitations (NREL, 2012). In point of fact, it is one of 

the most common elements in the universe, on earth present in water, biomass and hydrocarbons (Hart, 

2012; Navarro, et al., 2007).  

Especially high purity hydrogen (i.e. CO < 100 ppm and S at ppb level) draws scientific interest. It is used 

in low temperature fuel cell applications such as the Proton Exchange Membrane Fuel Cell (PEM Fuel 

Cell). Fuel cells are increasingly important in residential and transportation power generation applications. 

However, high purity hydrogen for fuel cells is generally expensive to produce, due to electricity costs, gas 

purification steps, preparation of catalysts and membranes (Jiang, et al., 2011; Schmidt & Gunderson, 

2000). The concept presented herein is expected to avoid both electricity cost and gas purification steps.  

The dominant production process of hydrogen today is steam reforming of methane with efficiencies of 

65% to 75% (Kothari, et al., 2008; Chamousis, 2009). A single steam reforming plant can produce several 

hundred tons (>200,000 kg) of hydrogen per day at a cost of about $ 1.5 per kg (Parks, 2011; Jones, 2012). 

For the time being, the economics and thermodynamics of hydrocarbons make them indispensable in 

large-scale hydrogen production. However, the long-term aim is to develop technologies (e.g. thermolysis, 

electrolysis and thermo-chemical processing) to produce tonnage quantities of high purity hydrogen 

without carbon emissions or need for purification steps (Gallet & Grastien, 2004-2005; Steinfeld & 

Palumbo, 2001).  
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Solar heat as a catalytic agent in hydrogen production has many advantages. It is a renewable heat source 

that exists in abundance. Almost the same amount of energy hits the Earth from the sun in one hour (0.43 

ZJ) as mankind uses in an entire year (0.5 ZJ in 2010) (BP, 2011). It markedly provides new economic and 

social opportunities to the most sun-rich regions of the world, often far away from electricity grids (e.g. in 

the great deserts) (Nicola, 2011; Desertec, 2012; Tureen, 2012). Related emissions are usually very low, 

only occurring during manufacturing, related transportation, installation work and through related 

operating electricity emissions. The recent expansion of solar cells and solar collectors portends how solar 

energy will become an increasingly significant part of the energy mix in the future (Economists 

Intelligence Unit, 2012; EuPD Research, 2012; SEIA/GTM Research, 2011).  

2.2 Scientific Relevance 
The concept that is presented herein utilizes a special ceramic membrane, called a mixed oxide 

ion/electronic conductor (MIEC) membrane, which acts as an inducer of a reaction between water and 

methane to produce high purity hydrogen and syngas. Expectations are that this concept of producing 

high purity hydrogen will be less costly than other thermo-chemical techniques and conventional 

electrolysis, with lower temperature and energy demand for the reaction. The scientific interest in this field 

has increased during the last decade, which is indicated by the number of academic publications that 

contains the keywords related to the concept (Figure 1) (Elsevier, 2012). The concept of combining a 

MIEC membrane with solar energy has never been presented in publications. Due to economic reasons, 

using vacuum or an inert gas (e.g. argon) as the substitute to methane gas is currently disadvantageous.  

Figure 1: Number of publications containing “MIEC” and “ceramic” . 

 
Source: (Elsevier, 2012) Comment: The number of publications includes books (18), conferences (10), 

full text articles (305) and theses & dissertations (69).   

2.3 Inorganic Membranes 
Inorganic membranes are designed at the nanostructure level and attract scientific interest due to their 

characteristic properties: high chemical, thermal and mechanical stability. Inorganic membranes were 

originally either of two categories – porous or dense membranes – with the opposite advantages. Porous 

membranes have high permeability and low permselectivity compared to dense membranes, whose 

properties are the vice versa (Lu, et al., 2007). Another category of dense membranes has since been 
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discovered, which is called mixed oxide ion/electronic conductor (MIEC). This category of membranes 

comprises perovskites and other oxides such as SrFeCO0.5O3.25 (Figure 2) (Lu, et al., 2007; Shao, et al., 

2001). Certain MIEC membranes have proven to be effective as catalysts for partial oxidation of methane 

and have shown promising catalytic properties for water splitting (Gellings & Bouwmeester, 1992; Lu, et 

al., 2007). 

Figure 2: Overview of different categories of membranes used in research. 

 
Source: (Cava, 2010; Lu, et al., 2007; Shao, et al., 2001) Comment: Inorganic membranes, including 

perovskites, can withstand high temperatures. Perovskites has a ceramic crystal structure of ABO3 

where A and B are cations. 

2.4 MIEC Membranes 
A thin MIEC membrane, with a thickness of 50-500 μm, works both as a gas separator and as an 

oxygen/electron conductor. The thinner the membrane the lower resistance, however, under a certain 

critical thickness, surface exchange rates limit the oxygen conductivity rather than bulk diffusion 

(Gopalan, 2006).  

Below the critical thickness, oxygen conductivity can be enhanced by adding active catalytic layers. The 

radial diffusion can be neglected since the membrane thickness is small compared to the diameter (Xu & 

Thomson, 1999; Sunarso, et al., 2008).  

The membrane is exposed to an oxygen-rich gas (e.g. water steam or air) on one side and a strongly 

reducing gas mixture (e.g. methane gas or ethane gas) on the other side. The result is a large oxygen partial 

pressure gradient across the membrane, generating oxygen vacancies (Vo) and electron holes (h+). Oxygen 

ions and electrons (based on the origin of electronic conductivity) can thus pass through the membrane 

(Figure 3) (Ellett, 2009; Xu & Thomson, 1999; Shao, et al., 2001; Bouwmeester, 2003).  
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Figure 3: Diagram representing the chemical potential drop across a MIEC membrane. 

 
Source: (Ellett, 2009; Xu & Thomson, 1999; Bouwmeester, 2003; Shao, et al., 2001) Comment: The 

oxygen chemical potential (μ) is typically calculated by Wagner theory from the oxygen partial 

pressures at both sides of the membrane and the oxygen ionic/electronic conductivity of the MIEC 

membrane. 

2.4.1 Oxygen Permeable Flux 
The oxygen permeable flux represents the quantity of oxygen passing through the membrane, usually 

expressed as the volume of oxygen at standard condition (25 °C, 1 bar) permeated at unit minute and per 

unit area (Takamura, 2002; Liang, et al., 2010).  

The MIEC membrane forms a steady-state structure at certain high temperatures, which makes the 

diffusion coefficient of oxygen vacancies (DV) independent of the position along the membrane wall (Xu 

& Thomson, 1999). Hence, DV is a temperature-dependent function of the oxygen defect lattice structure. 

It can be derived to Fick’s first law, where it describes the one-dimensional oxygen permeation via bulk 

diffusion (Formula 1). Here, J(O2) is equal to ½∙J(Vo), L represents the membrane thickness, c(V1
o) and 

c(V2
o) are, respectively, the concentrations of oxygen vacancies at the high and low membrane surface.  

Formula 1: Calculating the oxygen permeable flux by integrating Flick’s first law by the difference in 

oxygen vacancies between the membrane surface sides. 

 (  )  
  
  
{ (  

 )   (  
 )}  

The concentration of oxygen vacancies is furthermore governed by surface exchange kinetics according to 

Formula 2 and 3 (Xu & Thomson, 1999; Gopalan, 2006). Where, Ox
o symbolizes the lattice oxygen in the 

perovskite ceramic structure, Kf and Kr are, respectively, the forward and reverse reaction rate constants. 

MIEC membranes usually have very high electronic conductivity. The electron holes (h+) are thus 

essentially constant at both surfaces of the membrane. Kf and Kr are two functions of temperature and the 

membrane specific properties. 

Formula 2-3: Elementary pseudo-zero order reactions at steady state isothermal conditions. 
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Assuming that the electronic conductivity is very high and thus that the ionic conductivity is the rate 

limiting factor, the Wagner equation can be used to simulate the oxygen permeation (Schiestel, et al., 

2005). The Wagner equation was derived from the assumption that the chemical diffusion of oxygen 

passing through the membrane determines the overall oxygen permeation, which means that the equation 

makes use of the local equilibrium of the oxygen chemical potential (μ). This would imply that a 

membrane with a multi-phase structure has its different phase molecules completely evenly distributed in 

the structure.  

Hence, the Wagner equation is used to estimate both the bulk diffusion and the surface reactions of a 

uniform membrane structure (Formula 4) (Schiestel, et al., 2005; Oyama & Stagg-Williams, 2011). Here, 

Δp2
O2 and Δp1

O2 symbolize the oxygen partial pressure at the high and low side of the membrane, L is the 

membrane thickness, R is the gas constant, T is the temperature and F is Faraday’s constant. d∙ln(ΔpO2)/dx 

is the oxygen chemical potential gradient at a position x from the membrane surface in the thickness 

direction. σ is representing the conductivity of the electrons (el) and oxygen ions (ion) (Gopalan, 2006).  

Formula 4: The Wagner equation. 

 (  )    
  

     
∫

       
        

      
 

      
 

 
      
  

   

MIEC membranes can achieve high oxygen depletion rates at moderate temperatures (e.g. 800°C) 

(Sunarso, et al., 2008; Schiestel, et al., 2005). High direct water splitting rates (e.g. 76%) has been achieved 

in experiments at 1600°C by the use of ZrO2–TiO2–Y2O3 (Naito & Arashi, 1995).  

2.4.2 Finding the Optimal Ceramic Membrane 
Maintaining mechanical and chemical stability of a MIEC membrane at high temperatures and over long 

time intervals are significant challenges. An optimal MIEC membrane is a trade-off between oxygen 

permeable flux and stability issues; stability is more significant than permeability for the commercialization 

of the concept, but below a certain oxygen permeable flux the entire concept becomes disadvantageous. 

La-Sr-Fe-M (M=Co, Mn, Ni, Cr, Cu), Sr-Fe-Co, La-Sr-Ga-Mg and Ba-Co-Fe-M (M=Ta, Nb) systems 

show high oxygen ion and electron conductivity (Bouwmeester, 2003; Takamura, 2002). MIEC 

membranes with Alkali earth metals (e.g Ba or Sr) are sensitive to CO2 because more thermodynamically 

stable carbonate phases are formed on the membrane surface (Yazdi, et al., 2009). Other stability 

problems could rise from the chemical expansivity of the material, i.e. expansion of the crystal lattice due 

to the decrease of oxygen content and reductive state of a portion of the membrane’s metal ions 

(Bouwmeester, 2003). The expansion promotes a mechanical stress gradient in the membrane that could 

induce mechanical failure.  

2.4.3 Protective Layer 
Ba-containing perovskites show exceptionally good oxygen permeability and selectivity but are sensitive to 

carbon dioxide (CO2); such a perovskite could be protected (coated) by a thin layer (e.g. < 1µm) of a 

material with CO2-resistance. The thin coating would have a limited influence on the overall oxygen 

permeability, but would provide an effective protection against CO2 (Yazdi, et al., 2009). 
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2.4.4 Active Porous Layer/ Catalyst Layer 
Porous active layers promote the solid-gas reaction by offering a high surface (i.e. a high surface-area-to-

volume ratio). A high surface means “more surface” that can react, which accelerates the thermodynamic 

process and minimizes thermodynamic free energy.  

A catalyst would either be deposited on the porous layer by standard techniques, such as impregnation, or 

be chemically inserted during the chemical synthesis of the porous layer itself. Catalysts are necessary to 

achieve a high reaction efficiency without increasing the temperature significantly (Czuprat, et al., 2009).  

A catalyst based on nickel is the most widely used steam reforming catalyst because of its low cost and 

high intrinsic activity (Trimm, 1999; Brightling, et al., 2005; Jiang, et al., 2008). Nobel metals and cobalt are 

alternatives to nickel, but are more expensive (Rostrup-Nielsen & Rostrup-Nielsen, 2002). Nickel-based 

catalysts are applied in Chemical Looping Reforming, Solid Oxide Electrolyser Cells and conventional 

steam reforming (Pimenidoua, et al., 2010; Norikazu, et al., 2006). 

2.4.5 BCFZ Membranes 
The selected ceramic membrane material for the studied concept is a hollow fiber membrane of the 

chemical composition BaZrxCoyFezO3−δ (BCFZ) (Figure 4) (Schiestel, et al., 2005). The BCFZ perovskite 

has been used in experiments to produce high purity hydrogen by Fraunhofer IGB et al (Jiang, et al., 2010; 

Jiang, et al., 2008; Schiestel, et al., 2005). This specific perovskite was developed by the Dalian Institute of 

Chemical Physics of the Chinese Academy of Sciences and is protected by patents in different countries 

(Schiestel, 2012; Schiestel, et al., 2005). Hence, a modification of the BCFZ perovskite that is not 

protected by patents should be developed before the studied concept is fully developed.  

The fiber is sensitive to temperature changes, liquid and high pressures. It is sintered at about 1,000-

1,500°C and typically irreversibly degenerated at temperatures exceeding 1,000°C (Watterud, 2005). The 

length of a single fiber is about 33 centimeters after sintering (Schiestel, et al., 2005). A high oxygen 

permeation flux is supported by an inner diameter of 530 μm, a wall thickness of 175 μm and an oxygen-

free sweep gas (e.g. methane gas) at the outer side of the membrane. An instant oxidization of the 

membrane and a high oxygen permeation flux has been shown in experiments (Schiestel, et al., 2005). A 

thick (>500 μm) active porous layer could be added to additionally increase the oxygen permeation flux. 
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Figure 4: BCFZ fiber in standard geometry. 

 
Source: (Schiestel, et al., 2005) Comment: The picture shows a BCFZ fiber (inner diameter 0.535 

millimeter) without active porous layers and protective coating. BCFZ fibers have experimentally 

proved to be able to operate during hundreds of hours without material failure. 

2.4.5.1 Viability of Water Splitting in a BCFZ Fiber 
The viability of water splitting in a hollow ceramic fiber is not clear. The actual test experiments would 

require ad-hoc synthesis processes. Simulating the water splitting in a BCFZ fiber is thus difficult. The 

simulation would need to consider the porous layer area, the coating properties, the exact BCFZ 

composition and the gas flows. Consequently, no reaction constants to calculate the oxygen permeation 

flux of the membrane are available. The behavior of the oxygen permeation flux of the BCFZ fiber can be 

summarized by the following words: 

“The oxygen flux through the wall of the hollow fibre is controlled by both vacancy diffus ion and interface reactions.” 

(Schiestel, et al., 2005) 

The hydrogen production rate of the water splitting reaction is directly proportional to the oxygen 

permeation flux. This has been described by Balachandran et al (2004) in the following way: 

“The hydrogen production rate depends directly on the rate at which oxygen is removed from the water dissociation zone. 

This depends on the oxygen permeability of the membrane, which is a function of the electron and oxygen -ion 

conductivities, surface oxygen exchange kinetics of the membrane, and oxygen partial pressure (pO2) gradient across the 

membrane. Therefore, to obtain a high hydrogen production rate, membranes should exhibit high electron and oxygen -ion 

conductivities, good surface exchange properties, and be exposed to a high pO2 gradient.” (Balachandran, et al., 2004) 

The hydrogen production rate (H2 rate) [ml min-1] can be estimated by the total flow rate FH2O [ml min-1 

cm-2] at the inflow, hydrogen concentration [c(H2)] at the outflow, and the exposed membrane area Λ 

[cm2] according to Formula 5 (Jiang, et al., 2010). 

Formula 5: Measuring the hydrogen production rate in a hollow ceramic membrane. 

        
      (  )

 
 

The hydrogen production rate that has been accomplished in previous experiments with BCFZ fibers is 
presented in the next paragraph (2.4.5.2). 
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2.4.5.2 Show Stopper I: Average Oxygen Permeation Flux in a BCFZ Fiber 
The project application to the European Commission stated that an average oxygen permeation flux (at 

800°C) of 5 ml min-1 cm-2 (at standard condition) is a viable target for the BCFZ fiber. Figure 5 has been 

invoked to justify this assumption. However, Figure 5 is assuming a highly reactive gas (e.g. air) at the 

oxygen-rich side of the membrane. 

Figure 5: Ideal oxygen permeation flux of a BCFZ fiber with various wall thicknesses. 

Comment: A wall thickness of 175 μm corresponds to an oxygen permeable flux of approximately 5 ml 

min
-1

 cm
-2

 at 800°C (This figure is provided by Fraunhofer IGB).  

The oxygen chemical potential gradient is highly benefitted by a very high “methane to water” ratio (i.e. 

>1) and a very high surface. However, a serious concern is what affect a high concentration of methane 

gas will have on the membrane stability. 

The project application also implied that the hydrogen production rate is expected to be approximately 10 

ml min-1 cm-2. This is a very optimistic assumption, considering that the hydrogen production rate is 

limited by the equilibrium constant of direct water splitting (Jiang, et al., 2010).  

In “Hydrogen Production by Water Dissociation in Surface-Modified BaCoxFeyZr1-x-yO3-δ Hollow-Fiber 

Membrane Reactor with Improved Oxygen Permeation” by Jiang et al (2010) the oxygen permeation flux 

and the hydrogen production rate are experimentally studied and the results are presented in graphical 

form (Figure 6 and 7).  
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Figure 6: Oxygen permeation flux of a BCFZ fiber with air at the oxygen-rich side. 

 
Source: (Jiang, et al., 2010) Comment: The figure shows oxygen permeation fluxes {J(O2)} of a BCFZ 

hollow-fiber membrane with (●) or without (■) a BCFZ-Pd porous layer as a function of temperature 

with 50 cm
3
 min

-1
 dilute methane gas (i.e. 20% CH4, 78% He and 2% Ne) at the oxygen-rich side and 

air of 150 cm
3 

min
-1

 on the other side of the membrane. 

Figure 7: Hydrogen production rate of a BCFZ fiber with water steam at the oxygen-rich side. 

 
Source: (Jiang, et al., 2010) Comment: The figure shows hydrogen production rates (H2 rate) with (●) 

or without (■) a BCFZ-Pd porous layer as a function of temperature with 50 cm
3
 min

-1
 dilute methane 

gas (i.e. 20% CH4, 78% He and 2% Ne) at the oxygen-rich side and diluted water steam of 40 cm
3 

min
-1

 

(i.e. 75% H2O and 25% He) supplied on the other side of the membrane. 

As noted, the BCFZ fiber and the operating conditions must be improved to achieve an average oxygen 

permeation flux of 5 ml min-1 cm-2 throughout a 33 centimeter long fiber. Besides operating at ideal 

conditions, these improvements would include a stable membrane structure, an active porous surface and 

a protective coating against attacks from carbon dioxide molecules.  
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An improved hydrogen production rate compared to the previous article is given in the article “Improved 

water dissociation and nitrous oxide decomposition by in situ oxygen removal in perovskite catalytic 

membrane reactor” (Figure 8 and 9) (Jiang, et al., 2010).  

Figure 8: Membrane reactor for N2O decomposition and Water Splitting. A protective gold film, a 

nickel-based catalyst and silicon rubber ring seals are applied on this membrane reactor. 

 
Source: (Jiang, et al., 2010) Comment: A single BCFZ fiber equipped with catalysts, protective gold 

film and gas-tight sealing. Some kind of similar set up would be needed for the studied concept to work 

as envisioned.     

Figure 9: Improved hydrogen production rate of a BCFZ fiber. 

 

Source: (Jiang, et al., 2010) Comment: The figure shows the hydrogen production rate (H2 rate) as a 

function of temperature of a BCFZ hollow-fiber membrane with 50 cm
3
 min

-1
 dilute methane gas (i.e. 

4% CH4, 90% He and 6% Ne) on the permeation side for oxygen consumption. Diluted water steam of 

40 cm
3 

min
-1

 (i.e. 75% H2O and 25% He) is supplied on the other side of the membrane. 
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2.5 The Reaction Process of the Concept under Study 
Methane gas is oxidized in the absence of gaseous oxygen by utilizing lattice oxygen of the perovskite 

(Nalbandian, et al., 2011). It is thus very important to have a high surface since the oxidization process is 

conducted on the membrane surface.  

The oxygen at the water side instantly refills the oxygen vacancies (Vo) by conducting ions through the 

perovskite structure to fill the oxygen vacancies at the methane side. The oxygen content of the 

membrane is constantly revitalized permitting the uninterrupted oxidation of methane gas. Hence, the 

reaction process promotes a continuous water splitting reaction as long as the oxygen partial pressure at 

the methane side is kept low (Bouwmeester, 2003). 

The characteristics of Chemical Looping Reforming are identical to the concept technology except that 

the required heat is provided by solar heat and the key product is pure hydrogen (Nalbandian, et al., 2011). 

High purity hydrogen and syngas are taken out separately, which reduces the problem of gas separation 

significantly (Larring & Bakken, 2010).  

2.5.1 Reaction Kinetics 
The net reaction is steam reforming of methane according to Jiang et al (2010). The reaction has negative 

Gibbs free energy at 620°C but it is strongly endothermic (Figure 10) (Chemistry Software Ltd, 2011).  

Figure 10: Gibbs free energy of the net reaction. 

 
Source: (Chemistry Software Ltd, 2011) Comment: The MIEC membrane that separates the water 

steam and the methane gas will reduce the overall reaction efficiency significantly. However, the overall 

reaction efficiency could be improved by adding an active porous layer, adding catalysts and increasing 

the temperature.  

Steam reforming (Formula 6 and 7) is causing oxygen depletion, membrane expansion and the leveling of 

the oxygen partial pressure between the water (high) and the methane (low) side of the membrane 

(Bouwmeester, 2003; Fromm, et al., 2008). The reaction has a positive molar change (Δn), which 

promotes the opposite reaction. The overall pressure is thus preferably kept low (Uemiya, et al., 1990).  
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Formula 6-7: Steam reforming of methane at standard condition (25°C and 1 bar), (ΔfH°) standard 

enthalpy of formation, (ΔrH°) reaction enthalpy. 

    (     )      (     )              (    )       (    ) 

          (    )        (    )       (     )      (     ) 

     (         (   )  (    ))       
                  

2.6 Solar-driven Thermo-chemical Hydrogen Production 
Thermo-chemical hydrogen production uses concentrated solar radiation as the driving force of an 

endothermic chemical transformation. The novelty of this concept is the utilization of solar energy to 

activate the hollow membrane module. A schematic of the concept is presented in Figure 11.  

Figure 11: Solar-driven thermo-chemical hydrogen production (ΔH800°C= 225 kJ mol
-1

) in a membrane 

module.  

 
Comment: This schematic displays the reaction process and the various layers applied to a BCFZ fiber. 

The water side of the membrane is covered by an active porous layer and an oxygen reducing catalyst. 

The fuel side of the membrane is covered by a combined active porous membrane and reforming 

catalyst layer plus a protective coating to resist CO2-attacks and avoid material breakage.   
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2.6.1 Solar Concentrating System 
The solar energy is provided by solar radiation that is optically enhanced by a solar concentrating system. 

In this particular study, this system is either a parabolic trough or a parabolic dish. The geometric 

configuration of the hollow membrane module is highly compatible with the tubular receivers of parabolic 

troughs, making the integration of the two systems a natural design selection. A parabolic dish is able to 

reach higher temperatures, but typically provides less power.  

2.6.1.1 Parabolic Trough 
It is considered the most mature solar concentrating system and is part of an active industry segment, 

which steadily expands and matures further (Kalogirou, 2004). The biggest application of this type of 

system is a 354 MWe power plant in southern California, known as the Solar Electric Generating System, 

developed by Luz International Limited (Kearney & Price, 1992). The use of parabolic troughs has been 

strongly advocated within the project consortium because of the favorable geometry of the tubular 

receiver module. 

Parabolic troughs are built in modules that are supported from the ground by simple pylons. They are 

made of bending sheets with reflective materials on a parabolic shape. When the parabola is pointed 

towards the sun, parallel rays incident on the reflector and reflects onto a linear receiver tube, placed along 

the focal line (Figure 12). The tube works as an external surface receiver and its size (and peak 

concentration) is determined by the size of the reflected sun image and the manufacturing tolerances of 

the trough. The surface of the receiver is typically covered with selective coating that has a high 

absorbance for solar radiation, but a low emittance for thermal radiation loss. A glass cover tube is placed 

around the receiver to reduce or eliminate the convective heat losses from the receiver, and in case of high 

operating temperature the glass tube is kept in vacuum (Archimede, 2012; Jonsson, 2009). 

The heat transfer fluid, which flows inside the tube receiver and absorbs the solar radiation, is typically 

piped to a steam generator and superheater where it generates steam to drive a turbine. The heat transfer 

fluid is usually diathermic oil (T<400°C) or a mixture of nitrate salts (T<600°C). 

Figure 12: Schematic of a parabolic trough. 

 

As mentioned, the system configuration is continuously refined by scientific advancements. Since 1980, 

efforts to increase the operating efficiency by direct generation of superheated water steam (up to 108 bar 

at 400°C) has been made and is still being evaluated as substitute for diathermic oil at Plataforma Solar de 

Almería (Valenzuela, et al., 2006). No research activity has so far been devoted for the extension of 

parabolic trough to thermo-chemical processes, supplying energy to drive endothermic reactions. Such 

processes usually require at least 900°C and only two-axis solar concentrating systems (e.g. parabolic 

dishes) are suitable for this temperature range. 
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2.6.1.2 Show Stopper II: Parabolic Trough Operating at 800°C 
An upgrade of existing trough technology enables the trough to operate at 700-800°C according to the 

assertions in the project application sent to the European Commission. The upgrade would particularly 

apply to the tube coating and vacuum chasing of the receiver module. This upgrade is scientifically 

interesting, offering many chances for component innovation and improvement design. By limiting the 

emissivity radiation and heat convection loss the optimal operating temperature could be increased in 

many different technical applications. However, it is not evident that an upgraded parabolic trough would 

be able to operate at 800°C.  

Current trough technology is using temperatures under 600°C with a maximum thermal efficiency of 

approximately 70% (Fernández-García, et al., 2010). The target for an upgraded parabolic trough is a 

thermal efficiency of approximately 40% at 800°C. As mentioned, this target would require advanced 

coating and chasing techniques. However, the upgrade would also require better system controllability and 

operability as well as an improved cost situation. Perhaps most critical for the concept under study is the 

fact that the upgraded technology has to overcome the problem of temperature fluctuations, which would 

otherwise cause serious problems for the very sensitive membrane module. 

2.6.1.3 Development by ENEA 
For the last twelve years ENEA has been running a Research and Development program focused on 

developing a high temperature (T≤550°C) parabolic trough to effectively and economically converting 

solar energy into high quality heat (Falchetta, 2006). In 2010, the first industrial application of the program 

was commissioned in Priolo Gargallo, Italy – under the Archimede Project – and is currently in the 

demonstration phase.  

The Archimede Project was the first integration, worldwide, of a gas combined cycle and a solar-thermal 

power plant (Vignolini, et al., 2004). The solar-thermal power plant, completely integrated with the gas 

combined cycle and the other facilities and services of the plant, increased the plant’s power by about 5 

MWe and granted an additional electricity production of around 10 million kWh per year (Figure 13) 

(Archimede, 2012). 

Figure 13: Picture of the Archimede project in Priolo Gargallo, Province of Syracuse. 

 

Source: (Archimede, 2012) Comment: Seven (7) full-size blocks and two heat fluid tanks at the site of 

the Archimede project. 
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2.6.1.3.1 Receiver Module 
ENEA has developed a receiver module that is one of the most technologically advanced solar receivers 

available for high temperature ranges (Figure 14) (Archimede, 2012). It is made of a 4 meter long steel-

pipe with a diameter of 70 millimeter and a glass tube with a diameter of 125 millimeter (ENEA, 2012). 

The spectrally selective coating is stable at 600°C and the casing is kept in vacuum. The coating (to 

maximize the irradiance absorption and limit the emissivity losses) constitutes a thin three-layer structure, 

including a graded ceramic-metallic material sandwiched between an anti-reflective ceramic layer and a 

metal layer absorbing the infra-red radiation. The solar radiation absorbance is >95.45% and the emissivity 

is <12% at 580°C (Archimede, 2012).  

The glass pipe constitutes a borosilicate glass, which has the chemical composition of 80.6% SiO2, 13% 

B2O3, 4% Na2O and 2.3% Al2O3. The borosilicate glass is sensitive to temperatures over 510°C, which 

can induce thermal stress to the glassware, and might thus not be suitable to operate a heat transfer fluid 

at 800°C (Cambridge Glassblowing, 2012). Glass of higher purity (e.g. fused quartz, 99.9% SiO2) is an 

alternative at 800°C.  

Figure 14: Solar receiver tube (HEMS 11) by ENEA used in the Archimede project.  

 

Source: (Archimede, 2012)  Comment: The receiver tube has a spectrally selective coating stable at 

T<600°C and vacuum isolation (to reduce convection losses). 

2.6.1.4 Parabolic Dish 
Dish systems are generating several hundreds of megawatts at the drawing board (Wade, 2005). This kind 

of systems would constitute hundreds of parabolic dishes (i.e. a diameter of 10 m provides 25 kWe) 

(Becker, et al., 2000). Each dish has typically a cavity-receiver with a Stirling engine fastened at the focal 

point to produce electricity (Figure 15). A major benefit of using a parabolic dish compared to a parabolic 

trough is that the heat emissivity is relatively low at 800°C, because all of the reflected solar irradiance is 

concentrated to the focal point (Pitz-Paal, 2007). 

Figure 15: Illustration of a parabolic dish with a cavity-receiver at the focal point. 

 
Comment: A parabolic dish with a diameter of 5.5 m has a power output at design irradiance of 5 kWe 

and a dish with a diameter of 10 m has a power output of 25 kWe (Pitz-Paal, 2007). 
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The energy output of a dish facility that is used for thermo-chemical processes or heating applications is 

typically less than one (1) MWth (Infinia Corporation, 2012; CNCCookbook, 2012; Murray Power & 

Generation, 2012). However, the size of a single dish at a research facility that is used for thermo-chemical 

processes can be enormous. PROMES in France is a one (1) MWth dish system, comprising a single large 

parabolic dish with heliostats to enhance the solar energy (Sollab, 2012).  

There are several research facilities around the world that can be used for solar-driven thermo-chemical 

hydrogen production at T>1,000°C (Paul Scherrer Institut, 2011; Steinfeld, 2003). An existing dish facility 

such as the one at PROMES (France) or PSI (Switzerland) would probably be much easier to adapt for 

the testing of the studied concept compared to a special configuration of a parabolic trough (Sollab, 2012; 

Paul Scherrer Institut, 2011). Using a parabolic dish would cause less heat losses, avoid concerns related to 

an extra heat transfer fluid, and facilitate the recovery of output gas and maintaining the ideal operating 

conditions. 

A research facility is not ideal for the studied concept, because a single cavity-receiver has a small 

production capacity compared to a parabolic trough with a hundred meter long linear absorber tube or a 

field of smaller parabolic trough units.  

The use of parabolic dishes would mean that the hydrogen production would take place in a furnace 

separate from the actual solar concentrator. A parabolic dish with a furnace enables the use of electric 

supply heat and control systems. This would allow the temperature to remain at a stable level 

irrespectively of the solar irradiance and would hence minimize material breakdowns.  

A picture and a schematic illustration of a reactor furnace that has been used for thermo-chemical 

experiments with hollow MIEC membranes are presented in Figure 16 and 17. The specific volume of 

superheated water steam is about 1 m3 kg-1 at 800°C and 5 bar (Jonsson, 2009). 

Figure 16-17: Picture and a graphic illustration of a furnace with a membrane module inside of it.  

 
Comment: The traditional scientific setup of an experiment with MIEC fibers (photo provided by 

Fraunhofer IGB). The methane gas can exit through the opening at the top of the furnace.  
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Using many 25 kWe parabolic dish units for the concept under study could be problematic, considering 

the large amount of energy that is needed for heating the gases to 800°C, deliver them in pipes and 

conduct the steam reforming reaction in the reactor furnace.  

2.6.2 Description of the Advocated Solar Concentrating System 
This paragraph describes the solar concentrating system that is most advocated by project partners within 

the project consortium and thus most likely to be adapted for the concept under study. This system will be 

compared to a generic configuration of a parabolic dish system. 

2.6.2.1 Performance of the Parabolic Trough 
The purpose of this paragraph is to provide understanding of how to estimate the performance of the 

parabolic trough that is adapted for the concept under study. Firstly, a short and concise explanation of 

how to estimate the thermal efficiency of the parabolic trough is given. Secondly, a summary is given of 

the characteristics of the parabolic trough that will be upgraded. Thirdly, an explanation is given of what 

the relatively low peak concentration of a parabolic trough means for the ability to operate a parabolic 

trough at 800°C.  

 

The thermal efficiency of a solar concentrator (ŋc) can be estimated by the useful thermal energy output 

(qth, measured in kWth) divided by the incident beam irradiance (IB) on the concentrator area (A) (Formula 

8) (Yasin, 2012). A concentrator is typically “designed” for a beam irradiance of 950 W m-2 (NREL, 2012). 

Formula 8: Simple estimation of the thermal efficiency of a solar collector. 

    
    

(    )
 

ENEA (a key partner in the project consortium) has developed a honeycomb concentrator with larger-

than-conventional facets (half a parabola). This trough concentrator was originally developed to operate at 

270°C<T<550°C (Fernández-García, et al., 2010).  Each concentrator is 24 m long and 5.75 m wide. The 

heat transfer fluid is a mixture of nitrate salts (40% KNO3 and 60% NaNO3), the design pressure is 8.5 

bar (maximum operating pressure of the steel-pipe receiver module is 40 bar) and the heat transfer fluid 

flow is 3.0-7.5 kg s-1 (ENEA, 2012).  

Six (6) concentrators in a line constitute a full-size block. The energy output at design irradiance of a full-

size block is 500 kWth (Figure 18) (ENEA, 2012). A 100 MWth solar-thermal power plant would thus 

comprise 1,200 concentrators. The thermal efficiency (ŋc) at design irradiance of the full-size block is 

about 64%. 



The Concept under Study 

46 

 

 

Figure 18: A full-size block of high temperature parabolic troughs. 

 
Source: (Archimede, 2012) Comment: There is a space between each concentrator (each concentrator 

would be approx. 24 meter long). This space could be used to change the gas by supplementary piping, 

promoting oxygen permeation and thus hydrogen production throughout the whole block.   

The peak concentration of irradiated energy (C ) on a parabolic trough is corresponding to the ratio 

between the mirror area and the absorber tube area (Formula 9) (Zarza, 2005). The beam irradiance (IB) is 

normalized to 1 kW m-2, la is the mirror width, Øo is the outer diameter of the steel-pipe receiver modules 

and lc is the concentrator length. 

Formula 9: Calculating the peak concentration (C ) of the parabolic trough. 

 ̃      
     

       
   

           

                  
   

    

      
          

The peak amount of energy input of a parabolic trough at 800°C is thus 26 kW m-2. The amount of 

radiated energy from a black-body absorber tube at 800°C can be approximated by Stefan-Boltzmann’s 

law (Formula 10) (Steinfeld & Palumbo, 2001; Pitz-Paal, 2007; Jonsson, 2009). Here ɛ is the emissivity 

(ɛ=1 if a black-body), ℵ Stefan-Boltzmann constant (5.67∙10-8 W/(m2∙K4)) and A is the body area. 

Formula 10: Calculating the emitted energy rate from a black-body (i.e. ɛ=1) by electromagnetic 

radiation. 

    ℵ       

The amount of radiated energy from an absorber tube that is regarded as an optically perfect black-body is 

75 kW m-2 at 800°C. Hence, a selective coating must limit the amount of emitted energy from the 

absorber tube to less than 35% (i.e. energy input>energy output). A thermal efficiency of 40% would 

require an energy emissivity of less than 20% {i.e. >40% of the incoming solar irradiance (26 kW m-2) 

would need to become useful thermal output}. 
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An upgraded configuration of the parabolic trough that is described in this paragraph is expected to be 

able to operate at 700-800°C according to the project application submitted to the European Commission. 

The extraordinarily high temperatures are supposed to be reached by repeated circulation of the heat 

transfer fluid in the system. However, there are serious concerns about the ability of a parabolic trough to 

sufficiently concentrate the beam irradiance. A parabolic dish that is operating at 800°C has typically a 

peak concentration (C ) of several thousand (e.g. 5,000 kW m-2) (Steinfeld, 2005). 

2.6.2.2 Heat Transfer Fluids 
The heat transfer fluid is the carrier of the solar energy assembled by the parabolic mirrors. Nitrate salts 

(used for today’s high temperature parabolic troughs) are only suitable at temperatures below 600°C. 

Therefore, a new kind of heat transfer fluid that can operate at much higher temperatures is required. A 

mixture of chloride salts is likely to be that heat transfer fluid for the next generation of high temperature 

parabolic troughs (up to 800°C) (Forsberg, 2011). However, extensive testing and thorough assessment 

most be conducted of such a fluid before it can be proven suitable for use in a parabolic trough power 

cycle. 

Sodium Chloride-Potassium Chloride (NaCl-KCl) is in a stable liquid state at temperatures between 680-

950°C and the operating pressure is maintained at only a few bar (Forsberg, 2007). There are limited 

experimental data for chloride salts, but large incentives for their use; they have benign chemical 

characteristics, they can create more robust systems than nitrate salts and they have dry cooling (Forsberg, 

2011). A Summary of different heat transfer fluids are compiled in Table 2 (NREL, 2012; Hampton, 

2002). 

Table 2: Overview of heat transfer fluids suitable for parabolic trough. 

Name Type 
Min HTF 

Temp 

Max 
Operating 

Temp 

Freeze 
Point 

Comments 

  
°C °C °C 

 
Chloride Salts  

(50% NaCl 50% KCl) 
Chloride salts 680 950 658 

 Solar Salts  Nitrate salts 260 600 220 (suitable for high temperature systems) 

Caloria 
Mineral hydrocarbon 

oil 
-20 300 -40 

used in first Luz trough plant, Solar 
Electric Generating System I 

Hitec XL Nitrate salts 150 500 120 (new generation) 

Therminol VP-1 
Mixture of biphenyl 
and diphenyl oxide 

50 400 12 
standard for current generation oil HTF 
systems 

Hitec 
(60% NaNo3 40% KNO3) 

Nitrate salts 175 500 140 (suitable for high temperature systems) 

Dowtherm Q Synthetic oil -30 330 -50 (new generation) 

Dowtherm RP Synthetic oil -20 350 -40 (new generation) 

Source: (NREL, 2012; Hampton, 2002) Comment: The difference in temperature intervals are 

considerable and thus make different heat transfer fluids suitable for different thermal energy systems. 

Chloride Salts requires large amounts of energy for its use and very high temperatures, which increases 

the risk of major energy losses.   

The membrane module is, as previously mentioned herein, very sensitive to temperature fluctuations (e.g. 

material expansivity 15∙10-6/C°) (Schiestel, et al., 2005). The membrane module is therefore integrated 

inside the receiver module with chloride salts protecting it from the outside. 
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2.6.3 Solar Radiation Data 

This paragraph gives an introduction to how solar radiation data can be used for estimating the solar 

irradiance on a parabolic trough. In addition, two of the most suitable sites for building the plant of the 

studied concept are presented. The solar radiation data is provided by sets of data in the System Advisor 

Model (SAM) (NREL, 2012).  

The useful (beam) irradiance that is collected by a solar concentrating system (IB) is the direct normal 

irradiance (IN) adjusted to the cosine loss caused by the angle of incidence θ between the aperture normal 

and the direct normal irradiance (Formula 11) (NREL, 2012).  

Formula 11: Cosine-adjusted solar irradiance (IB) that can be used by a solar concentrating system. 

             

A parabolic trough tracks the sun by rotating on a single axis, which means that the beam irradiance (IB) 

on the concentrator during any given hour will be less than the direct normal irradiance value in the 

resource data for that hour (Figure 19) (Yasin, 2012; NREL, 2012).  

Figure 19: Illustration of the aperture normal and the angle of incidence. 

 
Source: (Yasin, 2012; NREL, 2012) 

Using too low of a reference value for the solar irradiance results in excessive “dumped” energy. Over the 

period of one year, the actual direct normal irradiance from the weather data is frequently greater than the 

reference value (NREL, 2012). 

2.6.3.1 Plant Sites 
Based on the commercial backing of Abengoa Solar, the Spanish region of Almería in the southeastern 

corner of the country was selected to represent one of the plant sites for the studied concept (Figure 20) 

(Google, 2012). It is part of the most sun-rich region in Europe and considered a good environment for 

solar concentrating systems. The annual direct normal irradiation is about 2,000 kWh per square meter. 

Europe’s first commercial parabolic trough power plant (150 MWe Andasol-1, 2 and 3) is located close to 

Almería (Solar Millennium AG, 2012). The issue of finding enough fresh water for the steam generation is 

solved with the proximity to the Sierra Nevada mountain range. 



The Concept under Study 

49 

 

 

Figure 20: Overview of the Almería region. (Blue points: large Solar Concentrating Systems) 

 
Source: (Google, 2012)  

Table 3 shows the annual insolation statistics of Almería, Spain, starting at 949 W m-2 (NREL, 2012).   

Table 3: Resource data for direct normal irradiance in the Almería region.  

Hours equaled or exceeded Direct normal irradiance (W/m
2
) 

132 900-949 

766 800-949 

1380 700-949 

1884 600-949 

2325 500-949 

2647 400-949 

2858 300-949 

3087 200-949 

3362 100-949 

Comment: The region of Almería is the location of Plataforma Solar de Almería, which has many 

research facilities (e.g. solar towers, parabolic troughs and other innovative solar technologies). Since 

Abengoa Solar is part of the project consortium, Southern Spain would be the natural selection for the 

location of the concept under study. 

For comparative reasons, another plant site is selected. The selected location is El Paso, USA (Figure 21). 

This region is one of the world’s most irradiated areas and western USA is furthermore a region were 

Abengoa Solar already has construction sites (Abengoa Solar, 2012). A plant is usually designed for a solar 

irradiation of 950 W m-2 in the Mojave Desert. This should be compared to southern Spain where a plant 

usually is designed for a solar irradiation of 800 W m-2 (NREL, 2012). The El Paso area has an annual 

direct normal irradiation of about 2500 kWh m-2.  
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Figure 21: Overview of the solar weather data in the United States (Blue point: El Paso area).  

 
Source: (IGN, 2012)  

Table 4 shows the annual insolation statistics of El Paso, USA, starting at 1045 W m-2 (NREL, 2012).   

Table 4: Resource data for direct normal irradiance in the El Paso area. 

Hours equaled or exceeded Direct normal irradiance (W/m
2
) 

672 900-1045 

1452 800-1045 

1995 700-1045 

2372 600-1045 

2683 500-1045 

2967 400-1045 

3255 300-1045 

3499 200-1045 

3805 100-1045 

Comment: The difference in solar irradiance between El Paso and Almería is most striking when the 

highest levels of direct solar irradiance (i.e. >850 W m
-2

) is considered. 

2.7 Description of the Plant Design under Study 
The design of the plant would be focused on promoting the long-term benefits of the studied concept as a 

transition technology aimed towards the renewable society.  

There are many possibilities to supply the fuel and to support the solar concentrators with auxiliary 

energy. These possibilities include using electricity from solar cells or wind turbines, using waste heat from 

power cycles and using heat from incinerating methane or biomass (Heliocentris Energiesysteme GmbH, 

2012; Juan, 2012). However, the thermo-economic benefit of the studied concept would be questionable if 

the plant became too reliant on auxiliary energy. For example, a system efficiency of more than 50% is 

necessary to make methane incineration a thermo-economically viable option in hydrogen production 

(Bossel, 2006).  
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Consequently, the plant designs here presented will focus on using concentrated solar energy to the largest 

extent possible. This strengthens the notion of the concept as a mechanistic and comprehensive technique 

for hydrogen production. Three (3) different plant designs are proposed herein, each of them is focused 

on large solar concentrating systems. 

2.7.1 Combined Cycle Design 
A CC constitutes an Air Brayton power cycle and a mediate-temperature Rankine cycle (Figure 22) 

(Kribus, et al., 1997). The design has a peer in the Archimede project in Priolo Gargallo, Italy. There is 

here a geographical opportunity since excellent solar irradiance could be combined with rich supplies of 

natural gas (i.e. in the Middle East). The most significant novelty of this plant design is the integration of a 

parabolic trough to an Air Brayton power cycle. Such a cycle requires molten salts at temperatures above 

700°C. 

Figure 22: Schematic illustration of a CC Plant Design. 

 
Comment: This design selection integrates the studied concept to an existing gas power plant. The peak 

heated solar field can potentially reach higher efficiencies than the main solar field. The heat from the 

gas power plant could be used to reach and maintain the peak temperature of the solar cycle.     
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2.7.2 Double Rankine Cycle Design 
A conventional steam Rankine cycle is heated by two different solar concentrating systems, producing 

both heat (to drive the Rankine cycle) and hydrogen when the weather conditions permits (Figure 23). 

Methane from bio-mass is used to wheel walk a positive carbon footprint, making the concept entirely 

supported by renewable energy. Another renewable alternative, developed at the Boston University, is to 

use the gas from waste (i.e. household garbage) incineration to supply a gas with low oxygen partial 

pressure (Boston University, 2010). 

Figure 23: Schematic illustration of a Double Rankine Plant Design. 

 
Comment: This plant design could be applied to an existing solar thermal power plant. Hydrogen and 

electricity could thus be produced simultaneously.  
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2.7.3 Peak Heated Rankine Cycle Design 
The peak heated Rankine cycle design is a special configuration of a conventional solar-thermal power 

plant. This configuration is using upgraded parabolic troughs and chloride salts to operate the main cycle 

at 800°C (Figure 24). One benefit of this configuration is that the thermodynamic efficiency of the 

Rankine cycle is improved compared to the conventional cycle for solar-thermal power plants, at least in 

theory. However, it is not evident that the Rankine Cycle could benefit from a higher than normal 

operating temperature. 

This plant design has basically the standard design of a solar-thermal power plant. It can thus be simulated 

in the System Advisor Model (SAM). This provides opportunities to assess different kinds of solar 

concentrators and equipment for the power block. The parabolic trough field could for instance be 

replaced by a solar tower with a heliostat field, which is a solar concentrator that is better suited to operate 

at 800°C. However, an assessment of a solar tower is not within the scope of this study.  

Figure 24: Schematic illustration of a Peak Heated Rankine Cycle Design. 

 
Comment: This is the conventional solar-thermal plant design except for all the necessary upgrades to 

operate the cycle at 800°C. The high operating temperature would cause a considerable reduction of the 

capacity factor and a considerable increase of the costs.  

2.7.4 Peak Heated Field 
The common innovation of all the suggested plant designs are the peak heated field (T<800°C), 

comprising a parabolic trough system with Sodium Chloride-Potassium Chloride (50% NaCl and 50% 

KCl) as heat transfer fluid. The field can be used to produce both electricity and hydrogen gas. The 

hydrogen is produced in the hydrogen production unit, which has easy access to both water steam and 

methane gas. In addition, both NaCl and KCl can be extracted from salt water and are thus common raw 

materials in solar-rich coastal regions. This unique solar field requires large amounts of energy and will 

thus only be able to operate at optimal weather conditions.  

 

 

 



The Concept under Study 

54 

 

 

2.7.5 Hydrogen Production Unit 
A hydrogen production unit is a term used to describe the system in which the membrane modules are 

situated. The purpose of this paragraph is to provide an in-depth investigation of the design configuration 

and the energy demand of a hydrogen production unit. Firstly, the challenges of integrating the hydrogen 

production unit into a parabolic trough are described, secondly, the energy demand and production 

potential of the hydrogen production unit are investigated and, thirdly, the cost of the hydrogen 

production unit is estimated. 

2.7.5.1 Description of the Membrane Module 
A membrane module contains more than a hundred hollow fibers. As stated in the project application 

sent to the European Commission, the target for one membrane module is a hydrogen production of 10 

liters per minute (at standard condition). Figure 25 and 26 give an idea of what a membrane module would 

look like (Tana, et al., 2010). The proposed design of the membrane module consists of a bundle of 150 

MIEC membranes with a total surface area of 1,000 cm2. 

Figure 25-26: Pictures of two different {BCFZ (top pic) and LSCF} hollow membrane bundles. 

 

 
Source: (Tana, et al., 2010) Comment: These pictures give an idea of the size of a fiber bundle that 

contains 150 fibers. The picture of a prototype of a BCFZ bundle (top) shows the inflow and outflow of 

the water steam at the left side of the picture (two metal pipes) (the picture was provided by Fraunhofer 

IGB). The top picture also shows that each BCFZ fiber is fastened at both ends of the module and just 

how open each fiber is for exposure to methane gas.     

Methane gas will need to be flowing in between the hollow fibers to provide a strong oxygen chemical 

potential gradient across the membrane walls. Furthermore, the methane gas and the syngas would have to 

be taken out of the module separately from the water and hydrogen mixture to avoid any contamination 

of the high purity hydrogen (i.e. CO < 100 ppm).  

Finding the seal material and seal construction for high temperatures that can provide the most cost 

effective and gas tight solution are major challenges. Silicon rubber sealing and gold coating have been 

used in pervious experiments (Balachandran, et al., 2007; Balachandran, et al., 2004; Jiang, et al., 2010). A 

schematic illustration of the membrane module is given in Figure 27 and Figure 28.  
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Figure 27-28: Illustrations of a membrane module integrated into a receiver module. 

 
Comment: These illustrations give an idea of the complexity of constructing the complete system 

configuration. The small size of the apparatus and the need of controlling all the gas flows raise many 

concerns about the viability of the concept under study. 

2.7.5.2 Show Stopper III: Integrating the Membrane Module into the Parabolic Trough 
Integrating the membrane module into a parabolic trough would require dedicated design and ad-hoc 

synthesis in order to overcome all the many challenges:  

1. First, the gases (i.e. water steam and methane gas) on the inside of the heat transfer fluid are 

heated up to 800°C at a few bar. This would require an unprecedented heating technique for 

solar concentrators.  

2. In the following step, the gases are taken out of the membrane module following the 

endothermic reaction, because the drop in the oxygen pressure gradient would otherwise stop 

the hydrogen production. 

3. Next, the high purity hydrogen is separated by water condensation and the syngas is separated 

from methane gas, but the latter is only done if it is deemed profitable. Diverting the gas 

between each membrane module requires a variety of pipelines and gas-tight seals at the 

nanoscale level.  

4. Finally, the high purity hydrogen is stored at high pressures or shipped in pipelines. The 

eventual synthesis gas would need post-treatments such as the water-gas shift with subsequent 

hydrogen separation (e.g. in a membrane reactor).  

2.7.5.3 Chemical Properties of the Fluids 
The membrane module has to be able to cope with the chemical properties of water steam, methane gas 

and NaCl-KCl(l) at 800°C and a few bar. The methane gas (and typically also the water steam) is diluted by 

other gases (e.g. N2, He and/or Ne) to maintain a controlled gas performance. The mole expansion during 

the steam reforming reaction causes the pressure on the outside of the membrane (i.e. the methane side) 

to increase a few bar, while the pressure at the inside of the membrane remains constant (Chemistry 

Software Ltd, 2011). 
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Table 5 provides an overview of the thermo-physical properties of two (2) of the fluids in the membrane 

module compared to nitrate salts and pressurized water steam (Janz, 1980; NIST, 2012; Sohal, et al., 2010; 

Gomez, 2011; Janz & Tomkins, 1983; Tufeu, et al., 1985; Galamba, et al., 2004).  

Table 5: Thermo-physical properties of relevant fluids for the concept under study. 

  Temp. Specific Heat Density Viscosity Thermal Conductivity Entropy 
  °C kJ/(kg∙°C) kg∙m

-3
 Pa∙s W/(m∙K) J/(kg∙K) 

50% NaCl(l) 
50% KCl(l) 

800 1.000 ± 0.250 1500 ± 500 0.00100  ± 0.0005 0.50 ± 0.10 - 

NaCl(l) 800 1.2048 1553 0.00100 - 2913 

KCl(l) 800 0.9872   - 2392 

60% NaNO3(l) 
40% KNO3(l) 

477 2.6602 1806 0.00015 0.50 ± 0.10 - 

H2O(g)  800 2.3479 1.0104 0.00004 0.11 8824 
(5 bar) 

H2O(g) 
800 2.4571 20.567 0.00004 0.11 7409 

(100 bar) 

Source: (Janz, 1980; NIST, 2012; Sohal, et al., 2010; Gomez, 2011; Janz & Tomkins, 1983; Tufeu, et al., 

1985; Galamba, et al., 2004) Comment: This table gives an idea of the thermo-physical properties of 

NaCl-KCl compared to NaNO3-KNO3 and water steam at low pressure compared to high pressure. 

NaNO3-KNO3 at 477°C and NaCl-KCl at 800°C have similar properties. Both of the fluids have a high 

heat transfer coefficient, a high heat capacity and a high density. In addition, both of them operate at low 

pressures at their respective temperature.  

Water steam has a low density and a very high “disorder” (entropy), which implies that using water steam 

at 800°C is unfavorable in mechanical power cycles. Water steam causes metallurgical and thermodynamic 

complications at temperatures over 620°C (Katti, 2011; Herwig & Wenterodt, 2011); supercritical steam is 

extremely corrosive at T>525°C (Rousseau, 2007).  

2.7.5.4 Energy Heat Demand and Production Potential of the Membrane Module  
The purpose of this paragraph is to estimate the energy heat demand and the hydrogen production 

potential of a membrane module.  

The membrane bundle (i.e. 150 stacked MIEC fibers) is a few centimeters thick, consisting of thermally 

conductive materials and entirely surrounded by methane gas. It can thus be assumed that the entire 

membrane bundle has about the same temperature as the water steam and the methane gas. The operating 

condition of a BCFZ fiber is 800°C and a pressure of a few bar. The pressure of the gases at the inflow 

side of the membrane bundle cannot be more than four (4) to six (6) bar, because of the risk of membrane 

material failure (Schiestel, 2012). 

50% of the water steam and 50% of the methane gas are sought to be recuperated after use in the 

hydrogen production unit. The recuperation of gases is a prioritized subject since it strengthens the notion 

of an efficient and environmentally friendly concept. 

2.7.5.4.1 Assumptions Made to Calculate the Energy Heat Demand 
Water steam: The water steam is preheated to 660°C at 5 bar before it enters the parabolic trough 

containing the membrane modules. The specific heat (cp) of water steam at 800°C is approximately 2.35 kJ 

(kg∙°C)-1 (NIST, 2012).  
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Methane gas: The diluted methane gas (i.e. CH4 and N2, He and/or Ne) is 100°C at 5 bar when entering 

the parabolic trough. The diluted gas has a specific heat (cp) of approximately 3.75 kJ (kg∙°C)-1 at 800°C.  

The reaction heat (ΔHr) for the steam reforming reaction at 800°C is 225 kJ per mol reactant gas (i.e. 

water steam and methane gas) (Appendix A – Reaction Properties) (Chemistry Software Ltd, 2011).  

According to the project application, the chemical efficiency of the steam reforming reaction is expected 

to be higher than 20%. Table 6 provides an overview of the molar balance at 800°C and 5 bar as a 

function of the chemical efficiency, spanning from 20% to 100% (Chemistry Software Ltd, 2011). The 

“methane to water” ratio at the inflow of a membrane module is 1:1. 

Table 6: Molar fractions of the reactants at the chemical equilibrium of steam reforming at 800°C and 5 

bar (input gases: 1 mol H2O and 1 mol CH4). 

Chemical 
efficiency 

 
CH4 H2O CO 

Low purity 
H2 

High purity 
H2 

mol mol mol mol mol 
100% 0.30 0.30 0.70 1.41 0.70 
80% 0.44 0.44 0.56 1.13 0.56 
60% 0.58 0.58 0.42 0.84 0.42 
40% 0.72 0.72 0.28 0.56 0.28 
20% 0.86 0.86 0.14 0.28 0.14 

Source: (Chemistry Software Ltd, 2011) Comment: A chemical efficiency close to 100% would imply 

that the reaction process of the studied concept would be as effective as commercial steam reforming 

(i.e. an overall efficiency of 65-75%). However, the chemical efficiency is expected to be 20-30%, 

because of the limitations in the oxygen permeation and reaction surface area.  

As mentioned, the production target of high purity hydrogen in one membrane module is 10 liters per 

minute (at standard condition). The high purity hydrogen production would thus be 0.89 g min-1 (i.e. 0.45 

mol min-1), considering a gas volume of 22.41 liter per mol.  

A high purity hydrogen production of 0.89 g min-1 and a chemical efficiency of 20% to 100% are used as 

the basis and boundary conditions of the following calculations. The steam reforming reaction is, as 

mentioned, expected to have a rather low chemical efficiency (e.g. 20%), because the reactants (i.e. water 

and methane) are separated by a MIEC membrane. Yet, it is only through scientific experiments that the 

chemical efficiency can be calculated in relation to reality. 

2.7.5.4.2 Calculating the Energy Heat Demand 
The required amount of water steam is 11.47-57.37 g min-1 (i.e. 0.64-3.19 mol min-1) and the required 

amount of methane gas is 10.20-51.00 g min-1 (i.e. 0.64-3.19 mol min-1) (Formula 12 and Formula 13). 

Formula 12-13: Calculating the amount of input gas that is required for producing 0.45 mol of high 

purity hydrogen per minute at a chemical efficiency of 20 %.   

 ̇           
 ̇           

           
 
          

    
             

 ̇           
 ̇           
           

 
          

    
             

 



The Concept under Study 

58 

 

 

Formula 14 is used to calculate the amount of energy required to heat the water steam and the diluted 

methane gas in the solar concentrators. 

Formula 14: Calculating the energy required to heat the gas. 

 ̇   ̇        

The heating of water steam from 660°C to 800°C requires 0.001-0.005 kWh min-1 {cp = 2.35 kJ (kg∙°C)-1} 

and the heating of methane gas from 100°C to 800°C requires 0.008-0.038 kWh min-1 {cp = 3.75 kJ 

(kg∙°C)-1}.  

The steam reforming reaction requires 0.080-0.398 kWh min-1 (i.e. 288-1433 kJ min-1), which is about nine 

(9) times more than the heating (Formula 15). 

Formula 15: Calculating the amount of reaction heat required for the endothermic reaction at a 

chemical efficiency of 20%.  

 ̇   ̇               (         )                                

The total amount of required energy (for heating and the endothermic reaction) is 0.089-0.442 kWh per 

minute or 5.31-26.53 kWh per hour. 

2.7.5.4.3 Estimating the Performance of the Parabolic Trough at 800°C 
The 500 kWth full-size block would not be able to provide 500 kWh of thermal energy per hour at 800°C. 

A thermal efficiency of 40% would already be a tough target at 800°C. As previously showed herein, the 

thermal efficiency of the full-size block is approximately 64% at normal operating temperatures and 

design irradiance (IB = 950 W m-2). Considering direct proportionality between power output and thermal 

efficiency, a thermal efficiency of 40% would provide about 313 kWth. 

The solar heat that is recovered from the heat transfer fluid to the gases (i.e. the water steam and the 

methane gas) is estimated to be 90%. The heat transfer fluid works as a temperature buffer for the 

membrane module, protecting the very sensitive MIEC membranes against rapid temperature fluctuations. 

Hence, the maximum amount of thermal energy that can be supplied to the water steam and methane gas 

from the parabolic trough is about 281 kWh per hour (Formula 16). 

Formula 16: Calculating the useful thermal output of a full-size block of parabolic troughs at 800°C. 

 ̇                 
       
       

           
   

   
                 

2.7.5.4.4 Estimating the Hydrogen Production in a Full-size Block of Parabolic Troughs 
The energy demand of heating the gases to 800°C and conducting the endothermic reaction is, as 

previously calculated, 5.31-26.53 kWh per hour. 281 kWh per hour would thus be enough energy to 

produce 0.6-2.8 kg of high purity hydrogen per hour and 1.2-5.6 kg of low purity hydrogen per hour. This 

would comprise the heating and the endothermic reaction process in 11-53 membrane modules attached 

to a full-size block of high temperature parabolic troughs (Formula 17). 

Formula 17: Calculating the high purity hydrogen production in a full-size block of parabolic troughs 

at a chemical efficiency of 20%. The production rate per module is 0.89 g per minute. 

 ̇                                                       (
       

    
)            
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As mentioned earlier, heating the gases to 800°C constitutes about 11 % of total energy demand. The 

heated gases are then supplied to the membrane modules that are equally distributed throughout the full-

size block, leaving space to change the gases (i.e. gas separation) between each membrane module. 

Each membrane module is approximately 35 centimeter long, since each hollow fiber is 33 centimeter. 

The total length of all the membrane modules is thus only 3-13% of the block length (i.e. 3.85-18.55 m of 

144 m). The steam reforming reaction constitutes 89% of the total energy demand.  

2.7.5.4.4.1 Annual Hydrogen Production in a Full-size Block of Parabolic Troughs 

The annual hydrogen production in a full-size block is calculated from the amount of hours when the 

beam irradiance is expected to exceed 850 W m-2 (Table 7) (NREL, 2012). Consequently, it is assumed 

that the solar concentrator can provide 800°C at this beam irradiance level.  

The beam irradiance is not cosine-adjusted, however the lower threshold of the solar irradiance is used 

(e.g. 900 in the interval 900-950 W m-2). As previously mentioned, many scientific challenges are yet to be 

solved before the operating condition could be reached with reasonable thermal efficiency and stable over 

long time intervals.  

Table 7: Hydrogen production in a full-size block of high temperature parabolic troughs. 

      
El Paso, USA 

 
Almería, Spain 

Full-size block (performance) Chemical Efficiency 
 

Chemical Efficiency 
 

Chemical Efficiency 

   
Number of membrane 

modules  
H. Pur. 

H2 
H. Pur. 

H2  
H. Pur. 

H2 
H. Pur. 

H2 

IB 
ɳc at 

800°C qth 100% 20% 
 

100% 20% 
 

100% 20% 
kW/m

2
 - kWth - - h/year kg/year kg/year h/year kg/year kg/year 

1000-1045 40% 296 56 11 63 189 37 0 0 0 
950-999 40% 281 53 11 236 670 139 0 0 0 
900-949 40% 266 50 10 436 1167 233 132 353 71 
850-899 40% 252 47 9 646 1626 311 291 732 140 

Comment: The thermal efficiency (ɳc) of the solar concentrator is approximately 40% at 800°C and the 

thermal energy output (qth) is the energy provided to the gases as a function of the solar irradiance. The 

annual hydrogen production is approximately five (5) times higher when the chemical efficiency is 

100% compared to 20% and it is three (3) times higher when the plant is located in El Paso compared 

to Almería. 

The thermal energy output (qth) of the full-size block at 800°C is calculated as a linear function on the 

basis of the design irradiance (i.e. IB=950 kW m-2). Consequently, when the beam irradiance is 1,000 kW 

m-2 the parabolic trough provides a 5% larger energy output and when the irradiance is 900 kW m-2 it 

provides a 5% smaller energy output. This is the reason why the number of membrane modules that are 

activated by the parabolic trough is changing according to the beam irradiance {i.e. spanning from 47-56 

(chemical efficiency 100%) to 9-11 (chemical efficiency 20%)}.  

As seen in Table 7, the period when the incident solar radiation is 850 W m-2 or more is three (3) times 

longer in El Paso, USA than in Almería, Spain. Hence, the total high purity hydrogen production in a full-

size block is expected to be 720-3,652 kg per year in El Paso and 211-1,085 kg per year in Almería. As 

previously mentioned, the total high purity hydrogen production is calculated from the assumption that 

the hydrogen production rate is 0.89 g min-1 per membrane module. 
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2.7.5.5 Estimating the Cost of the Hydrogen Production Unit 
The cost of the hydrogen production unit comprises the cost of several components (Table 8). The cost 

assumptions are based on information from ENEA, Fraunhofer IGB, System Advisor Model and from 

various web sources, evaluated through personal informed judgment. According to ENEA, the cost of a 

high temperature 500 kWth full-size block (up to 800°C) is between $ 2.2-3.6 million. The wide cost span 

is mostly due to industry partnerships. This price includes the effort to build the block, operative costs 

and various other expenses. The cost of water steam is neglected, since it is insignificant (i.e. >50 kg h-1) 

especially compared to the cost of water used in a power block of a solar-thermal power plant (i.e. a 

Rankine cycle uses water steam in the range of >1,000 kg h-1). The cost of methane gas is discussed in the 

next paragraph. 

Table 8: Estimating the cost of the hydrogen production unit. 

Component Cost share 
500 kWth Full-size Block 64.00% 
Membrane Modules 14.00% 
Steam Condenser  6.25% 
Adjusting the Receiver Module 5.25% 
Gas Separation 5.00% 
Hydrogen Storage  3.50% 
Piping  1.00% 
Fuel-handling Equipment 0.50% 
Other Equipment 0.50% 

Comment: The listed components only comprise direct investment costs. The complete list would 

include operative costs, design upgrade costs, etc. All costs are difficult to predict.  

2.7.5.6 Estimating the Cost of Methane Gas  
The cost of natural gas (i.e. a gas primarily containing methane gas) is about $ 2.9 MMBtu-1 (1 MMBtu = 

293.1 kWh) (Table 9) (Bloomberg news, 2012). Natural gas at the world market is considered to have an 

energy content of 1,000 Btu per standard cubic foot (1 ft3 = 0.028 m3). Hence, the price of methane gas 

can be estimated to about $ 0.145 per kg.  

Table 9: Natural gas prices at the world market. 

Natural gas ($/MMBtu) Price Time 
Nymex Henry Hub Future 2.83 14:56 
Henry Hub Spot 2.80 2012-08-22 
New York City Gate Spot 2.88 2012-08-22 

Source: (Bloomberg news, 2012) 

The amount of methane gas that is supplied to the full-size block of parabolic troughs is 32.50 kg h-1. The 

cost of methane would thus be approximately $ 4.70 per hour (Table 10).  

Table 10: Quantity and cost of the methane gas in a full-size block of parabolic troughs.  

  membrane 
modules 

CH4 CH4 H2O H2 High 

  kg/h $/h kg/h kg/h 

100% 53 32.50 4.71 36.56 2.84 

80% 43 32.54 4.72 36.60 2.28 

60% 32 32.38 4.69 36.42 1.71 

40% 21 32.54 4.72 36.60 1.14 

20% 11 32.52 4.72 36.59 0.57 

Comment: The numbers are based on a thermal efficiency (ɳc) of 40% and thus a thermal energy 

output (qth) of 281 kWth. The use of water and methane is constant irrespectively of the chemical 

efficiency. The cost of methane is insignificant.  
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As an additional comment to Table 10, it should be emphasized that the reason why the required amount 

of methane gas is at a constant level irrespectively of the chemical efficiency is because a higher chemical 

efficiency increases the number of membrane modules that a full-size block contains. Also, it should be 

noted that 50% of the methane gas is sought to be recuperated and reused, generating both environmental 

and economic savings. 

2.7.5.7 Show Stopper IV: The Density of Water Steam at 800°C and 5 bar 
The total volume of the fiber bundle in a membrane module is 11 cm3 (150 hollow fibers, diameter 0.535 

mm and fiber length 33 cm).  

Producing 0.89 g of high purity hydrogen per minute would, as previously explained, require 11.47-57.37 g 

min-1 of water steam at 800°C and 5 bar (ρH2O = 0.0010104 g cm-3). This amount of water steam (11,352-

56,779 cm3 min-1) is equal to the volume of 1,032-5,161 fiber bundles per minute (Formula 18).  

Formula 18: Calculating the flow rate that is required to produce 0.89 g of high purity hydrogen at a 

chemical efficiency of 20%.   

     
 ̇          

         
 
          

         
                

Comment: This is a very high flow rate for a membrane module with a total volume of 11 cm
3
 and cross 

sectional area of 0.34 cm
2
. The cross sectional area is calculated from one fiber times the total number 

of fibers.  

All of the BCFZ fibers manufactured by Fraunhofer IGB have an inner diameter of less than 1 millimeter 

(Figure 29). Increasing the diameter further would result in a lower surface area, which would reduce the 

chemical efficiency. It is likely that an increase of the membrane diameter would cause the water splitting 

reaction to cease completely, because the chemical equilibrium of direct water splitting (e.g. ∆G800°C=189 

kJ mol-1 for water splitting) would become the dominant force inside each membrane fiber. 
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Figure 29: Different geometries of hollow BCFZ fibers.  

 
Comment: These BCFZ fibers are sintered at Fraunhofer IGB. The strong driving force for 

decomposing water molecules makes a small inner diameter indispensable to active the overall steam 

reforming reaction (The picture is provided by Fraunhofer IGB). 

A necessary step to take for increasing the feasibility of the concept is to get the flow rate of water steam 

down to an acceptable level. This would reduce the supply of water steam, which would lower the 

hydrogen production rate. 

The maximum flow rate inside a hollow MIEC membrane that is found in literature is 22,500 cm3 min-1 

(i.e. 150 cm3 min-1 in each fiber), calculated for air at standard condition (Drioli & Barbieri, 2011). The 

hydrogen production in a membrane module with a flow rate of 22,500 cm3 min-1 is 353-890 mg per 

minute (Formula 19). It should be noted that the flow rate of water steam and diluted methane gas usually 

is considerably lower than that of air. 

Formula 19: Calculating the hydrogen production rate at a viable (150 cm
3
 min

-1
) flow rate. 

 ̇     
          

          
  ̇     

      

      
 (         )             

The production rate of high purity hydrogen would consequently be reduced by at least 60% compared to 

the production rate required to reach the production target of 10 liters per minute (at standard condition).  

Producing 0.89 g of high purity hydrogen in a reasonable timeframe would require a non-stop production 

(i.e. heat is stored and supplied when needed), a flow rate above 150 cm3 min-1 and an increased inner 

diameter (i.e. above 1 mm) of the hollow membrane.  

It should be noted that it would be very difficult to store heat energy at 800°C, especially considering the 

fact that solar energy only is available during certain hours of the year. Hence, the studied concept is 

probably going to be dependent on auxiliary heating (i.e. heat from gas and/or electricity). 
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3 Chapter Three - Economic Simulation of a 
Vision 
This chapter applies a visionary take on the studied concept by seeking for future opportunities where this 

concept could provide economic and environmental benefits as a relatively clean and cost efficient 

technique to produce high purity hydrogen. However, it is evident that a great risk exists of that the 

studied concept never will become efficient enough to acquire economic viability.  

Thus, a simulation of the concept will have to consider large uncertainties and deliberately underestimate 

their impact to illuminate the benefits of the concept in the long-term perspective. These uncertainties are 

however linked in a complex way in the simulation and the disaggregation is problematic. 

3.1 The Vision 
The vision of the concept under study is that it will be used to produce tons of high purity hydrogen for 

fuel cells. A production technique that could produce tons of high purity hydrogen would have significant 

impact on the use of fuel cells in transportation and residential power generation applications (e.g. in 

cars, ships and homes) (Gopalan, 2006).  

The current price of high purity hydrogen is $ 5-6 per kg. Economists consider that a price of $ 1.5 per kg 

is needed before it can become widely used in society (Elangovan, et al., 2009). According to some energy 

experts, many large car manufacturers will start producing large quantities of hydrogen cars by year 2020 

(Madslien, 2011). Already today have signs of this “car revolution” begun to show with cars like 

Mercedes-Benz B-Class F-CELL and Hyundai ix35 FCEV, which both use high purity hydrogen for their 

fuel cells (Fallah, 2011; Fallah, 2011; NGV Global News, 2012).  

"Every big manufacturer is making a hydrogen car now with a fuel cell. This is new technology, but by 2015 when it all 

kicks off, by 2020, there should be hundreds of thousands, if not millions of these cars around." 

Professor Kevin Kendall, a hydrogen and fuel cell expert from Birmingham University 

3.1.1 Simulating the Vision 
The System Advisor Model (SAM) software is applied to simulate the plant design used for the concept. 

This simulation is done for a Rankine cycle operating with a peak heat of 800°C. The expectations are that 

this simulation could simulate what is not yet possible neither in reality nor in the available software. This 

requires many assumptions about how future technology will work. Attempts to simulate the mixture of 

chloride salts at 800°C gave error messages due to an excessive heat transfer coefficient.  

A mixture of nitrate salts (i.e. Hitec) was instead used for the simulation. Hitec is used in today’s high 

temperature facilities (NREL, 2012). The absorption efficiency of the receiver modules was lowered from 

96% to 56% in order to make the simulation of a parabolic trough operating at 800°C more realistic.  

The solar concentrator used for the simulation is EuroTrough ET150, which has exactly the same size as 

the parabolic trough developed by ENEA (Fernández-García, et al., 2010). The simulated plants have a six 

(6) hour thermal storage in hot and cold salt tanks. A mixture of nitrate salts (i.e. solar salts) was used to 

simulate the storage medium. 
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3.1.1.1 Economic framework 
The economic framework is taken from the System Advisor Model (SAM), which describes the American 

situation with regard to taxes, tax incentives, land prices, etc. The net present value (NPV) and payback 

time is based on revenues from incentive payments, tax credits and the sale of electricity at a flat rate 

(Table 11) (NREL, 2012). A flat rate for electricity is an incentive that is often used by governments to 

promote green energy. 

Table 11: Overview of the economic framework for the economic analysis. 

Analysis Period 30 Years Financing 
Flat Buy Rate 0.12 $/kWh Inflation Rate 2.5 % 
Availability 94 % Real Discount Rate 8.2 % 
Depreciation (5-yr Modified Accelerated Cost Recovery System) Nominal Discount Rate 10.9 % 
Federal Tax Credit 30 % Federal Tax 35 %/year 
Indirect costs 

 
  State Tax 7 %/year 

Total Land Cost 10,000 $/acre Sales Tax 5 % 
Operation and Maintenance Costs 

 
  Insurance 0.5 % of installed cost 

Fixed Cost by Capacity 65 $/(kW∙yr) Assessed Percent 100 % of installed cost 
Variable Cost by Generation 3 $/MWh Loan Term 30 Years 
Parasitics 

 
  Loan Rate 7.5 %/year 

Piping thermal loss coefficient 0.45 W/(m
2
∙k) Debt Fraction 50 % 

Tracking power 125 W/solar collector 
assembly WACC 7.72 % 

Source: (NREL, 2012) Comment: The real difference of the economic framework regarding an 

investment in Almería compared to in El Paso is not expected to have any great significance. 

Furthermore, the difference in costs and incentive pay between Europe and America is decreasing over 

time due to the competitive nature of today’s globalized economy.  

3.1.1.2 Simulating a 660-800°C Parabolic Trough Power Plant 
The simulation shows that a 50 MWe plant in Almería could recover 310,403,000 kWh of thermal energy 

annually (Figure 30). Expectations are that this amount of thermal energy could be used to heat the gases 

and supply the reaction heat to the membrane modules. The electric grid would be fed with 94,476,100 

kWh per year, considering an annual incident solar radiation of 1,490,360,000 kWh.  

Figure 30: Simulated energy conversion in a 660-800°C parabolic trough power plant. 

 
Source: (NREL, 2012) Comment: The difference between the total incident solar radiation and the 

useful thermal energy is enlarged compared to normal parabolic trough power plants, because a 

thermal efficiency (ɳc) of 40% is simulated.  
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The simulated plant achieves 6.3% in yearly energy conversion efficiency. Annual washing water usage is 

32,302 m3 (0.7 liters per square meter and 63 washes per year). The simulation statistics are compiled in 

Table 12 and 13, where Table 12 is the simulation made for Almería and Table 13 is for El Paso. 

Table 12: Summary of simulation statistics of a 660-800°C parabolic trough in Almería. 

Almería, Spain 500 MW 100 MW 50 MW 1 MW 
Net Annual Energy 760,165,618 kWh 179,577,483 kWh 90,697,077 kWh 1,520,515 kWh 
LCOE Nominal 23.69 ¢/kWh 20.08 ¢/kWh 19.71 ¢/kWh 21.12 ¢/kWh 
LCOE Real 18.78 ¢/kWh 15.92 ¢/kWh 15.62 ¢/kWh 16.75 ¢/kWh 
First Year Net Revenue $ 91,219,874.21 $ 21,549,297.90 $ 10,883,649.19 $ 182,461.86 
After-tax NPV $ -983,086,734.03 $ -175,450,402.49 $ -85,640,831.48 $ -1,624,561.85 
Payback Period +30 years +30 years +30 years +30 years 
Capacity Factor 17.4 % 20.5 % 20.9 % 19.3 % 
Gross to Net Conv. Factor 0.93 0.92 0.92 0.84 
Annual Water Usage 3,398,365 m

3
 779,541 m

3
 395,822 m

3
 7,237 m

3
 

Total Land Area 6675.20 acres 1333.86 acres 661.03 acres 11.80 acres 

Source: (NREL, 2012) Comment: The payback time is more than 30 years and the after-tax NPV is 

negative, which strongly implies that a thermal efficiency of 40% is not a viable efficiency of a solar 

thermal power plant. The capacity factor has its maximum around 50 MWe. 

Payback period: The payback period is a measure of when the income from electricity sales, incentive 

payments and tax credits provides a positive cumulative payback cash flow amount. Different scales of the 

plant give different payback periods.  

Different scales of the plant could have particular importance when dealing with unique technologies (e.g. 

beyond the state-of-the-art solar concentrators). That is to say, it could arise many opportunities for 

economies-of-scale in the production if the plant is in need of a large enough production of a unique 

technology.  

Gross to Net Conversion Factor: The “gross to net conversion factor” is 0.92, which constitutes the 

difference between the annual AC electric output and the annual gross electric output. Hence, the “gross 

to net conversion factor” quantifies the parasitic losses from electric loads in the solar field and power 

block for pumps, cooling equipment, etc. A smaller solar field compared to the power block will thus have 

a lower “gross to net conversion factor”. Consequently, the size of the power block (e.g. heating tanks, 

fuel handling equipment, steam generators, etc.) in relation to the size of the solar field has some 

economic significance (i.e. economies-of scales).  

Table 13: Summary of simulation statistics of a 660-800°C parabolic trough in El Paso. 

El Paso, USA 500 MW 100 MW 50 MW 1 MW 
Net Annual Energy 1,063,125,256 kWh 248,761,119 kWh 125,557,892 kWh 2,150,612 kWh 
LCOE Nominal 17.00 ¢/kWh 14.56 ¢/kWh 14.30 ¢/kWh 15.00 ¢/kWh 
LCOE Real 13.48 ¢/kWh 11.54 ¢/kWh 11.33 ¢/kWh 11.89 ¢/kWh 
First Year Net Revenue $ 127,575,030.78 $ 29,851,334.26 $ 15,066,947.05 $ 258,073.47 
After-tax NPV $ -752,118,750.05 $ -122,706,726.45 $ -59,063,917.38 $ -1,144,193.64 
Payback Period +30 years 25.3811 years 24.8147 years 26.3949 years 
Capacity Factor 24.3 % 28.4 % 29.0 % 27.3 % 
Gross to Net Conv. Factor 0.95 0.95 0.95 0.90 
Annual Water Usage 4,227,201 m

3
 966,686 m

3
 487,927 m

3
 8,856 m

3
 

Total Land Area 6675.20 acres 1333.86 acres 661.03 acres 11.80 acres 

Source: (NREL, 2012) Comment: The numbers imply that the economy of a solar-thermal power plant 

is approximately 25% better in El Paso compared to Almería.  
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The significance of locating the plant to either Almería (good conditions for being Europe) or El Paso 

(good conditions for being America) is significant. As previously indicated, the incident solar radiation is 

significantly lower in Almería than in El Paso.  

LCOE: The primary metric of the financial performance is the levelized cost of energy (LCOE) in cents 

per kWh. It accounts for installation costs, financing, tax, and operating costs and the quantity of 

electricity that the selected power plant produces over its life. The real LCOE accounts for the effect of 

inflation and the nominal LCOE excludes inflation from the calculation. 

Capacity Factor: The capacity factor is very important for evaluating the economy viability of a solar-

thermal power plant. It may be noted that the higher capacity factor, the more profitable it is to build a 

larger facility. A higher capacity factor increases the annual electricity production, which increases the yield 

per dollar invested and reduces the financial risk. The capacity factor of the simulated 50 MWe plant is 

21% (Formula 20) (NREL, 2012). 

Formula 20: Calculating the capacity factor of a solar concentrating system. 

                 
                               (   )

                (  ) 
        (    )        

3.1.1.3 Simulating a Parabolic Dish Power Plant 
The simulated parabolic dish power plant is located in Almería. The system comprises many 25 kWth 

parabolic dish units, which together has a total capacity of 50 MWe. The dishes are simulated to operate at 

800-900°C. However, a 25 kWe parabolic dish with a dish diameter of 10 meter would normally operate at 

700-800°C (Diver, et al., 2008). Yet, a temperature of 700-800°C would probably be enough to test the 

concept under study. The simulation of the 50 MWe plant shows that the electric grid would be fed with 

82,133,200 kWh. The energy output of the receiver (241,547,000 kWh) is considered to be the amount of 

energy that potentially could be used to heat the water steam and methane gas for the steam reforming 

reaction. The capacity factor of the plant is 18%. 

Figure 31: Energy conversion of a simulated 50 MWe parabolic dish power plant situated in Almería. 

 
Source: (NREL, 2012) Comment: The annual energy output of a parabolic dish system that operates at 

800-900°C will probably be less than the simulated value, considering that the normal operating 

temperature of a 25 kWe parabolic dish is 700-800°C (Diver, et al., 2008).     
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A major difference between the energy that is collected by the parabolic dish and the energy that is 

collected by the parabolic trough is that the energy from the parabolic dish is expected to be higher than 

800°C. A higher operating temperature is highly beneficial for the performance of the hydrogen 

production by the proposed concept. 

The data from the simulation of the power plant shows a short payback period and a positive after-tax 

NPV (Table 14 and 15). However, the payback period is dependent on a flat rate for electricity and a tax 

credit of 30%. On the other hand, it is possible that solar concentrating systems will become increasingly 

attractive investments and thus receive additional subsidies when more countries are seeking to reduce 

their fossil energy dependence.  

Table 14: Summary of simulation statistics of a 800-900°C parabolic dish in Almería. 

Almería, Spain 500 MW 100 MW 50 MW 1 MW 
Net Annual Energy 791,413,971 kWh 158,084,417 kWh 78,847,838 kWh 1,559,834 kWh 
LCOE Nominal 8.83 ¢/kWh 8.84 ¢/kWh 8.86 ¢/kWh 8.95 ¢/kWh 
LCOE Real 7.00 ¢/kWh 7.01 ¢/kWh 7.02 ¢/kWh 7.10 ¢/kWh 
First Year Net Revenue $ 94,969,676.49 $ 18,970,130.04 $ 9,461,740.53 $ 187,180.07 
After-tax NPV $ 6,953,264.31 $ 1,239,415.63 $ 471,524.96 $ -3,623.49 
Payback Period 13.9648 years 13.9911 years 14.0419 years 14.27 years 
Capacity Factor 18.1 % 18.0 % 18.0 % 17.8 % 
Gross to Net Conv. Factor 1.00 1.00 1.00 1.00 
Annual Water Usage approx. 0 m

3
 approx. 0 m

3
 approx. 0 m

3
 approx. 0 m

3
 

Total Land Area 1111.97 acres 222.39 acres 111.20 acres 2.22 acres 

Source: (NREL, 2012) Comment: Parabolic dishes have dry cooling and are thus using a minimum 

amount of water. However, some water is needed for cleaning the mirror surfaces. 

Table 15: Summary of simulation statistics of a 800-900°C parabolic dish in El Paso. 

El Paso, USA 500 MW 100 MW 50 MW 1 MW 
Net Annual Energy 1,099,208,832 kWh 219,559,896 kWh 109,632,063 kWh 2,163,113 kWh 
LCOE Nominal 6.42 ¢/kWh 6.43 ¢/kWh 6.43 ¢/kWh 6.52 ¢/kWh 
LCOE Real 5.09 ¢/kWh 5.09 ¢/kWh 5.10 ¢/kWh 5.17 ¢/kWh 
First Year Net Revenue $ 131,905,059.87 $ 26,347,187.55 $ 13,155,847.56 $ 259,573.52 
After-tax NPV $ 241,607,487.90 $ 48,106,607.56 $ 23,940,560.32 $ 456,299.41 
Payback Period 8.87038 years 8.88532 years 8.90106 years 9.06017 years 
Capacity Factor 25.1 % 25.1 % 25.0 % 24.7 % 
Gross to Net Conv. Factor 1.00 1.00 1.00 1.00 
Annual Water Usage approx. 0 m

3
 approx. 0 m

3
 approx. 0 m

3
 approx. 0 m

3
 

Total Land Area 1111.97 acres 222.39 acres 111.20 acres 2.22 acres 

Source: (NREL, 2012) Comment: As previously mentioned, the capacity factor is considerably higher 

for a plant in El Paso compared to a similar plant in Almería (i.e. +25%). A power plant with a system 

capacity of between 50-100 MWe has the highest capacity factor and the shortest payback period. 

3.1.1.3.1 Adapting a Parabolic Dish to Hydrogen Production 
A great difficulty of using a parabolic dish to produce hydrogen by the proposed concept is that the kind 

of parabolic dish that is required for the concept is so much different compared to conventional parabolic 

dishes.  

Normally, a parabolic dish produces electricity directly inside its cavity-receiver with a so-called Stirling 

engine. A Stirling engine works with the basic principle that there is a constant amount of gas (e.g. helium 

or hot air) that is heated to high temperatures and high pressures in order to maximize the useful energy 

output (i.e. maximize the exergy) (Mraz, 2011).  

There are of course also parabolic dishes that do not produce electricity. One such parabolic dish is a very 

small (3 kWth) parabolic dish that heats a heat carrier gas (i.e. glycol gas) in its cavity-receiver and brings 



Economic Simulation of a Vision 

68 

 

 

the gas in tubes to a separate tank where water is boiled (Murray Power & Generation, 2012). As 

previously mentioned, there are many research facilities with large parabolic dishes that are used for 

thermo-chemical research and thus also do not use any Stirling engine. 

3.1.1.3.1.1 Adapting a Small (25 kWe) Parabolic Dish to Hydrogen Production 

The kinds of parabolic dishes (including heliostats) that have been used for thermo-chemical hydrogen 

production are large research facilities such as the 1 MWth parabolic dish facility in PROMES and the 

parabolic dish facility at PSI. To instead use small (i.e. 25 kWe) parabolic dishes with the necessary gas 

tubes and equipment would be something quite different.  

A small parabolic dish, rotating on a two-axis tracker system, should heat water steam and methane gas to 

800-900°C without mixing them. The gases should subsequently be brought to a reactor furnace without 

excessive heat loss.  

A major concern with a parabolic dish that is adapted for hydrogen production is that it would have a low 

capacity factor. However, the capacity factor could be greatly increased if it would be possible to combine 

gas heating and electricity generation in the same dish unit. One potential alternative is that it would be 

possible to replace the entire cavity-receiver according to what would be most appropriate to produce 

during certain hours. It would thus be possible to have a Stirling engine producing electricity when this 

would be most appropriate and hydrogen during hours when that would be most appropriate.  
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4 Chapter Four - Discussion and Conclusions 
The purpose of this chapter is to summarize, discuss and draw conclusions from the most important aspects 

that were addressed in this report.  

This thesis is an investigatory study of how advanced membrane technology for high purity hydrogen 

production can be used in a context beyond the laboratory stage, beyond fundamental research. It provides 

insights into how MIEC membrane technology could become more market-oriented by identifying the critical 

issues regarding the reaction process and technology adaptation. The study found that the overall concept 

efficiency is expected to be very low. It also pinpointed the difficulties of providing stable working conditions 

for the studied concept. But, it also emphasized the fact that this concept uses water steam, oxygen 

conducting membranes and energy provided by the sun, which gives the thesis technology an appealing 

profile for future hydrogen production.  

The studied concept is highly complex and involves many parallel and consecutive steps. It originates from 

many independent research works carried out in different labs with different aims, now combined for the first 

time with solar energy as the main heat source. Knowledge in material properties, ceramic processing, 

analytical chemistry and solar technology are required for this concept. All of these research areas contain 

many promising technologies that may improve future energy systems.  

The conducted study has revealed a series of difficulties in integrating promising techniques into one working 

system (Table 16). The study has also been focused on understanding what technologies that may lie beyond 

the state-of-the-art, pursuing knowledge in little-known areas. The third leg of the study has been to 

investigate alternative pathways and improvements of the concept, including a comparative analysis of 

parabolic troughs and parabolic dishes. The kinetics and the thermodynamics of the studied concept were 

investigated on an ad-hoc basis to justify or rule out the main assumptions that were made in the project 

application submitted to the European Commission of Research and Innovation. 
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Table 16: Show Stoppers of the concept under study. 

Topic: Problem description: Improvement Suggestions: 

I: Average Oxygen Permeation Flux in a 

BCFZ Fiber.  

I: Performance target in the project 

application: An average membrane oxygen 

permeation of 5 ml min
-1

 cm
-2

 and a 

hydrogen production rate of 10 ml min
-1

  

cm
-2

. 

The oxygen permeation flux has not 

reached 5 ml min
-1

 cm
-2

 in previous 

experiments with water steam on the 

inside of the membrane. The chemical 

equilibrium of water splitting is strongly 

limiting the membrane reactivity. 

Maximize the “methane to water” 

ratio and the surface exposure area; 

reduce the wall thickness, increase 

the active porous layers and add extra 

catalysts to the membrane surfaces. 

Expected result: Existing BCFZ fibers 

could potentially reach an average 

high purity hydrogen production rate 

of approximately 1.0 ml min
-1

 cm
-2 

at 

800°C. 

II: Parabolic Trough Operating at 800°C 

II: Performance target in the project 

application: To provide solar energy at 

800°C under stable working conditions.   

A parabolic trough (C <70) has a lower 

peak concentration than a parabolic dish 

(C <5000). A dish is focusing more solar 

energy on a smaller area. Also, a 

parabolic dish uses a two-axis (instead of 

a one-axis) mechanism to maximize 

direct solar beam irradiance. 

Change focus to parabolic dish and 

locate the plant to the most sun-rich 

regions such as the El Paso region, 

USA. 

Expected results: A stable working 

condition at 700-800°C by the use of 

25 kWe parabolic dishes and 

supplementary heating (e.g. heat from 

fuel).  A temperature around 900°C 

would be the absolute most 

preferable. 

III: Integrating the Membrane Module into 

the Parabolic Trough 

III: Performance target in the project 

application: To maintain a high oxygen 

chemical potential in the membrane module 

and keep the gases strictly separated for 

producing high purity hydrogen on the 

inside of the membranes. 

MIEC membranes are sensitive to 

temperature fluctuations. Separating 

high purity hydrogen, water steam, 

syngas and methane gas. Maintain a high 

oxygen chemical potential in consecutive 

membrane modules along the absorber 

tube. 

Heat the gas in a solar concentrator 

and conduct the water splitting 

reaction in an external furnace with 

control systems. The water steam 

mixture and the methane gas mixture 

can thus easily pass in and out of the 

reactor. 

Expected results: Gases from the 

parabolic dish or/and gases from an 

auxiliary heater are provided to a 

reactor furnace.  

IV: The Density of Water Steam at 800°C 

IV: Performance target in the project 

application: To provide enough water 

steam for producing 0.89 g (i.e. 10 liters) of 

high purity hydrogen per minute in each 

membrane module (surface area 1000 cm
2
). 

The flow rate is simply too high. The 

required amount of water steam and 

methane gas has no space in the 

membrane module (module volume 11 

cm
3
).  

Decrease the flow rate, permit 

production to take more time. 

Expected results: A viable flow rate 

(150 ml cm
-2

) in each fiber would give 

a high purity hydrogen production 

rate of approximately 4 ml min
-1

 cm
-2

. 

Comment: The main performance targets in the project application that was sent to the European 

Commission are listed in the topic column. The problem description pinpoints serious problems with all of 

the targets. The purpose of the suggested improvements in the third column is to increase the feasibility of 

the complete system concept.    
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A serious concern of the studied concept is the endothermic reaction efficiency. According to Jiang et al 

(2010), the equilibrium constant of direct water splitting is limiting the oxygen transport through the 

membrane to a point where the entire concept becomes disadvantageous. However, evidence can only be 

achieved by ad-hoc synthesis with the prepared membrane (e.g. containing active porous layers, thin coating, 

catalysts, etc.). A chemical efficiency of 20% raises concerns regarding the commercial viability of the concept 

even for the long-term future. This efficiency is considerably lower than for both electrolysis (approximately 

80%) and conventional steam reforming of methane (approximately 65%). 

The paragraph about solar concentrators (2.6.1) highlights some of the problems of using parabolic troughs 

at 800°C. As explained herein, the heat radiation to the ambient is considerable at temperatures above 

“normal” (i.e. T<600°C). Particularly, an absorption efficiency of 40% at 800°C is not viable with current 

trough technology. The indicators of how to upgrade the trough technology are however appropriate (i.e. 

focus on emissivity-reduced coating and vaccum sealing, etc.), but the approach is vague or lack clear 

justification. Moreover, an even MIEC membrane temperature is very important to maintain material 

properties. It might thus be impossible to use parabolic troughs to operate the MIEC membrane reactor 

without material breakage. Hence, using a linear trough concentrator for both heating the gases (i.e. heating 

the water steam and the methane gas) and supplying the reaction heat of steam reforming has low feasibility. 

Consequently, a comparative analysis between trough and dish technology was important to investigate what 

problems that were mutual and which ones were not. 

Scientific interest in the concept is easy to find. Operating a parabolic trough at 800°C would be unique and 

could possibly become important for the global carbon dioxide mitigation strategy in the future. Another 

scientific advantage is that the produced high purity hydrogen was going to be used in different high-tech 

equipment such as PEM Fuel Cells. Using high purity hydrogen in such a context would emphasize the 

notion that the study concept is a timely technology intended for the transition to a hydrogen-based 

economy.  

Many cost assumptions regarding the hydrogen production unit are linked with major uncertainties. The cost 

of the heat exchangers, material breakage (e.g. MIEC membranes) and other technical difficulties (e.g. 

integrating the membrane module into a solar-receiver module) are very difficult to determine. This will 

require modeling, ad-hoc synthesis and dedicated assessment efforts. Major changes of the entire concept will 

be called for if the modeling and assessment of the hydrogen production unit show that there are serious 

operating problems and huge costs connected to the unit. 

4.1 Conclusions 
Developing efficient and cost-bearing thermo-chemical hydrogen production is a key to the hydrogen 

economy. However, this concept has so far profoundly failed to point-out the direction for thermo-chemical 

hydrogen production. Hence, what this thesis has pointed out is the importance of identifying relevant 

technologies and give them relevant scientific and commercial support, not letting our compassion to spread 

resources to all ideas [read concepts] with some scientific relevance – the whole point is for there to be 

winners and losers and for our scientific breakthroughs to change in favor of the production methods and 

processes that deliver new benefits with more commercial viability and lower environmental impact. Such a 

path creates incentive for the most promising technologies to emerge and leads to progressive improvement 
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on the path to a hydrogen-based economy. Compassionate reconciliation of all ideas leads to complacent 

acceptance of the slow (or status quo) development of the hydrogen economy.  

How can we know if a concept that is not yet techno-economically viable might have a relevant (and 

significant) contribution to the transition towards a hydrogen-based economy and be confident enough to 

exclude it from the scientific scene? 

Of course we can’t, unless we actually have approximately investigated the complete system configuration 

that at some stage gives us the experience to know that it can be excluded. However, it is safe to say that the 

concept under study has less potential than similar concepts that is not using parabolic troughs or parabolic 

dishes. This is because a high temperature (i.e. >800°C) solar concentrating facility with an intrinsically low 

capacity factor guarantees neither material properties nor a continuous production.  

Choosing which technologies to include in the energy strategy aimed for the renewable society is the 

“elephant in the room”. For instance, many scenarios ignore or overlook the opportunities of producing and 

using hydrogen in society. George W. Bush was quite broad-minded when he announced that he would 

spend more than $ 500 million on a plan for research, production and distribution of hydrogen that could be 

used in fuel cell cars, even though he knew that the commercialization of hydrogen cars was decades into the 

future:  

“Hydrogen fuel cells represent one of the most encouraging, innovative technologies of our era.... One of the greatest results of using 

hydrogen power, of course, will be energy independence for this nation... think about a legacy here at home, about making 

investments today that will make future citizens of our country less dependent on foreign sources of energy. And so that’s why I’m 

going to work with the Congress to move this nation forward on hydrogen fuel cell technologies. It is in our national interest that 

we do so.” 

President George W. Bush, The National Building Museum, February 6, 2003 

In 2009, the plan was killed by President Barack Obama due to the financial crisis and to the assumption that 

hydrogen cars still were far from commercialization. The blind man is still groping for the elephant! 

4.2 Outlook 
The incremental development of the concept would include a dissemination plan comprising education, 

papers, conferences, workshops, web sites and professional media. Further concept development would 

include an expansion of the study area to aspects that have completely been left out of the concept so far, 

such as the handling and storage of the produced hydrogen gas. It is also interesting to analyze the 

competitors’ technologies and the nature of markets for the concept. A preliminary outlook on these issues is 

necessary to judge the impact potential of the concept. A road map for commercial exploitation would also 

be relevant. Further investigating how to increase the feasibility of the concept would include aspects such as 

placing the reactor in furnaces of different types, simulating different kinds of solar concentrators (e.g. solar 

tower systems and other kinds of heliostat fields), and continue laboratory water splitting experiments by the 

use of flat MIEC membrane configurations.  
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Appendix A – Reaction Properties 
Table 17: Reaction properties of steam reforming. 

CH4(g) + H2O(g) = CO(g) + 3 H2(g) 

T ΔH ΔS ΔG K
+
 Log (K

+
) 

°C kJ J/K kJ     

620 224 250 0 1 0 

700 225 251 -20 12 1 

800 225 252 -45 162 2 

850 226 253 -58 499 3 

900 226 253 -71 1398 3 

1000 226 253 -96 8620 4 

 

Table 18: Reaction properties of partial oxidation of methane. 

CH4(g) + ½ O2(g) = CO(g) + 2 H2(g) 

T ΔH ΔS ΔG K
+
 Log (K

+
) 

°C kJ J/K kJ     

620 -23 196 -199 4.18∙10
11

 12 

700 -23 197 -214 3.23∙10
11

 12 

800 -23 197 -234 2.48∙10
11

 11 

850 -23 197 -244 2.21∙10
11

 11 

900 -23 197 -254 1.99∙10
11

 11 

1000 -23 196 -273 1.66∙10
11

 11 

 

Table 19:  Reaction properties of direct water splitting. 

H2O(g) = H2(g) + ½ O2(g) 

T ΔH ΔS ΔG K
+
 Log (K

+
) 

°C kJ J/K kJ     

620 247 54 199 0 -12 

700 248 55 194 0 -10 

800 248 55 189 0 -9 

850 248 56 186 0 -9 

900 249 56 183 0 -8 

1000 249 56 178 0 -7 
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Appendix B – Computer Simulation of the 
Reaction Process 
B.1 Simulating the Reaction with a Plug Flow Reactor Model 
A standardized technique to numerically simulate an ideal chemical reaction in a tube (e.g. in a BCFZ fiber) is 

by simulating a plug flow reactor (pfr). This kind of simulation can be conducted by the use of an ode 

(ordinary differential equation) integrator in the Matlab software (e.g. ode45). The simulation makes use of 

the following assumptions: 

• First-order reactions 

• Steady state, isothermal conditions (i.e. 800°C) 

• Reaction occurring in the bulk of the fluid 

The differential equation that is used for the simulation is presented in Formula 21. Where u [cm s-1] is the 

flow velocity, X0 [-] is the reactant molar change, nA [mol] is the molar quantity of compound A and k+ [cm s-

2] is the reaction constant. 

Formula 21: Generalization of the ordinary differential equation used in the PFR.  

 
   
  

      
  

It should be noted that the simulation cannot be accurate until scientific testing of the actual membrane fiber 

has been conducted. Experimental data that currently are missing include information regarding what the 

maximum flow rate is and what the prepared oxygen chemical potential gradient of the BCFZ fiber is. 

Nevertheless, this simulation can give indications about some general characteristics of the endothermic 

reaction.  

The amount of gas used for the simulation is 1 mol water steam, 1 mol methane gas and an amount of 

oxygen enough to match the chemical efficiency of the steam reforming reaction.  

The initial amount of oxygen at the outer side of the membrane is representing the lattice oxygen. The flow 

rate is 1,000 cm s-1 (i.e. 134 cm3 min-1). The molar balance of the reaction at the inner side and at the outer 

side of the membrane is presented in Table 20 and 21. 

Table 20: Molar balance at the inner side of the membrane: H2O ↔ ½ O2 + H2 

 Reactants    +  Products        =        Output 

H2O 1 mol –X1 1 mol – X1 

O2 0 +X1 ∙ ½ X1∙ ½ 

H2 0 +X1 X1 

Total output   1 + X1∙ ½ 

Table 21: Molar balance at the outer side of the membrane: CH4 + ½ O2 ↔ CO + 2 H2 

 Reactants      +  Products        =     Output 

CH4 1 mol –X2 1 mol – X2 

O2 X1∙ ½ –X2∙ ½ X1∙ ½ – X2∙ ½ 

CO 0 +X2 X2 

H2 0 +2 X2 2 X2 

Total output   1 mol + X1∙ ½ + X2 
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The chemical efficiency of the reaction is initially set to 20% (i.e. high purity hydrogen at exit about 14% at 5 

bar). The reaction constant in this simulation is 5.0 cm s-2. The simulation is shown in Figure 32 and Figure 

33. 

Figure 32: Inner side of a BCFZ fiber. Chemical efficiency 20%. 

 

Figure 33: Outer side of a BCFZ fiber. Chemical efficiency 20%. 
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These two (2) simulations can be combined in one (1) joint diagram. The combined simulation is done both 

for a chemical efficiency of 20% and a chemical efficiency of 100% (i.e. 70% high purity hydrogen at exit) 

(Figure 34 and 35). The reaction constants are 5.0 and 39.0 m s-2, respectively. 

Figure 34: Overall reaction conducted with a BCFZ fiber. Chemical efficiency 20%. 

 

Figure 35: Overall reaction conducted with a BCFZ fiber. Chemical efficiency 100%. 
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B.2 Simulating Oxygen Flux and Reaction Constant at 800°C 
Another numerical model was developed to simulate the oxygen permeable flux. This model takes footing in 

the articles by Bouweester (2003) and Schiestel, Kilgus, Peter, Caspary, Wang and Caro (2005). These articles 

are using the oxygen chemical potential gradient (μ) of the MIEC membrane to determine the oxygen 

permeation flux, where μ is derived from the Wagner equation (Formula 4). 

Schiestel et al (2005) approximates the oxygen permeation flux of a BCFZ fiber as a linear function of the 

partial pressure difference of the high (oxygen) and low side (methane) of the membrane (Formula 22).  

Formula 22: Approximation of the oxygen permeable flux of a BCFZ fiber. 

 (  )   
  (    

      
 )  (    

 )     (    
 )     

A similar approximation is done by Sunarso et al (2008). The reaction constant (k+) reflects both bulk 

diffusion and interface reactions. As indicated by Bouweester (2003), the amount of oxygen in the membrane 

structure is stable when the pressure difference log(p’O2) – log(p”O2) is -7 to -15 log(pO2/bar) (Figure 36). A 

stable membrane structure is benign for a BCFZ fiber, since a stable membrane structure reduces membrane 

expansion and thus material stress and breakage. Furthermore, keeping the oxygen content stable simplifies 

the experimental measurements of the behavior of the oxygen permeable flux.  

Figure 36: Oxygen vacancies in a MIEC shell.  

 
Source: (Bouwmeester, 2003) Comment: If all of the oxygen vacancies contribute to ionic transport then 

the oxygen permeation flux is proportional to the shaded area. p”O2 and p’O2 are the oxygen partial 

pressures at the low and high side of the membrane. The oxygen partial pressure difference is the driving 

force of the ion transport. 

The flow velocity in the tube direction is 10 m s-1 (134 cm3 min-1), considering an inner membrane diameter 

of 530 μm and a membrane thickness of 175 μm. The reaction process constitutes membrane oxidation with 

the revitalization of the membrane by oxygen permeation through the membrane (step 1) and the subsequent 

change of the reaction constant (step 2).  
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The amount of free oxygen ions that is generated from the water splitting reaction (step 2) is the same 

amount as the amount of oxygen ions permeated through the membrane (step 1) at every instant. This 

reaction process is only considering the part of the membrane surface where all the molecules can dissolve 

and instantly move through the membrane. The simulation is conducted to demonstrate the basic principles 

of how an oxygen conducting membrane works. 

The molar expansion of the water splitting reaction has a very unfavorable effect, promoting the back 

reaction. In this simulation, the amount of oxygen that is released during the water splitting reaction 

corresponds to 50 % of the amount of hydrogen that is released (Formula 23).  

Formula 23: Estimating the water splitting reaction constant by considering that the hydrogen production 

rate is double compared to the oxygen permeable flux.   

    
(          )

      
 
 

(           )
 

 

The reaction was initially simulated in collaboration with Dr. Tilman J. Schildhauer at PSI. Calculations of the 

membrane properties were made for standard condition (i.e. 25°C and 1 bar) to correspond to the selected 

oxygen permeation flux (i.e. 5 ml min-1 cm-2 at standard condition).  

Thermolysis (i.e. direct water splitting) at 800°C has a chemical efficiency of less than 0.1%. The chemical 

equilibrium of the reaction process in a MIEC membrane is expected to be considerably higher, since the 

oxygen chemical potential is large. Figure 37 to Figure 39 show the oxygen permeable flux {J(O2)}, the 

water-to-hydrogen conversion and the hydrogen partial pressure, respectively.  

Figure 37: Simulation of the oxygen permeable flux of a BCFZ fiber. 
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Figure 38: Simulation of the water-to-hydrogen conversion in a BCFZ fiber. 

 

Figure 39: Simulation of the hydrogen partial pressure (at standard condition) of a BCFZ fiber. 

  

Figure 37 to 39 illustrate what happens to the oxygen chemical potential gradient when the amount of 

hydrogen in the tube increases. As can be seen, the oxygen permeation {J(O2)} across the membrane is 

drastically reduced due to an increase of hydrogen. Thus, these figures are meant to particularly stress the 

importance of removing the hydrogen from the water steam mixture in order to produce hydrogen in 

consecutive membrane modules placed in a long line.  
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B.3 Transient Behavior of the Reaction in a BCFZ Fiber 
The purpose of this paragraph is to estimate the time it takes for the water and hydrogen mixture to pass 

through a BCFZ fiber. A partial differential equation (pde) simulates the non-steady molar balance for a 

reactant (e.g. high purity hydrogen) (Formula 24) (Silverstein, 2010). The simulation is done for a chemical 

efficiency of 20% and 100%. Where the volumetric flow rate (vo) is 150 cm3 min-1 and the reaction constant 

(k+) is 0.39 s-1. The volume of the tube is equal to the size of a BCFZ fiber (i.e. diameter 0.535 mm, length 33 

cm). 

Formula 24: Pde describing the transient behavior of a BCFZ fiber with constant volumetric flow rate (v o). 

   
  

         
   
  

 

This pde is solved numerically by a solving technique called method of lines. The idea with this technique is 

to discretize all but one dimension, which in this case means to discretize the volume. The result is a set of 

coupled ordinary differential equations, which can be solved by a stiff integrator operator that is called ode15 

in the Matlab software. Figure 40 shows the transient behavior of the molar amount of high purity hydrogen 

at the outflow of the fiber, which is derived step-by-step from finite differences of the discretized volume (i.e. 

100 steps) until the outflow. 

Figure 40: Simulated transient behavior of the hydrogen concentration in a BCFZ Fiber.  

 

Figure 40 shows that it takes approximately 0.015 minutes (i.e. 0.9 seconds) for the water steam to pass 

through the membrane module (i.e. a distance of 33 centimeters). When the water steam has passed through 

the tube for the first time, the endothermic reaction is expected to proceed in a constant manner for a long 

time allowing the concentration of hydrogen to stay constant (e.g. 14%) throughout the membrane module.  
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However, in order to produce hydrogen in a membrane module the water steam must be free from hydrogen 

when entering the membrane module. The oxygen chemical gradient potential could thus be maintained at a 

high level.  

The water steam that enters the membrane module is not reused at once, because the hydrogen must first be 

separated from the water steam by conventional condensation of water. The very short length of a membrane 

module would make it difficult to divert the hydrogen mixture and to supply new water steam to every 

membrane module. The alternative is to let the hydrogen mixture stay in all of the membrane modules of the 

full-size block of parabolic troughs. This would probably mean that most, if not all, of the hydrogen is 

produced in the first couple of membrane modules, eliminating the chance to produce hydrogen in all of the 

following membrane modules. But if the temperature is increasing in the flow direction, it is possible that the 

hydrogen concentration in the tube could increase in the flow direction.    
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