
Research theme of the NWO-programme  
‘CO2 Neutral Fuels’

 

Society and the global economy depend heavily on a fossil fuel based energy infrastructure. Spurred 

by worries about climate change, Europe is implementing increasingly stricter limits on CO2 exhaust. 

The Netherlands is still far from fulfilling the 2020 requirements with respect CO2 neutral 

sustainable energy, and the national government is inviting excellent proposals that fulfill the 

fundamental research need for innovation towards a CO2 neutral energy system in the shortest 

possible time span, as the Dutch economy will have to pay huge fines from ~2020 onwards when 

current fossil fuel practice continues. 

All scenarios for a transition to sustainable primary energy, including solar photovoltaics, and wind, 

utilize directly or indirectly sunlight reaching the earth surface. However, these sustainable energy 

technologies produce electricity, for which the supply has to be balanced with energy demand, to 

accommodate the day/night rhythm, seasonal rhythm, weather fluctuations and regional difference 

in solar insolation. In addition, globally less than 20% of the consumed energy is used in the form of 

electricity, and CO2 neutral fuels will be needed. Conversion of solar energy into fuels is always less 

efficient than electricity generation, and there is converging evidence that efficiency is the most 

important parameter for an economically viable process. 

There is a strong need to produce, with minimal kinetic losses, CO2 neutral fuels from renewable 

energy sources such as solar and wind, to alleviate the intermittent character of these sustainable 

energy sources by storing the energy in fuels and to mitigate the detrimental climate effect of the 

globally increasing CO2 levels1. 

These so-called solar fuels are considered to be important future energy carriers that will be 

essential to complete the future energy infrastructure based on renewable energy sources.

Figure 1 Overview of solar fuel production from the raw materials H2O and CO2. The NWO program intents to develop 

processes where both CO2 and H2O are the raw materials for solar fuels production. The two boxes involve multi-

disciplinary research fields where challenging research questions are addressed to provide breakthrough solutions for 

cost-efficient solar fuels production. The two processes of conversion and generation can be combined into one single 

device or system (as indicated by the dashed line).

 

1  The energy density in fuels such as gasoline and alcohols is at least a factor of ten higher than the storage in batteries or 
super-capacitors
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Scientific objectives of the NWO programme 

Solar fuels are always based on using solar energy as the only energy source, directly or possibly 

indirectly, provided the sustainability benefits compensate the additional conversion losses  

(e.g. storage of excess electricity from windmills). In Figure 1 the production of a solar fuel 

(hydrogen, alkanes, alcohols, etc.) is depicted schematically. The raw materials used to produce the 

solar fuel are CO2 and water. CO2 is considered to be available, albeit limited, from carbon capture 

at point sources such as power plants and true CO2 neutrality requires capture of CO2 (from exhaust 

from transportation) directly from ambient air by (bio)chemical concentration. The raw materials 

undergo chemical reactions, for example driven by direct conversion of sunlight in thermo-

dynamically well-balanced, modular convertors, nano-structured materials that match, time, length 

and energy scales for optimal conversion efficiency, or indirectly by electricity generated by solar 

cells or windmills in medium-scale cycles, to generate activated species from CO2 and H2O from 

which carbon containing fuels can be produced. 

A key element in the research of CO2 neutral production of fuels (see Figure 1) is the conversion step 

of the raw materials. There are four possible conversion processes. Direct conversion of solar light 

into fuels can be done by integration of photo-catalytic, thermo-catalytic, electro-catalytic, bio-

catalytic or plasma-catalytic processes in single monolithic device concepts, while indirect processes 

involve separation of processes on the macro-scale and coupling to a grid-based network.by using 

sustain-able generated electricity. These conversion processes aim to use light energy or electrons to 

drive reactions from CO2 and H2O leading to fuel generation. The development of artificial 

structures such as (semi-)synthetic supra-molecular systems, thermo stable nano-structured materials 

and surfaces, hybrid photocatalytic conversion systems, (micro-) reactors utilizing abundantly 

available nano-structured photo- and/or electro-catalysts or plasma conversion processes to exploit 

non-equilibrium energy efficient processing of reactants are targeted as multi-disciplinary research 

areas where novel approaches and scientific breakthroughs are needed. This multi-disciplinary 

research, therefore addresses the full knowledge chain starting from the raw materials CO2 and H2O 

up to solar fuel production. The issue of scalability of the solutions proposed and the use of 

abundantly available materials is an essential requirement of the initiated research, since this 

enables a rapid transformation into technology and novel energy and cost efficient processes, which 

is the ‘raison d’être’ of this program.

The NWO program is structured along four sub themes for which breakthrough multidisciplinary 

research proposals are solicited. These four subthemes are:

– Photocatalytic approaches for CO2 neutral fuels: functional inorganic semiconductor materials

–  Responsive matrices for CO2 neutral production of solar fuels

– Out of equilibrium processing of solar fuels

– Process and reactor development for the downstream synthesis of fuels or chemicals

These themes are inter-linked and reflect the multi-disciplinary character of the research in solar 

fuels. Fundamental research into novel chemical topologies for conversion processes is within the 

domain of the physical, chemical, biological and materials sciences, while biocatalytic steps combine 

the (bio-)chemical and physical engineering disciplines. Since the development and integration of 

novel concepts into systems, (micro-)reactors and devices is included, electrical and mechanical 

engineering science aspects are explicitly a part of the program. In all phases of research predictive 

multi-scale modelling of processes on the molecular nano-scale and system and device scale are 

paramount to achieve progress in understanding and to facilitate up scaling of the technologies 

developed.

A keyword in the program definition is the term ‘fuel’. A fuels market is not to be compared to 

pharmaceuticals, cosmetics or even bulk chemicals. The margins on fuels are very small and the 

volumes massive. The Dutch market for gasoline for example was 5.7 billion liters in 2011. To replace 

even a modest 1% of that by solar fuels is an enormous challenge. But one to face. Another 

consequence of the ambition is that the whole chain consumes CO2 rather than producing it and 

extensive if not exclusive use is made from solar power.
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Photocatalytic approaches for CO2 neutral fuels: functional inorganic semiconductor 
materials

Since the discovery that photo-excited TiO2 is capable of splitting water into hydrogen and oxygen 

in the early seventies of the last century, tremendous research efforts have been initiated to 

improve on the performance of TiO2 in this reaction, and to evaluate the effectiveness of other 

photo-anodes, including e.g. oxynitrides and sulphides. Also efforts to include CO2 into the reaction 

mixture, converting this to e.g. CO, CH4 or CH3OH over the above mentioned compositions and over 

supported catalysts in silica scaffolds, have been reported. As stated in other parts of this document, 

both options, i.e. generation of hydrogen and oxygen, followed by reaction processes for hydro-

genation of CO2, or including conversion of CO2 in a single photocatalytic multijunction device 

operating over the entire visible spectrum show perspective. At the same time we do not want to 

exclude nitrogen activation. Application of PhotoElectrochemical Cells can be part of the program, 

as well as original reactor concepts. However, still significant improvements in thermodynamic 

efficiency, stability and kinetics of steady state catalysis are needed to make photo-catalyic 

conversion of water and/or CO2 feasible in practice. The following directions for fundamental 

research can be identified. While mentioned separately, significant improvements require 

combination of these possible options. The focus of this subtheme is therefore on materials and  

the synthesis of these materials which exploit recently discovered novel concepts which might 

potentially enhance the photo-catalytic system performance. Although a complete list is difficult  

to give, the following concepts can be considered:

– Band gap engineering 

This field of research has the aim to better match the absorption spectrum of a semiconductor with 

a desired part of the solar spectrum. Usually this field aims at doping of large band gap semi-

conductors, such as TiO2 or Titanates, with elements that reduce the band gap (and thereby shift the 

absorption spectrum to the visible). Examples include doping with metals, or non-metals such as C, 

N, and F. Certainly activities should not be limited to simple oxides, but also multiple component 

oxides, nitrides, sulphides, etc. can be considered. The great challenge is to solve the mobility issues 

in these semi-conductors and design stable catalysts for the desired reactions. Activities can range 

from theoretical modelling, to design of experimental procedures for synthesis of complex hybrid 

inorganic semiconductors, for which reproducibility is often an issue. 

– Crystal surface and facet engineering 

The importance of crystal facet engineering (Figure 2) is related to the hypothesis that the reactivity 

of certain crystal facets is higher than of others. This might be related to the tendency of facets to 

preferably accumulate charge carriers, or to preferred adsorption characteristics. 

Figure 2 Illustration of WO3 crystals with different relative contributions of exposed planes (Xi et al. J. Mat. Chem. 2012, 

22, 6746
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– Supported photocatalysts and surface functionalization

Chromophores (isolated centers in e.g. well-structured silica scaffolds) have been demonstrated to 

be excellent catalysts for the conversion of CO2 to CO and hydrocarbons upon exposure to UV light. 

In addition, various modifications of the supported chromophores have led to visible light absorp-

tion characteristics, and have been shown to have the ability to convert CO2 in CO by excitation with 

visible light. Also incorporation/supporting of oxides for water oxidation has been demonstrated to 

be quite feasible. The next step is to combine water oxidation functionality with visible light 

reduction sensitivity in structured multi-junction architectures that are thermodyna-mically and 

kinetically well-balanced for the overall reaction of CO2 activation, and separation of the 

hydrocarbonaceous products and oxygen.

– Z-scheme based systems and reactive cells 

The Z-scheme or tandem is based on the principle that a combination of two semiconductors in 

series can yield absorption of a significant fraction of the solar spectrum to establish a high 

potential > 2V for the combined reaction of water oxidation and CO2 fixation. The scheme is 

illustrated in Figure 3. While two photons are consumed to produce a pair of charge carriers with 

sufficient energy for the desired half reactions (CO2 /H
+ reduction and water oxidation) (one pair is 

recombined thermally), still improvements can be made, e.g. in providing novel systems for efficient 

communication between the two applied semiconductors, and simplification of H2-photocatalysts. 

Figure 3 Illustration of a Z-scheme system (Kudo et al., Int. J. of Hydrogen Energy; 2007, 32, 2673-2678).

 

– Plasmonic functionality

Recent literature demonstrates that combinations of semiconductors with plasmonic particles (Au 

or Ag) can lead to a significant enhancement in photocatalytic rates of e.g. TiO2. The fundamentals 

behind this plasmonic effect are as of yet not very well understood, and fundamental research could 

be directed in investigating where this positive effect stems from and how it can be reproduced in 

abundant materials, possibly even carbon nanotube/graphene-based or supramolecular structures. 

Figure 4 Illustration of the possible effects of plasmonic metal particles on semiconductor behavior. Warren et al.  

Energy Environ. Sci., 2012, 5, 5133–5146
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– Nano-structured solar cell materials and functionalization thereof

Another approach in creating active devices for production of CO2 neutral fuels is inspired by the 

use of solar cell materials. In particular the construction of well-defined Si nano-structures in 

triple-junction settings has been proposed to be a basis for CO2 neutral fuel production. The 

functionalization with catalysts of these Si structures has not been investigated in detail. The 

program welcomes original ideas in this direction, also aiming at CO2 reduction. 

Fundamental study of the above novel materials and concepts is highly encouraged, including the 

use of dedicated equipment to measure catalyst structure under working conditions, as well as to 

model the composition and activity by computational methods such as (time dependent) DFT. 

Figure 5 Illustration of functionalized Si wires, aimed at converting water into hydrogen and oxygen. Hou et al.  

Nature Materials, 2011, 10, 434-438.

Responsive matrices for CO2 neutral production of solar fuels

Nature has successfully exploited photosynthetic membranes as the engine of evolution for about  

3 billions of years now, and has changed the atmosphere from CO2-rich in the Archaic to the 

CO2-lean atmosphere rich of oxygen as we know it now. The boundary between the Archaic and 

Proterozoic 2.5 billion years ago, marks the onset of sustainable oxygen in the atmosphere. Many 

scientists believe that it will be possible to use the principles of light-harvesting, charge-separation 

and multi-electron catalysis in photosynthesis for the chemical design and synthesis of ‘responsive 

matrices’ for the production of solar fuel, using water as the raw material to extract electrons and 

protons for the CO2 neutral production of primary energy carriers such as hydrogen or carbon based 

fuels on a large scale. The natural photosynthetic machinery serves here as a paradigm and 

inspiration of how to construct assemblies from larger numbers of increasingly different molecular 

components. This subtheme therefore includes the so-called artificial leaf research approach. 

The grand challenge is to reinvent the concept of photosynthesis with two light reactions operating 

in tandem in such a way that it can operate close to the physical limits for free energy storage Δμst(t) 

in the form of carbon neutral fuels. Contrary to solar photovoltaics, where single photon conversion 

is currently the standard, solar to fuel conversion requires two photons in the visible range to 

provide sufficient potential for water oxidation and fuel production, in analogy to the Z-scheme 

introduced for inorganic semiconductors. To sustain photochemical solar to fuel conversion, light 

has to be harvested, charges need to be separated, water has to be oxidized and protons are to be 

reduced or reacted with CO2 concentrated from the atmosphere when carbon-based fuels are 

desired. The development of efficient bio-inspired photocatalysis in supramolecular systems or 

nano-structured ‘responsive matrices’ critically requires pushing frontiers in science, since we are 
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working against boundaries of thermodynamics and supramolecular physics and chemistry. This 

sub-theme includes especially the following research topics:

– Molecular catalysts

For a long time the most critical hurdle has been to design and make a stable, light driven catalyst 

that can split water at sufficient rates. For molecular catalysts based on abundant elements this is 

still a major challenge but catalysts are ready to try in device oriented research2. Example are the 

mononuclear molecular containing catalysts mimicking key aspects of the water oxidizing chemistry 

in the photosynthetic enzyme Photosystem II. Two-electron molecular photo-catalysts for hydrogen 

formation need to be based on abundant, cheap transition metals (instead of scarce noble metals 

like platinum, iridium or ruthenium). 

Figure 6 Water splitting catalysis can be exploited as a source of electrons and protons, to make clean renewable fuels 

like hydrogen, mimicking photosynthesis. Highly competent surface-immobilized moleuclar catalysts are needed that 

generate O2 with high rates and high turnover numbers > 100,000. The figure shows a recent example of a robust 

catalytic system that can be easily anchored on surfaces Joya KS et al. (2012) Surface-immobilized single-site iridium 

complexes for electrocatalytic water splitting. Angew Chem Int Ed Engl 51:9601–9605.

– Artificial photosynthesis in supra-molecular systems

A key subfield is to design complex chemical topologies for artificial photosynthesis with supra-

molecular systems. The understanding of supra-molecular integrated photoanode and photo-

cathode architectures for solar energy conversion with the goal of increasing their efficiency in 

energy trapping, charge separation and catalysis involves the study of the interplay between the 

different components in such systems, the analysis of proton-coupled electron-transfer processes, 

electron tunneling along a redox gradient, and investigations on (photo-)catalytic activation of 

immobilized molecular modules for water splitting or CO2 activation. 

– Chemical engineering of supra-molecular structures

Natural photosynthetic antennae and reaction centers, chlorophylls and their scaffolding environ-

ment are chemically preprogrammed in the ground state by localized stress on the dye molecules, 

induced by folding and self-assembly of nano-structured molecular complexes, on a scale of 

1-100 nm. Building on this knowledge involves the design of dye aggregates that are 

 

2  Molecular catalysts are often developed following bio-mimetic approaches. Studies of energy conversion and storage in efficient 
natural enzymes provide shortcuts for the development of the complex chemistry by mimicking enzymatic catalytic functions and 
the hierarchical design with time scales, length scales and energy scales of the biology. Natural photosynthesis succeeds in 
operating close to the thermodynamic limit for chemical storage of energy by ‘buying time’ for storage of energy according to 
Δμst(t)=hν0−kBT ln (t ⁄ τ). Due to the second law of thermodynamics the free energy Δμst(t) that is photochemically trapped for a time 
t starting from an absorber with energy gap hν0 and lifetime τ is reduced by at least the mixing entropy kBT ln (t ⁄ τ), both for 
artificial systems and for organisms.
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preprogrammed for unidirectional energy and charge transfer while preventing electron back 

transfer and recombination of electrons and holes. This requires the engineering of:

–  overlap of dyes for long excited state lifetimes by scaffolding through self-assembly;

–  changes of the spatial and electronic structure of dyes for adaptation of the site energies;

–  enhancing or constraining the susceptibility of the dye matrix for electronic symmetry breaking 

upon excitation via targeted local dynamics of dye molecules in combination with tension from 

electrostatic interactions in the ground state;

–  adjusting the redox potential, including the transient adjustment upon optical excitation;

–  proton management mechanisms, e.g. by activated hydrogen bonds in the surrounding matrix for 

Proton Coupled Electron Transfer (PCET)

–  engineering of the vibrational properties in relation to the molecular mechanisms of the desired 

function. 

Figure 8 Artist’s impression of a biomimetic/biohybrid artificial leaf producing carbon neutral hydrogen fuel  

with a tandem device

Figure 7 Natural chlorophyll dyes can selfassemble to form ‘smart’ nanotubes with strong polarizability for long range 

Förster exciton transfer and charge separation facilitated by aligned electric dipoles of the molecules coupled to helical 

arrays of activated Hydrogen bonds. Ganapathy S et al. (2009) Alternating syn-anti bacteriochlorophylls form concentric 

helical nanotubes in chlorosomes. Proceedings of the National Academy of Sciences 106:8525–8530
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– Assembling devices, nano- and microreactors, artificial leaves: beyond the state of the art 

The first chemical building blocks like catalysts and charge separating ensembles have become 

available in recent years. The great challenge in this subtheme, and its central research goal, is the 

evidence-based design, assembly and thermodynamic/energetic efficiency optimization of the 

different parts to construct half cells and thereafter functional integrated systems and combine 

these building blocks into a complete and stable photo-catalytic system, to form so-called artificial 

leaves. Likewise micro- and even nanoreactors can be constructed which provide for high surface to 

volume ratio such as nanowires and thus efficient light distribution and catalyst activation. 

Out of equilibrium processing

Conventional approaches on fuel production are based on equilibrium thermodynamics. In the 

report ‘Directing Matter and Energy: Five Challenges for Science and the Imagination’ by the Basic 

Energy Sciences Advisory Committee one of the challenges in particular addresses the out of 

equilibrium state of matter3: ‘The Grand Challenge for Matter Far Beyond Equilibrium is to 

characterize and control matter away – especially very far away – from equilibrium’. Equilibrium 

phenomena are well understood and can be predicted by the laws of thermodynamics. Systems 

usually evolve towards equilibrium, a state of matter in which the forward rates of all processes 

equal the reverse rates for the same processes, so that there is no net change. The transformation 

processes of matter or energy, if sufficiently slow, can be well approximated by first order extension 

of the equilibrium laws. However, if the processes occur through a sequence of far out-of-

equilibrium steps, real understanding and a proper theoretical description are still lacking.  

These out-of-equilibrium steps might provide benefits, for example through vibrational excitation 

activation energies are lowered or even absent increasing significantly the rates of reactions.  

In addition self-organization might develop as is often the case in complex phenomena. 

Understanding of the non-equilibrium behavior of physical, chemical and biological phenomena, is 

therefore a grand scientific and engineering challenge. This understanding will reveal whether it 

might be exploited and will lead to more efficient processes, both in terms of the use of energy as 

well as in the use of scarce materials. The aim of this sub-theme is to explore and investigate the 

utilization of out-of-equilibrium states of matter or processes to realize a CO2 neutral and cost- and 

energy efficient production of fuels. Research in this subtheme includes the out of equilibrium 

processing of carbon dioxide and water into carbon based fuels, either using direct solar radiation 

or the indirect use of solar or wind generated electricity.

 The initial step in the formation of carbon based fuels is either the activation of carbon dioxide 

(CO2) in carbon monoxide (CO) and oxygen (O2) or the splitting of water (H2O) in hydrogen (H2) and 

oxygen (O2). Either one of the products CO or H2 can be processed further to carbon containing 

fuels, e.g. through the so-called Fischer-Tropsch process. The out-of equilibrium enhancements of 

these processes might provide pathways which enable better use of the scarce materials and energy 

needed to drive these processes. This subtheme therefore addresses research aspects within the 

following research topics:

– Electro- and thermo-chemical processing of carbon dioxide and water

The electrochemical process of converting CO2 into carbon containing chemicals is hampered by a 

low efficiency, mainly due to the fact that the solubility of CO2 is small. Moreover, inactivation of 

(electro-) catalyst by carbon compounds is a challenge. The electrolysis of water is a feasible process 

but with considerable challenges with respect to the cost of investments due to use of advanced 

materials and expensive noble metal catalysts. Research into alternative materials and combination 

with photon based processes, use of multi-temperature or even non-Maxwellian distributions, 

including super-critical CO2, might enable higher efficiencies of the conversion rates. Detrimental 

effects leading to lower energy efficiencies during the electrolysis of H2O or CO2, such as bubble 
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formation on the electrodes, might be mitigated by nano-structuring the electrode surface. As a 

benchmark of the thermo-chemical approach might serve the direct conversion of sunlight using 

metal-oxide based materials, e.g. ZnO and CeO2, into CO and H2. Present day overall efficiencies 

have reached 3-5%. One of the big challenges is the operating temperature (> 1200 oC) in relation 

to the nano-structuring of the reactive metal oxide materials used. If ZnO is used as the reactive 

metal-oxide it is fully vaporized into metal and oxygen and subsequently oxidized by either CO2 or 

H2O to return to the solid state again. In this respect nano-particles might provide novel routes if 

the size dependent lowering of melting temperature can be exploited. Furthermore, this vapour 

based process, containing strong temperature gradients in a system containing vapour-liquid-solid 

interaction, requires a thorough understanding of the non-equilibrium involved. Likewise, the 

metal-oxide surface reaction based conversion of CO2 and H2O using metal foams might be 

enhanced by exploiting photon confinement techniques, but also in this case control over the 

nano-structuring of the metal foam is important to enhance the surface reactivity of the reduced 

metal-oxide. 

Figure 9 A solar thermal reactor for CO2 activation and H2O splitting (W.C. Chueh et al. , Science 330, 1797 (2010)) 

– Activation of carbon dioxide and water by nonequilibrium plasma

Plasmas generated by solar or wind produced electricity are non-equilibrium by nature and 

exploring the plasma-chemical approach, might provide new gas phase based pathways to obtain a 

cost-efficient and energy efficient way of CO2 and H2O conversion. This subtheme is focused on the 

fundamental aspects of this nonequilibrium approach. For technological challenges regarding 

plasma activation please refer to the upcoming STW-Alliander call, which will be published on www.

stw.nl. In a non-equilibrium medium , the mole-cules, atoms, ions and electrons have non-

Maxwellian distribution functions with possible different temperatures for the different degrees of 

freedom. This can lead to energy efficiencies well above 40%, which can be calculated based on 

equilibrium thermodynamics, to a champion result close to 90% . Indeed plasma can be 

characterized by a high degree of non-equilibrium, in particular the difference between the 

excitation of the vibrational states with respect to the translational and rotational degrees of 

freedom. Activation of molecules with plasma leads to activated species like ions and radicals, which 

 

4 V.D. Rusanov, A.A. Fridman and G.V. Sholin, Sov. Phys. Usp. 24 447 (1981)
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will dissipate part of their energy by coupling reactions, i.e. making chemical bonds. These reactions 

may occur in the nonequilibrium medium homogeneously, but also heterogeneously on reactor 

walls or surfaces introduced deliberately. One of the fundamental questions to be addressed is 

whether we can influence the product distribution and energy efficiency via manipulation of the 

interactions of activated species with surfaces. Understanding this complex medium by advanced 

modeling is therefore one of the main challengesto actively control the plasma medium. It may 

benefit from the work on smart matrices, since here selective vibrations are enhanced for lowering 

barriers by shaping and optical irradiation of molecular building blocks in nanostructured modules 

and devices. This will enable to understand and apply selective vibrational excitations of CO2 or H2O 

to efficiently activate CO2 or split H2O which has shown to be a more effective way of activating CO2 

or splitting of H2O than by direct electron impact reactions. In addition possible enhancement of the 

energy efficiency by a deeper understanding of the plasma- or radical wall interactions, possibly 

exploiting the free electron charges adsorbed on these surfaces, might bring this approach well 

above the 40%. In this respect, a fundamental under-standing of the loss processes involved and 

how to mitigate these losses, is one of the key challenge of this subtheme.

Figure 10 Some examples of (sub)atmospheric plasmas for energy efficient CO2 activation. From top to bottom packed 

bed dielectric barrier discharge, gliding arc, supersonic expanding microwave plasma and pulsed corona discharge. 
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Process and reactor development for the downstream synthesis of fuels or chemicals.

At a certain point along the pathway from CO2 and H2O to fuels, species are prepared that are ready 

for reaction (Table 1): hydrogen by electrolysis, CO (+O2) by plasma decomposition or vibrationally 

excited CO2. Especially when non-metastable excited states are obtained, life times are determining 

the transport length to the reaction site and thereby limiting reactor size and geometry. This implies 

that the word downstream has to be used with care since reaction integration at the ‘excitation’ site 

i.e. close to the plasma process photo catalytic reaction etc, are also included. The density of a gas 

(or plasma) is of equal importance: reactants have to meet at some point. This calls for a new 

reaction concept e.g. ‘short contact time reaction/catalysis’. The fact that most of the reactions 

involved are highly exothermic and need to be cooled to prevent catalyst deterioration is an 

important aspect to consider. In addition all these reactions are equilibrium reactions that have far 

lower conversions than 100% at the temperatures used. This can be remedied by taking out one of 

the reaction products (in most cases water) to draw the reaction to completion. These aspects also 

have large implications for the reactor lay-out. ‘Process integration’ is then a key concept to be 

used. 

Table 1 Some important reactions in solar fuel production and the change of enthalpy ΔH (in kJ/mol, NB: ΔH is 

significantly different (lower) for (plasma) excited species).

CO2 + 4H2 ↔ CH4 + 2H2O -167.0 methanation

CO + 3H2 ↔ CH4 + H2O -206.0 methanation

CO2 + H2 ↔ CO + H2O +41.3 reverse water gas shift reaction

nCO + 2nH2 → −(CH2)n− + nH2O -126.0 Fischer-Tropsch

CO2 +3H2 ↔ H2O + CH3OH -49.6 methanol synthesis

CO + 2H2 ↔ CH3OH -90.8 methanol synthesis

2CH3OH ↔ CH3-O-CH3 + H2O -23.5 methanol etherification (DME)
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Figure 11 From: W. Haije, H. Geerlings, Environ. Sci. Technol. 2011, 45, 8609–8610

Generally speaking, the boundary condition for all chemical processes involved should be to reduce 

the minimally required energy input relative to current practice (e.g. 0.6 eV for water oxidation 

from a millisecond water oxidation cycle) by speeding up the rate limiting catalysis steps with e.g. 

plasma technology for removing barriers. This will contribute to being as sustainable as possible. 

Life time of components like membranes, sorbents and catalysts strongly benefit from lower 

temperatures. Research in this subtheme will be focused on novel aspects of integration of the 

various technologies researched for the conversion and activation of CO2 and H2O. Research topics 

that could be addressed in this subtheme are:

–  Reactor design considering the full chain of solar fuel processing

Important process parameters are the pressure and temperature. The pressure of hydrogen depends 

on the electrolysis system used but can at least be up to ten bars for conventional bipolar systems; 

fuel cell based systems can be operated at higher pressure. On the CO2 side things are different and 

among other things depend on the carbon capture process and source: pre-combustion capture in 

power plants occurs always at high pressure (> 10 bar), post-combustion sub atmospheric (partial 

CO2 pressure in the atmospheric stack, about 0.1 bar) and direct capture from air even lower (350 

ppm). In order to have any significant conversion at low pressure, either reaction volumes should be 

very small or gases should be pressurized. The name of the game would be to use many small 

reactors instead of one big one (modularity). As a bonus heat integration would benefit from 

miniaturizing reactor volumes. 

–  Separation based processing and membrane or sorption technologies

Reaction enhancement is a proven technology to ensure high conversions and is generally 

performed with membranes or absorbents. At low pressures H2O selective membranes are no option 

due to a very reduced pressure drop over the membrane, i.e. driving force. Novel absorbent choices 

which enable optimal heat integration option are required. Separations foreseen in this field are 

absorption and membrane based technologies. Challenges are low partial pressures of the vapour it 

absorbs and low temperature of regeneration. Membranes at higher pressure are an option if 

operating with high selectivity and high flux at moderate temperatures (150-250oC). In order to be 

able to make use of separation based reaction enhancement, the catalytic and separation processes 

should occur at the same location, which opens the way to bi-functional materials or integrated 

materials.

–  Heat management/integration

On the reactor level heat from exothermic reactions, like Fischer-Tropsch, should be used to operate 

the endothermic ones, especially the regeneration of water sorbents. Several options exist and the 

choice will also be dependent on the size of the process. The use of micro reactors is well known in 

the case of highly exothermic reactions that enables easy scale up because of the modular nature of 

this concept. Combination of reaction and sorption in separation enhanced processes asks for 

different approaches. Multi fixed beds can be used to allow for a continuous process where 

absorption and regeneration take place simultaneously in different beds that switch operation 

mode. Fluidized beds, trickle beds, co and counter current flow allow for regeneration of the 

sorbent outside the reaction zone.

–  Process design/integration

The most important part here is, since intermittent sustainable energy is combined with a 

fluctuating demand, the dynamic operation of the solar fuel plant. What processes can be switched 

off, can be reduced in throughput etc. As said above, small reactors might be halted and started  

up a later time. Can catalysts cope with this intermittent behaviour, do catalysts exist for low 

(sustainable) temperature operation, etc.

There may be (heat)integration options outside the battery limits of the plant depending on the 

location of it. Temporary storage of not too large quantities of intermediates and reactants could 

still be a viable option. 


