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This  paper  provides  a perspective  on  the technologies  capable  of  converting  solar  energy,  CO2 and  H2O
into an  easy  to  use  fuel.  The  paper  addresses  bio-based  approaches,  but  mainly  focuses  on  (i) the com-
bination  of photovoltaic  (PV)  devices  and  electrocatalysis,  (ii)  single  unit  operation  by  photocatalytic
conversion,  and  (iii)  solar  thermal  conversion.  Each  option  is  described  in  a general  manner,  including  a
brief evaluation  of the  advantages  and  disadvantages.  Also  suggestions  for future  research  endeavours
are  given.  Based  on  the  used  literature  data,  for  electrocatalytic  and  photocatalytic  technologies,  dramatic
improvements  should  be made  in  material  optimization,  as  well  as  reactor  design  and  operation.  Large
uel
lectrocatalysis
hotocatalysis
hermal
hotosynthesis
rtificial

efficiency  gains  are  necessary  to enable  use  of  these  technologies  in  practice.  Solar  thermal  conversion  is
more  mature,  and  requires  specific  optimization  in  processing,  as  will  be  discussed.

© 2011 Elsevier B.V. All rights reserved.
erspective

. Introduction

In photosynthesis, nature harvests solar energy and stores it in
hat is generally referred to as biomass. The basic reaction (reac-

ion (1))  is the reduction of CO2 with water, giving glucose and
xygen [1]:

O2 + H2O → 1/6 C6H12O6 + O2 �G = 522 kJ/mol  (1)

Glucose builds the basis for ‘biomass’, consisting mainly of cellu-
ose, a polymer of glucose, hemicellulose and lignin. Over the ages,
n complex networks of sequential reactions, fossil fuels such as oil,
oal and natural gas are formed from biomass, in which gigantic
mounts of energy are stored, see Table 1 [2–4].

At present, mankind benefits from the energy stored in fossil
uels but the well-known dilemma is the following. The data pre-
ented in Table 1 show that we are relatively quickly consuming
ossil fuels. This ‘easy’ energy will not last forever and on top of

his, the side effects of polluting the environment are evident.

Although the numbers in Table 1 are spectacular and perhaps
larming, one number leads to optimism: there is plenty of solar
nergy flowing continuously to the surface of the earth. Even in

∗ Corresponding author.
E-mail address: G.Mul@utwente.nl (G. Mul).

255-2701/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cep.2011.06.002
photosynthesis only a tiny fraction of the total available solar
energy is used. So, why not use sunlight directly instead of burning
or converting fossil fuels that have been formed in a time period
of billions of years? In principle sunlight is not associated with
undesired side effects such as global warming and other types of
pollution.

It is also important to realize that besides energy, mankind
depends on food, materials, and other chemical products. At
present, fossil fuels are the main basis for both energy and chemi-
cals. Also in this respect solar energy can replace fossil fuels, at least
partly. Solar energy, if it becomes sufficiently cheap, can unlock
many potential sources of materials and chemicals.

2. Current and potential processes

Several options for solar energy harvesting and converting this
to chemical energy have been proposed and are topics of intensive
research [1,5]. These can be divided in the following themes:

- Increasing the extent of bio-based, ‘normal’, photosynthesis. The
surface of land available for agriculture can be expanded. Another

strategy is to increase the efficiency of agriculture in terms of
higher output per m2. Constraints are the limited amount of sur-
face of land available, inefficiency of biological processes, waste
that is produced, as well as limitations on supply of water and

dx.doi.org/10.1016/j.cep.2011.06.002
http://www.sciencedirect.com/science/journal/02552701
http://www.elsevier.com/locate/cep
mailto:G.Mul@utwente.nl
dx.doi.org/10.1016/j.cep.2011.06.002
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Table 1
Key figures in photosynthesis (worldwide) [2–4].

Energy
flow (TW)

Reserves/production
(year)

Radiation reaching earth 125.000a

Natural photosynthesis 130
Present energy consumption 13.9b

Energy consumption expected for 2050 49c

Biomass (for energy) 1.5d

Coal 4.4 190
Oil 5.2 42
Natural gas 3.6 63

a Depending on time of day and location.
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b 2005.
c 3.5 times 2005 number.
d 2007, mainly cooking/heating.

minerals (including P and N in suitable form). An alternative
to exploiting land is to develop biological processes in water
(lakes/seas), e.g., producing algae [6].  Certainly harvesting, and
removing the large excess of water are challenges to be dealt with
[7–9].

 Applying alternative technologies for direct harvesting of solar
energy, without the use of living cells. This is a wide field with
many options. Along the energy chain of photons, electrons, and
energy rich molecules, many possibilities for utilization of solar
energy are considered at present. A classical technology that can
be expanded is direct heating (solar panels for passive use of sun-
light) [1].  Related ideas are to use the IR part of the solar spectrum
to provide for the energy needed for endothermic reactions [10].
Alternative technologies are inviting because it might be possible
to develop processes more efficient than nature. For the latter a
limited efficiency of a few % (amount of photons used/ amount of
photons radiated to a surface) holds [1].

 Apart from passive use of sunlight, state-of-the-art trapping of
photons is achieved by using photo-voltaics (solar panels giving
direct electricity). Innovations in this technology have resulted
already in energy efficiencies that are an order of magnitude
higher than nature provides. However, a fundamental aspect of
all energy scenarios is energy storage. Plants store energy by pro-
ducing cellulose (biomass). How can alternative processes store
the collected energy? Solar panels for heating and production of
electricity as such do not store energy, although batteries and
chemical flow batteries are available and being improved. Two
other major routes suggest themselves, for storing the collected
photonic energy in the form of chemicals:
- H2 production by water splitting [11–16]
- CO2 reduction, combined with water oxidation (to O2), yielding

liquids such as alcohols or even hydrocarbons. This process is
commonly referred to as artificial photosynthesis [17–23].

These processes are extremely attractive because (i) the synthe-
is reactions are thermodynamically uphill and the energy densities
kg−1) very high, and (ii) in ‘freeing’ the stored energy no problem-
tic emissions are produced.

Whether hydrogen production or CO2 reduction is the better
olar to chemical energy conversion route, is currently still under
ebate, but appears to be a matter of scale. Various research pro-
rams target the production of hydrogen by the overall water
plitting reaction, in particular for local storage and use of solar
nergy [24]. The disadvantage of using hydrogen in a larger infras-
ructure is that it is difficult to store and transport without
ignificant losses [1].  One could state, however, that hydrogen-

ynthesis is an important step of the integrated conversion of
O2 and H2O. The main arguments for applying the combined
eaction of CO2 and H2O (artificial photosynthesis) or water split-
ing [6,18,25] can be summarized as follows. Global hydrocarbon
d Processing 51 (2012) 137– 149

synthesis from CO2 and water is a more effective way to store
solar energy than the synthesis of hydrogen (the energy density per
volume of a hydrocarbon is much greater than that of hydrogen).
Furthermore, hydrocarbons are directly applicable in the current
infrastructure for distribution of transport fuels. Ensuring continu-
ity in the use of hydrocarbons for existing synthesis technologies
in the chemical industry, as stated previously, is also an absolute
necessity. Scientific challenges in the domain of storing solar energy
by CO2 conversion are larger than for hydrogen synthesis. CO2 con-
version in the presence of water can lead to different products, such
as methane or methanol, and little is known about the role of the
chemical composition and surface structure of electrocatalytic and
photo-catalytic converters in triggering selectivity [19–21,26–29].
In the following case studies we  will further address the options for
chemical storage of solar energy. The authors would like to stress
that this paper has not been written with the objective of giving a
state of the art review of the various options, but rather to provide
a perspective on future technologies.

2.1. Photovoltaics and its use in fuel production and
chemicals/materials

2.1.1. Introduction
Electricity as an energy carrier is extremely versatile because it

can be easily transported via a well established infrastructure and
it could, at least in principle, be applied for nearly any application
requiring energy (exceptions are, e.g., food and feed). Some have
argued [1] that in an “All Electric Society”, primary energy carriers,
including all solar derived sources, should first be converted to elec-
tricity, which could, subsequently, be applied to satisfy the whole
spectrum of human energy needs (food production, heat, materi-
als, transport, etc.) without requiring any gaseous, liquid or solid
fuels. If the primary sources are only based on recent solar radia-
tion energy (and nuclear energy) the whole energy chain can, thus,
be detached from the global carbon cycle, oxygen cycle, nitrogen
and phosphorus cycle, etc.

It is, however, unlikely that an “All Electric Society” can be real-
ized, at least not on a short or medium time scale (tens of years).
Important obstacles are the challenges involved in large scale stor-
age of electricity, be it centralized or decentralized, needed for
security of uninterrupted supply. This specially holds in cases
where electricity originates from fluctuating sources (wind, pho-
tovoltaic, tidal, waves, etc.). Also long distance (2000–5000 km)
transport, in its present form is not yet very efficient with 6–21%
losses compared to oil transport (>1% loss [30]). Moreover, in off-
grid energy applications like cars (in long distance transportation),
trucks, tractors, ships, airplanes, etc. fuels are still preferred as long
as batteries have a relative low storage capacity per unit weight
compared to liquid and gaseous fuels (see Table 3). This does not
hold for transport in urban areas where electric trains, subways,
trams, hybrids and electric cars, scooters, etc. will probably play an
increasingly important role in the future [1].

2.1.2. Electricity production
The main production of electrical power takes place in large cen-

tralized units and is based on combustion of fossil fuels (a finite
resource) with important environmental consequences like CO2,
NOx and particulate emissions [31]. Especially CO2 emissions are in
focus nowadays, because of their expected contribution to climate
change. However, in the longer term also the security of supply
of fossil fuels, like mineral oil, and natural gas and their poten-
tial depletion, are important points of concern [31]. Electricity can

also be generated from nuclear fission plants but radioactive waste
and safety are still main points of discussion in the future expan-
sion of nuclear energy [32,33]. Fusion energy could contribute to
electricity generation in a distant future but this remains uncertain
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Fig. 1. Best research cell effic

n view of the large steps still to be made [34]. With the excep-
ion of tidal energy and geothermal energy, which have a limited
ontribution at the moment, all other non fossil and non-nuclear
ources of electrical energy are based directly or indirectly on solar
adiation, and these renewable sources are considered to be most
romising for mankind. The total solar radiation received by the
arth (see Table 1) is more than 10.000 times the human energy
onsumption. Solar radiation can be harnessed for human needs
or heat, food/feed, fuels (e.g., via biomass) and power, but we  will
ocus here on power via electricity generation. Virtually all tech-
ologies under investigation, such as photovoltaics, wind, waves,
ydropower, temperature differences in seawater, focused solar
adiation producing heat, etc. (except hydropower) have the prob-
ems of a fluctuating input requiring some form of storage. We

ill limit our discussion here to photovoltaic conversion of solar
adiation in incident or concentrated/ focused form.

.1.3. Solar cells
Photovoltaic conversion of light into electricity is known since

ts discovery by Becquerel in 1839 but received an important
mpulse from the rise of semiconductor devices and the early appli-
ations in space exploration where it was used as a source of
n-board power. Over the years the different types of solar cells
ere considerably improved leading to impressive research cell

fficiencies (see Fig. 1).

In practice the current efficiencies of commercial modules

re always lower (see Table 2), because economical optimization
ill not necessarily lead to the highest efficiency possible. Cur-

ent developments cover a broad range of cell types based on

able 2
fficiencies of laboratory cells and commercial panels.

Efficiencies Laboratory cells Commercial panels

Crystalline silicon Up to 25% 12–20%
Thin film silicon Up to 12% 6–8%
CIGS Up to 20% 10–12%
Cd Te Up to 17% 9–11%
Polymer cells Up to 8% 2–4% (only test panels)
s, as a function of time [35].

crystalline silicon, multi crystalline silicon, ribbon silicon while thin
film cells are developed based on a variety of materials like Indium
Gallium Di-Selenide. Moreover, junction cells, light absorbing dye
cells [36,37] and organic/polymer cells (multiple and silicon thin
films) [38,39] are developed, involving nanotechnology (Fig. 2).

Due to the huge potential and rapid developments, the future
for photo-voltaics looks bright. At present the cost of electricity
compared to other electric power generations is not yet favor-
able in many cases. It varies strongly with the application and area
(latitude, state of development of different countries etc.) but gen-
erally for large scale production it is still 2–5 times more expensive
than fossil based electricity generation. However, the module price
versus experience curve (see Fig. 3) shows a favorable learning
behavior and in most future projections it is assumed that pho-
tovoltaics in combination with the use of solar heat will play an
important role in providing electricity (10–50%) and possibly in
providing fuels. Therefore, on the very long term it could even meet
the bulk of the global energy demand.

2.1.4. Storage
As for most of the renewable sources, photovoltaic energy is

characterized by an intermittent and uncontrollable production
rate; night and day rhythm, seasons, weather, and others.

If connected to the grid, to a certain extent this can be accommo-
dated by controlled sources in the generally occurring differences in
supply and demand of an extended grid. However, generally some
form of electric energy storage will be required if a larger fraction
of fluctuating sources has to be accommodated. Storage of large
amounts of electrical energy is difficult and costly. Table 3 gives a
simplified overview of current and emerging methods. Large scale
storage via pumped hydroelectric and compressed air energy stor-
age cycles are already in use for power stations as well as batteries
in some location. Some short cycle time devices among others for
current quality control like fly wheel, super capacitors and super-
conducting (magnetic) energy storage are under development. On

the longer term hydrogen production and storage cycles will prob-
ably grow in importance [24,40]. Only (rechargeable) batteries are
suited for off-grid applications together with hydrogen and fuel
produced via electrochemical processes. On the long term, battery
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ystems may  be considerably improved and they will certainly be
pplied more than today for driving electrical cars for local urban
ransport. As stated earlier, for other applications like air transport,
rucks, long distance transport with cars, tractors, for use in areas
evoid of electrical grids, this is less likely. High energy density flu-

ds like hydrocarbons, alcohols and possibly hydrogen will remain
ttractive (Table 4).

If fossil fuels have to be replaced by fuels based on recycled CO2,
hotovoltaics may  generate the energy necessary to produce these
uels provided the electricity generated is cheap enough. Also many
ulk and fine chemicals could be produced via these routes. Fig. 3
ives an overview.
From a photovoltaic power station (if necessary connected to
ts own local energy storage system and/or to the main grids)
he (fluctuating or smoothed) electrical energy could be used for
ater electrolysis producing hydrogen [24,40]. Hydrogen could be

Fig. 3. Options for integrated process operation combin
urve of solar cells [35].

combined with CO2 from any source (even recovered from the
atmosphere) to produce synthesis gas via the “reversed shift” reac-
tion. Existing processes can be used to produce Fischer–Tropsch
hydrocarbon fuels as well as alcohols or other energy rich chemi-
cals.

Atmospheric CO2 is extremely diluted, and apart from other
available sources, it could be produced from (waste) biomass via
oxy-combustion to produce concentrated CO2. This concentrated
CO2 can be used in the reversed shift reaction, which was discussed
earlier. The electricity produced in the oxygen combustion can be
returned to the power station.

Another route could be to use the oxygen from the electrolysis

to produce high quality syngas directly from biomass via oxygen
gasification. The CO2 from the biomass oxy-combustion (or from
any other source) could alternatively be used in a combined elec-
trolysis process to produce syngas. There could be many other

ing biomass conversion and electrocatalytic steps.
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Table 3
Electric energy storage.

Electric energy storage Remarks

Pumped hydro electric In use at suitable location. Large scale
Compressed air energy storage Some use in suitable locations

Large scale. Related to use of turbine
Fly wheel energy storage Short time frame, quality control
Super capacitors Short time frame, quality control
Superconducting energy storage

Superconducting magnetic
energy storage

Short time frame. Under development

Batteries: lead acid, sodium sulfur,
vanadium redox flow batteries,
NM Hydride, etc.

Can be used on different scales and for
off-grid application

Hydrogen via electrolysis, storage
of hydrogen and power
generation, e.g., via fuel cells

Applicable on different scales and for
off-grid applications (emerging)

Introduction of other elements like
carbon (next to hydrogen) to
produce alcohols and
hydrocarbons

Not yet developed. Off-grid
applications, e.g., transport sector

Table 4
Energy densities for transport [1, and references therein].

MJ/l MJ/kg

Gasoline 32 43
Methanol 17 21
Ethanol 22 28
Hydrogen gas 0.013 120
Hydrogen liquid without container 8.4 120
Hydrogen 350 bar without container 2.8 120
Hydride 13 6
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Lead batteries 0.24 0.12
Li-ion batteries 1.2 0.84

outes to introduce the recycled carbon of biomass (after pre-
onversion) into the energy systems to produce fuels and chemicals
sing electrical energy from photovoltaics without previous partial
r total oxidation of the carbon. Electrolysis and electrocatalytic
rocesses or plasma processes could be developed to this end.
nce photovoltaic energy becomes economically attractive, fuels
nd chemicals could be based on recycled carbon avoiding fur-
her increase of atmospheric CO2 levels. Additionally many of the
hemicals and materials now derived from fossil sources could be
roduced via these routes, if electricity based processes can be
eveloped. The following paragraph will further focus on the CO2
o fuel conversion by electrocatalysis.

.2. CO2 to fuels by electrocatalysis

.2.1. Introduction
The conversion of CO2 based on solar energy is a challenging

opic. An excellent review is given by Centi and Perathoner [18]. On
he one hand CO2 could be reduced by H2, which in turn is produced
y photocatalytic dissociation of water or by a combination of PV
nd electrocatalytic dissociation of water (see Fig. 3). An obvious
roduct could be methanol. On the other hand direct photocatalytic
r electrochemical reduction of CO2 could be more attractive in the
ong run.

The combination of PV and electrocatalysis has several advan-
ages as compared to direct photocatalytic conversion. In a
hotocatalytic reduction, similar to photosynthesis in nature,
eduction reactions take place in combination with oxidation
eactions leading to O2 formation. The same applies to artifical pho-

ocatalysis and eletrocatalytic reduction. However, there is a crucial
ifference between photocatalysis and electrocatalysis. In the lat-
er, the oxidation and reduction reactions are spatially separated,
iz. reduction at the cathode and oxidation at the anode. In the
d Processing 51 (2012) 137– 149 141

former case this is not trivial, and oxidation reactions can inter-
fere with reduction reactions. In addition, in electrocatalysis, pure
O2 is a product that can give added value to the process. The dis-
advantage is that electrocatalytic conversion is operated in liquid
phase conditions, with restrictions in quantities of dissolved CO2,
while gas phase electrocatalysis, using solid electrolytes, is not well
developed [41].

The reaction mechanism is very complex, and selectivity issues
are apparent. Electrocatalysis is associated with an additional han-
dle for influencing selectivity by controlling the electrode potential.
The analogue in photocatalysis could be the frequency of the
light, which can also be controlled. However, this has not a large
potential. Intrinsically the energy levels of the excited state are
determined by the so-called band energy levels, i.e., the ‘electric
potential’ is independent on the frequency of light.

For water splitting the situation is different. The spatial argu-
mentation holds also here, but there is no selectivity issue.

A large literature base exist reporting results of electrocatalytic
CO2 reduction. However, the results are not yet suggesting the
implementation into a full process cycle, because:

• For every novel process development the most important objec-
tive is to produce the right product(s). However, the product
distributions for electrocatalytic CO2 reduction are not satisfac-
tory. If fuels and high value chemicals are the desired products,
usually, the selectivity is limited: major amounts of H2 and CO are
formed, reducing the Faradaic efficiency for the desired products.
The chemistry of CO2 conversions is fascinating but the complex-
ity, at present, frustrates practical applications.

• Rates observed are far too low in the processes for production of
the desired products.

• Electrodes are not stable and catalyst deactivation is a major
issue.

2.2.2. Reaction pathways
In aqueous solvents several studies have been reported for the

production of CO, Oxalic acid, CH3OH, CH4 and other hydrocarbons,
a.o. Fischer–Tropsch type of distributions. While hydrocarbons
are preferred, in principle a mixture of CO and H2 would also be
desirable, which can be converted through well known catalytic
processes in desired products (Fig. 3). Thermodynamics gives a
useful basis for an interpretation [18]:

Reaction E0 (V) �G (kJ/mol)

2H+ + 2e− ↔ H2 0 0
CO2 + 2H+ + 2e− ↔ CO + H2O −0.103 20
CO2 + H+ + 2e− ↔vHCOO− −0.225 43
2CO2 + 12H+ + 12e− ↔ C2H4 + 4H2O 0.079 −92
CO2 + 8H+ + 8e− ↔ CH4 + 2H2O 0.169 −131
CO2 + 6H+ + 6e− ↔ CH3OH + H2O 0.03

In view of this data it is not surprising that H2 formation is a
competing reaction. A first requirement for a satisfactory process
will be to avoid extensive H+ reduction, which clearly will also be
influenced by the pH at which the reaction is conducted [42]. The
data suggests that high selectivity to hydrocarbons is achievable,
provided that the electrode potential is not too low. However, this
is not observed in practice: apparently kinetics is not forgiving.

Thus, for a good evaluation, the elementary steps and their
kinetics need to be understood. The key reactions take place at the
cathode:

CO2 + e− → CO2
−

ads (2)
H+ + e− → Hads (3)

The first reduction step for CO2 is the addition of an electron
to an anti-bonding orbital, involving a geometric change of the
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ig. 4. A gas chromatogram of CO2 reduction on 99.9 + % Cu (Eurofysica). Galvano
ractions  of each of the products formed [19].

olecule. A low reaction rate is expected. The second step will
ccur in protic media over many metal electrodes. Dependent on
he adsorption characteristics, H2 will be formed via:

Hads → H2 (4)

Catalysts, which are usually applied for water splitting, should
ot be selected, or the conditions should be chosen such that this
eaction is inhibited. Often, CO formation is an important side reac-
ion and at high pressures the relatively high CO occupancy might
e high enough to strongly inhibit H2 production.

Sequential reactions take place at the surface:

O2
−

ads + Hads → COOHad, COad

→→ alcohols, aldehydes,  olefins, parafins (5)

It is not surprising that the literature shows a large variety of
esults. The first reaction steps to build formate and CO are rather
ell understood. The remainder of the network of reduction steps
ave recently been discussed in detail [43].

Because of the low solubility of CO2 in aqueous media, other
rganic solvents have been used, including methanol [44]. In gen-
ral, within aqueous and protic solvents, H2 production takes
lace extensively, reducing the Faradaic efficiency of the pro-
ess. In aprotic solvents this is obviously not the case. However,
or the formation of fuels, protons are needed and in aprotic
olvents CO and oxalates are the main products [45]. Moreover, cur-
ently reported densities are low. Also Ionic Liquids have recently
een tried—with limited success. CO2 undergoes a chemically irre-
ersible, one-electron electrochemical reduction [46]. Therefore,
queous systems are preferred and the low solubility in aqueous
ystems has to be overcome by other means, such as a high pressure.

For fuel synthesis Cu appears the preferred electrode material.
he product mixture typically consists of CO, CH4, C2H4, C2H5OH
nd HCOOH. A breakthrough might be the discovery that higher
ydrocarbons are formed under certain conditions [21,47]. Recent
esults even show that for specific Cu electrodes Fischer–Tropsch
istributions are encountered, see Fig. 4 [19]. The Faradaic effi-

iency is low, mainly because of the competing dissociation of
ater.

Although this technology is far from practically applicable, at
east it can be considered promising. This process belongs to the
 operation at 2 mA/cm2 (−1.65 V vs. Ag/AgCl). (b) Corresponding relative weight

gas-to-liquid technology and is completely based on both sustain-
able energy and reactants [25].

2.2.3. Practical process, is it realistic?
In development of an electrocatalytic process usually crucial

parameters are selectivity, including Faradaic efficiency, activity
and stability. For the present process this is also the case.

In general, rather low current densities (2–5 mA/cm2) are
reported. This translates to the value given in Fig. 5, for which the
activity data reported in Fig. 4 were used. Clearly, for an efficient
process these values have to increase by 2–3 orders of magnitude.

The main factors determining the low performance, are the low
occupancy of CO2 at the electrode surface due to the low solubility
of CO2, and the low surface area of most electrodes. It should be
noted that for simple products (CO and HCOOH), occasionally high
efficiency values are reported: 80–90%. Intermediate values of up to
30% Faradaic efficiency were reported for methanol. For the show
case of Fisher–Tropsch synthesis (FTS) products, the Faradaic effi-
ciency was  in the 1–10% range. Catalyst stability also appears to be
a main issue. Carbon deposits and (over?) oxidation of the electrode
surface are usually observed [20]. Clearly, catalyst development
programs are needed aiming at improving activity, selectivity and
stability.

2.2.4. Reactor design and reaction conditions
Because of the low solubility of CO2 in aqueous media a high

pressure is advisable, leading to higher reaction rates. In addition,
high pressures increase the CO (the first intermediate) occupancy,
leading to the desired inhibition of water dissociation and, as a con-
sequence, higher Faradaic efficiencies. If methane is the desired
product, the temperature should probably be low, because of
increased residence times of the intermediates at the surface. The
optimum temperature for producing larger hydrocarbons has not
yet been identified.

An optimal electrode design is called for. The surface area and
the rate of CO2 transfer should be maximal. The benefits of fine
meshes and nanowire based composites have already been demon-

strated. CO2 feeding systems based on Gas Diffusion Layers work
quite well [25]. Here, we enter the field of multiphase structured
reactors with a wealth of design opportunities. Designs of systems
have been reported in which �m sized CO2 gas bubbles are in
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talytic processes with natural and industrial processes.
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Fig. 6. Flow scheme for conversion of CO2 into fuels by electrocatalytic conversion.
Hydrocarbons are produced as liquid phase.
Fig. 5. Comparison space time yields of electroca

ontact with the electrode surface, resulting in large mass transfer
ates.

For products which have been reported with high Faradaic effi-
iencies (CO, CH3OH, CH4) we anticipate that reactors can already
e designed to perform at rates of commercial interest.

.2.5. Processes

.2.5.1. Conversion of CO2 into fuels by electrocatalysis. The first
ssue is the desired purity of the reactant. In some cases the purity is
igh, for instance, in the production of ammonia an essentially pure
O2 stream is produced as a by-product. Other examples are natu-
al gas fields. In some cases they consist of roughly 50/50% CO2/CH4.
hose streams might be processed without further separation. In
eneral, however, a separation step is required. Options are scrub-
ing (usually done by amines), the use of membranes, adsorption,
r cryogenic separations.

The second issue is the reactor design. The basics have been
iscussed above. Depending on the product it might be possible
o integrate reaction and product separation. If the product is not

iscible with the aqueous solution, the integration becomes very
ttractive.

If fuels are the main products, an efficient separation is possi-
le for gaseous and non-polar liquid phase products. The gaseous
olecules, e.g., CH4, H2, CO, leave the reactor from the gas phase

nd the larger molecules form an organic layer which is not misci-
le with the electrolyte phase. This leads to a very simple process
esign.

In cases where a polar compound is the desired product, e.g.,
H3OH, C2H5OH, an easy separation is not possible. Options might
e distillation, membrane technology or a reactive extraction by
ombining extraction with a chemical reaction, e.g., an etherifica-
ion.

A simplified process scheme is given in Fig. 6.

.2.5.2. Conversion of CO2 by H2 produced by electrocatalytic water
plitting. The synthesis of methanol from CO2 and ‘solar H2’ can
e done with conventional technology. The production of solar
2 is dealt with in the following section. High pressure is advis-
ble because the equilibrium is more favorable at high pressure.
his implies that the electrolysis cell should work at high pressure.
n practice, a commercial process already exists [45]. Compared
o the previous processes, reduction of CO2 by H2 by classical
ethanol synthesis catalysis is rather straightforward, see scheme
n Fig. 7.

An advantage of this process is that the synthesis is carried out
n the gas phase. This strongly simplifies the process.
Fig. 7. Methanol synthesis according to CO2 + 3H2 → CH3OH + H2O.

2.3. Photocatalytic conversion of H2O and CO2 into fuels

2.3.1. Introduction
To harvest solar energy, various options exist. As discussed

in previous paragraphs, the combination of a PV solar cell, gen-
erating electrons, followed by an electrochemical process with
selective electrodes to convert H2O and CO2 in fuels, is a valid
option. An alternative is not to target for “fuel” directly, but target a
CO/H2 mixture (syn-gas) which can be converted via conventional
Fischer–Tropsch catalysis to fuel, or via the methanol synthesis
process to methanol. The reactions can be summarized as follows:

hv(+H2O/CO2) → e(+H2O/CO2) → Fuel (6)

hv(+H2O/CO2) → e(+H2O/CO2) → CO/H2 + �T → Fuel (7)

An interesting alternative for the PV/electrocatalysis option, is to
use photocatalysts, which are able to directly convert solar energy

into chemical energy. Usually, two reactions are targeted in analogy
to electrocatalysis, the first being overall water splitting (OWS):

hv + 2H2O → 2H2 + O2 (8)
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nd the second being the combination of CO2 activation and H2O
xidation:

v + H2O + CO2 → Fuel + O2 (9)

Many reports exist in the literature describing the direct
onversion of solar energy into chemical energy by means of pho-
ocatalysis. In the following, we will further address the various
rocess options.

.3.2. The overall water splitting reaction [5, and references
herein]

Certainly, various concepts have been described in the litera-
ure to achieve overall water splitting (OWS). These range from
o-called photo-electrochemical cells (PECs) to the simple use of
atalyst particles dispersed in aqueous electrolyte stirred in illu-
inated batch reactors. The efficiency of solar energy conversion

o hydrogen (mol H2 produced per mole of solar photons exposed
o the catalyst) is still low for many materials, due to fast (usually
hermal) relaxation of the photo-excited state of the catalysts. Fur-
hermore, most single component oxides active in OWS  need to be
ctivated by the UV fraction of solar radiation, which amounts to a
ere 4%. Development of improved visible light activated systems

s necessary to enhance the solar hydrogen production rate, which
s typically in the domain of inorganic chemists and ‘band-gap engi-
eers’. E.g., ‘N’ and ‘C’ doping have been investigated extensively to
hift the band gap energy of TiO2 towards the visible region [48].
actors that determine the applicability of other catalysts than TiO2
n photocatalytic water splitting are inertness and chemical stabil-
ty (the catalyst should not change state in the process), the price,
nd the toxicity. An interesting design route to create a visible light
ensitive water decomposition system is based on the so-called
-scheme [14,49]. This is schematically illustrated in Fig. 8.

The Z-scheme operates by visible light absorption of the O2-
hotocatalyst, which leads to O2 production. The energy level of
he photo-excited electron of this material is not high enough to
nduce H2 formation. It, thus, needs to recombine with the photo-
xcited state (the hole) of the photo-excited hydrogen evolution
atalyst. The photo-excited electron of this second catalyst induces
ydrogen generation. In particular, Kudo and co-workers [14,49]
Fig. 8) developed various visible-light-responsive catalyst systems
or OWS  based on a Z-scheme and an electron transfer by a Fe2+/Fe3+

edox couple. Recently self-assembly of the two catalyst particles
nto clusters was also found to be effective. It is evident that in both
ases electron transport is suboptimal, whereas the efficiency of
ransfer of the photo-excited electron from the O2-photocatalyst
o the H2-photocatalyst needs to be high to achieve high overall
hoton efficiency. The above described systems usually require 2
hotons of comparable energy. One of the important challenges is
o design systems in analogy to tandem solar cells, which would
se different regions of the solar spectrum [51].

Usually, semiconductor performance is significantly enhanced
y a noble metal promoter. The function of this noble metal
romoter (e.g., Pt) on the semi-conductor surface is two-fold:

t enhances the lifetime of the photo-excited state (i.e., alters
hysical properties) and it catalyzes the formation of H2 [12,52].
ften a catalytic functionality for O2 formation is also added,

uch as RuO2. The disadvantage of noble metal promoters is their
endency to catalyze the back reaction of 2H2 + O2 → 2H2O. This
eaction can be prevented by poisoning the Pt sites with, e.g., CO,
hich has indeed been found to inhibit the undesired back reac-

ion. Also Na-poisoning induced by conducting the photocatalytic
ater decomposition in a Na2CO3 solution has been demonstrated
o positively affect the overall efficiency of the system in the
toichiometric photodecomposition of water [5,13].  Finally, the
ack-reaction can be prevented by creation of a protective oxide

ayer on the surface of the noble metal particles. This has been
d Processing 51 (2012) 137– 149

achieved for Rh promoted photocatalysts by deposition of a Cr2O3
layer, as determined by Domen and coworkers [15]. This layer
allows the hydrogen produced at the Rh surface to escape, but pre-
vents the diffusion of oxygen to the metal surface necessary for the
reaction of H2 and O2 [15].

The above described systems are all based on inorganic oxides.
Besides this option, also extensive research efforts focus on the
development of bio-mimetic systems, i.e., using MnOx (water
oxidation) or FeS based clusters (water reduction, generation of
hydrogen) in enzyme mimics for energy transfer. A disadvantage
of these organic systems is the stability. The durability will proba-
bly not allow for multiple-day operation, without the design of an
adequate repair mechanism. A summary of molecular approaches
can be found elsewhere [5, and references therein].

2.3.3. Reactors
Much of the work on the OWS  reaction is either performed in

an electrochemical cell configuration, or in a liquid phase batch
reactor. An electrochemical cell configuration has the advantage of
producing hydrogen and oxygen in separate compartments, which
eliminates separation issues. On the other hand, the simplicity of
a single batch reactor with a slurried catalyst is also attractive.
However, it requires additional steps in separating the produced
H2 from O2 and could suffer from the back-reaction of H2 and O2
to water, decreasing efficiency. The back-reaction can, however, be
suppressed by smart catalyst design, as was discussed previously.
Immobilization strategies for optimizing exposure of the catalysts
to light, are currently under investigation, and might yield opti-
mized solar to H2 conversion [5].

2.3.4. Photocatalytic CO2 reduction
While hydrogen is attractive for small (personalized) applica-

tions, certainly a liquid fuel has advantages for use in transportation
applications. It has been reported that titania-based catalysts
induce artificial photosynthesis, yielding single-carbon molecules
in photocatalytic CO2 reduction, such as CO, CH4, CH3OH, formalde-
hyde and formic acid. While first studies were again conducted
in the liquid phase with dissolved CO2, in more recent studies
CO2 conversion was achieved in the gas phase. Productivities, in
particular for crystalline semiconductors, are still extremely low.
As an example, for a relatively well performing catalyst consist-
ing of 2 wt%  Cu on TiO2, methanol yield reached 12.5 �mol/g-cat.
after 20 h of irradiation. To shift the absorption spectrum of crys-
talline CO2 photoreduction catalysts to the visible, ‘N’ and ‘C’
doping have been investigated. While some interesting results
have been reported, productivity is still beyond the limit to design
a viable process. Besides studies on crystalline TiO2 based cata-
lysts, Ti-containing siliceous materials, such as TS-1, Ti-MCM-41,
Ti-MCM-48 and Ti-SBA-15 were found to yield high methane pro-
duction rates in gas phase photocatalytic CO2 reduction [5,26–29].
The production yield of highly dispersed titanium oxide catalysts
(in �mol/g-Ti/h), was  increased 10–300 times as compared to crys-
talline TiO2. The activity is induced by photo-excited Ti centers
generated by a so-called LMCT (Ligand to Metal Charge Trans-
fer) transition (Ti+IV–O−II → Ti+III–O−I) upon light absorption. Pt
was found to further enhance the performance of Ti-MCM-48, also
enhancing the CH4 over CH3OH selectivity [26]. Despite the numer-
ous studies on photoreduction of CO2 over TiO2 based catalysts,
relatively little is known about the surface chemistry and the mech-
anism of the reaction.

2.3.5. Reactors

Similar to the overall water splitting reaction, reactors for the

photocatalytic CO2 reduction are not very well developed. Usu-
ally, flat plate reactors are used, with the catalyst immobilized on
these plates and exposed to the sun. Recently, Wu et al. also tested
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ig. 8. Representation of the principle of the Z-scheme (left [50]), and distribution
onditions (right [14]).

u(I)/TiO2 materials in an optical-fiber reactor for gas phase photo-
atalytic CO2 reduction. The maximum methanol yield for 1.2 wt%
u on Cu(I)/TiO2 was 0.46 �mol/g-catalyst/h under 365 nm UV irra-
iation [53] The same group also used a solar collector on the roof
f their building, capable of focusing sun light in optical fibers. The
dvantage of these optical fiber reactors is the large internal sur-
ace area, while having a reactor which is not too difficult to operate.
n other words, the light collection function is separated from the
atalytic converter. In these converters, elevated pressures appear
eneficial for the reaction, although these are usually not applied.
nvestigations on the effect of reaction temperature on photocat-
lytic activity are also scarce. Three regimes can potentially be
dentified, i.e., a regime at low temperature where product des-
rption is limiting the overall reaction (in particular if methanol is
ormed this appears an issue), an intermediate regime where the
eaction is kinetically controlled (with apparent activation energy
eing close to zero), and finally a high temperature regime where
ater adsorption and in particular CO2 adsorption might become

imiting. Further insight on the effect of temperature on the per-
ormance of specific catalyst systems is recommended. Certainly
here is also a lot to gain in photoreactor design in terms of light
ntensity, temperature, and pressure applied for the reaction.

.4. Solar thermochemical production of hydrogen

.4.1. Introduction
As early as 1960 thermal dissociation of H2O has been proposed

or hydrogen production by using nuclear energy with tempera-
ures not exceeding 1100 K [54]. Nowadays, solar power can be
oncentrated up to temperatures of 3000 K with heating systems
hat have already reached commercial maturity [55]. The concen-
rated energy beam is directed through an aperture into the solar
eceiver. Within this cavity the solar energy is absorbed to pro-
ide the reaction energy. Consequently, the equipment faces the
rade-off between the maximum energy that can be absorbed by
he cavity-receiver and the energy that is irradiated back through
he aperture. Depending on the solar flux concentration, the sub-
equent optimum temperatures vary between 1100 and 1800 K
56]. More detailed thermodynamic evaluations of solar thermo-
hemical processes have been reviewed elsewhere [10,54,57,58].

Very high theoretical thermal efficiencies can be reached by
he direct thermolysis of water. However, the dissociation of pure
ater requires temperatures up to 3000 K (for 64% dissociation at

 bar) [10]. Not only challenge these temperatures the materials

sed for the construction of the reactor, but also the separation of
ydrogen and oxygen seems to pose an insurmountable barrier to
ealize this process [59]. An elegant route to avoid the difficulties
ssociated with the direct splitting is the introduction of further
Fig. 9. Monolitic honeycomb reactor. The water splitting reaction takes place at
1073 K, the other chamber is flushed with nitrogen for the regeneration reaction at
1473 K. After [83].

reaction steps, which reduce the temperature of the decomposi-
tion reaction and allow for the removal of hydrogen and oxygen
gas in different process steps. However, further process steps come
at the cost of a decreased theoretical efficiency (due to irreversibil-
ity) as well as additional reactants. Therefore, a minimum number
of process steps should be targeted and reactants should be fully
recycled within the system.

2.4.2. Thermochemical cycles under consideration
‘Low-temperature’ cycles, originally developed for use in com-

bination with nuclear energy [60–63],  have been extended for the
application of solar energy. The adiabatic UT-3 cycle, the Sulfur-
Iodine (SI) and the Hybrigd-Iodine (HI) cycle receive much attention
in the literature [64–67].  These cycles are based on a reaction
scheme that incorporates more than three reactions leading to
lower inherent efficiencies and high efforts for the product sep-
aration after each step. ‘High-temperature’ metal-oxide cycles are,
usually, considered more efficient, as they comprise only two
reaction steps. Usually, the first step is the endothermic solar
thermal dissociation of the metal oxide into the respective metal
and oxygen (reaction (10)), in which M:  metal, MO:  metal-oxide).
Subsequently, the metal can be used to split water to hydrogen
(reaction (11)). The metal-oxide produced can be recycled back to
the solar process, and a second conversion (reaction (10)) can be
initiated.

MxOy → xM + y/2O2 (10)

xM + yH2O → MxOx + yH2 (11)
These two process steps are carried out in different units of
the reactor, removing the need for high temperature separation of
hydrogen and oxygen. Many redox pairs have been considered in
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Fig. 10. Structure

he past [10,68,69].  It was concluded that the most feasible pairs are
he ZnO/Zn as well as Fe3O4/FeO redox cycles [69], having theoret-
cal energy efficiencies of up to 82% [10] and 76% [70], respectively,
onsidering a complete heat recovery from the quenching proce-
ure.

The ZnO/Zn as well as the Fe3O4/FeO redox pair have already
een analyzed and tested in solar reactors [65,66,69,71–74]. Both
ystems require the quenching of the reduction products in order
o prevent re-oxidation. Although the feasibility of the iron oxide
ased cycle has been demonstrated [73,75],  the thermodynamic
equirements (operating temperature for the thermal reduction
1800 ◦C) in combination with the material properties (melting
emperatures of FeO around 1400 ◦C [76]) prohibit the develop-

ent of possible processing schemes. The use of mixed metal
errites (with Mn,  Ni, Zn) lowers the temperature of the activa-
ion step and avoids phase transformations [77–80].  In combination
ith a high-temperature stable zirconia support, a material is

ained that can be re-used for several cycles without elaborate
rocessing [53,81].

.4.3. Possible reactor configurations
Different reactor types have been realized to meet the chal-

enges of this process. Rob and coworkers recently presented and
ested a design for a two chamber monolith reactor (compare
ig. 9), in which the redox system was coated on a honeycomb
tructure for advanced mass transport [82,83]. Two  chambers are
perated at different temperature levels. The water-splitting is con-
ucted at 1073 K, while the second chamber is regenerated by
hermal reduction of oxidized ferrite at 1473 K. This setting allows
or ‘quasi’ continuous processing. Solar hydrogen production was
ccomplished for more than 50 cycles without changing the coat-
ng. The authors also designed and built a 100 kWth solar pilot plant
acility, which is currently being tested.

Up to 80% of the energy input can be lost due to the
roduct quenching [10]. Thus, heat integration plays a key
ole in these types of systems. The Counter-Rotating-Ring

eceiver/Reactor/Recuperator (CR5) particularly addresses this

ssue by transferring the concept of a Stirling cycle into their
esign. The reactor is based on stacks of counter-rotating disks,
ith ferrite coated fins along their perimeters (Fig. 10). In the high
 CR5 reactor [85].

temperature part of the reactor solar energy is supplied to the fins
by direct heating to power the endothermic reduction of the fer-
rite. Before entering the hydrolysis chamber the ferrite fin is cooled
by the counter rotating neighboring rings. Experimental results
proved stability for more than 30 cycles. However, after periods
in the absence of irradiation, the efficiency dropped significantly,
suggesting some irreversible reactions during cooling.

Slightly higher temperatures are required to run the ZnO/Zn
cycle. The hydrolysis proceeds at temperatures as low as
(472–773 K). At the same time the thermal dissociation of ZnO
requires 1872–2273 K [84]. At this temperature the zinc formed
is in gaseous state. Quenching is, thus, not only required to avoid
re-oxidation but also to separate the products. Haueter et al. pre-
sented the design of a conical rotating cavity receiver, in which the
metal also serves as the solar absorber [72]. The reactants are fed
into the reactor as a powder and form a thick layer on the wall due
to the centripetal acceleration forces. The products are swept out
by an inert gas and directly introduced to a quenching unit.

As reaction kinetics will be hindered by the heating of a flat
layer, Perkins et al. present a reactor concept based on a flow-
ing aerosol for enhanced heat and mass transfer [84]. Experiments
substantiated this design with net ZnO conversions of 6–17%, the
highest conversions yet reported in literature. During quenching a
fine Zn powder with particles in the nanometer range was formed.
Funke et al. showed that fine powders can be applied to enhance
the hydrolysis reaction [85].

Recent studies demonstrate that the two-step thermochemi-
cal cycles with ZnO/Zn and Iron oxides can also be used for solar
thermal carbon dioxide splitting [86–88] as well as for syngas pro-
duction [75]. In principle, the same reactor configurations can be
used for carbon dioxide splitting [86,89,90].

2.4.4. Challenges
Solar thermochemical processes present high material demands

not only due to the temperature levels, but also due to their tran-
sient operation as well as high heating and cooling rates (up to

105 K/s [10]. Further studies are required to ensure long term
thermal shock resistance of the reactor materials. Continuous pro-
cessing is difficult and efficient start-up strategies are required
to rapidly reach steady state production within the short heating
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ycle. A possible route for continuous hydrogen production is the
ver-production of metals in the first reaction step (solar powered
etal dissociation), to sustain a continuous metal hydrolysis in the

econd step. However, this concept comes at the cost of doubling
he required solar flux.

The quenching of the reduction products usually introduces a
ajor drop in the efficiency of the processes. The CCR5 concept

emonstrates that smart integration strategies can be followed to
inimize heat losses. However, new concepts (for example for the

n situ removal of oxygen) are required to intensify the quenching
tep and advance the competitiveness of the solar production of
ydrogen. The search for new metal-oxide cycles is ongoing and
an provide solution for the recent challenges within the field of
olar thermochemical processing. In 2008 Abanades and cowork-
rs presented the SnO2/SnO cycle [91]. The gap between reaction
emperature and the melting point of SnO is significantly lower
s for the ZnO/Zn cycle, lowering the dependency of the metal
issociation on the quenching rate.

In conclusion, important steps have already been taken in the
evelopment of solar thermochemical processing. During the next
ecades several pilot plant projects will unavoidably grant a new

evel of understanding of these systems.

. Conclusions

Various options for solar to fuel devices have been described,
omparing (i) the combination of photovoltaic (PV) devices and
lectrocatalysis, (ii) single unit operation by photocatalytic con-
ersion, and (iii) solar thermal conversion. For electrocatalytic
nd photocatalytic technologies, dramatic improvements should
e made in terms of material optimization and reactor design
nd operation. Both technologies could be combined with biomass
onversion. Options for integrated process operation combining
iomass conversion and electrocatalytic steps have been identi-
ed and have significant potential. At the same time, it is well
nown that combining hydrocarbon oxidation (rather than water
xidation) with photocatalytic reduction reactions (producing H2
r hydrocarbons) can significantly enhance the photonic efficiency,
nd might also be an interesting option in the transition to an
ntirely artificial photosynthesis system. Large efficiency gains are
ecessary to enable use of these technologies in practice. In partic-
lar, catalyst development programs for both electrocatalytic and
hotocatalytic technologies are needed, aiming at improving activ-

ty, selectivity and stability. For photocatalysis, one of the important
dditional challenges is to design Z-scheme catalytic systems in
nalogy to tandem solar cells, which would use different regions
f the solar spectrum and allowing visible light induced cataly-
is. There is also a lot to gain in photoreactor design and process
ptimization in terms of light intensity, temperature, and pressure
pplied for the (gas phase) photocatalytic reactions. The authors
re encouraged by the dramatic increase in research capacity that
s currently (2011) established, and are confident that major steps
orward to achieve the required improvements will be made. Solar
hermal conversion is more mature, and requires further opti-

ization in processing and establishment of long term thermal
hock resistance of the reactor materials, as well as new metal-
xide cycles lowering the dependency of the metal dissociation on
he quenching rate. Also here it is to be expected that significant
mprovements can and will be made in the near future.
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