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mainly reduced carbon material, with either a low (coal),
average (oil), or high (natural gas) hydrogen content. The energy
is stored in their chemical C–C and C–H bonds. The chemical
reaction with oxygen (O2) burns these fuels to form CO2 and
H2O. This exothermic reaction releases the stored energy,
which can be used for several purposes, such as the generation
of heat, motion, and electricity. Besides being ideal energy
carriers, fossil fuels also yield many of the materials on which
the chemical industry builds.

Although fossil fuels constitute in several ways perfect energy
carriers, their combustion emits the greenhouse gas (GHG) CO2

into the atmosphere, currently in quantities large enough so as
to alter our planet’s climatic system. Natural pathways to capture
CO2 from the atmosphere do not match the speed with which
human activity presently emits this GHG. As a consequence,
CO2 is the main contributor to anthropogenic climate change,
out-shadowing GHGs such as methane (CH4) and nitrous oxide
(N2O). The detrimental impacts from global climate change
induce mankind to look for renewable energy sources that
preclude the use of fossil fuels.

Renewable energy sources will eventually need to take over
fossil fuel usage. To date, most approaches that harvest renew-
able energy (apart from biomass for heating, cooking, and fuel
production purposes) produce electricity, such as photovoltaic
(PV) modules, wind turbines, hydropower dams, and geothermal
systems. It will take time and concerted efforts to change global
electricity supply – which today fulfills roughly 20% of our total
energy demand – into a fully renewable power system. Currently,
however, in some regions and at certain moments in time, more
renewable electricity is generated than is needed. This illustrates
that the intermittency of renewable sources may require storage
solutions that allow the use of these forms of energy at any
desirable point in time.

An energy source with a high volumetric energy density is
also desirable in many heavy-duty industrial processes and in
power backup systems. Electrification of the light-duty trans-
port sector is ongoing, but trucks, ships, and planes will

probably continue to rely on liquid fuels for a long time to
come. Simple synthetic building blocks are also required in the
chemical industry for the preparation of, for instance, plastics,
coatings, pharmaceuticals, and a broad range of materials.

An attractive prospect would be the establishment of a fast
and efficient process to produce fuels (and chemicals) with the
same properties as fossil fuels but on the basis of renewable
energy (the right side of Fig. 1). These ‘‘renewable’’ fuels (in this
paper we henceforth refer to REN fuels, or solar fuels if they are
produced with energy from the sun) could then directly replace
their fossil fuel counterparts and be implemented in society
without the need for fully redesigning existing energy infra-
structures. REN fuels could well contribute to the necessary
forthcoming energy transition. Several routes exist and/or are
under development to produce REN fuels.2–4 The first step in
processes that produce REN fuels is to harvest renewable
energy and convert it into a usable form. In a second conversion
step the ensuing form of energy is used to produce fuels from
the basic feedstocks H2O and CO2.

The REN fuels generated in this way can be employed either
as energy carriers or as building blocks in the chemical industry.
In the former case the energy stored in REN fuels is used, usually
within relatively short delays; their combustion releases H2O and
CO2, which subsequently need to be captured again in order to
close the (fast) cycle. In the latter case the CO2 is stored for
longer periods of time; in this case the storage duration of
captured CO2 has important consequences for the carbon
footprint of REN fuels. These implications should be accounted
for in life cycle analysis of REN fuels,5–8 which we don’t under-
take in this study.

Routes for REN fuel production abound. For many options
they involve proven technology.9 Their GHG emissions are
generally low, or even close-to-absent if all processes (including
those running in the background) are powered by renewable
energy. Yet the share of fuels produced with renewable energy
today is negligible. The use of REN fuels is particularly hindered
by high production costs in comparison to those of fossil fuels.

Fig. 1 About 81% of our current energy supply is derived from fossil fuels (left side). It took millions of years to build up these fossil resources, formed by
natural photosynthesis. Today, burning these carbon-based fuels rapidly increases the concentration of CO2 in our atmosphere, leading to unwarranted
global climate change. We envisage a system that circumvents the use of fossil resources (right side). The conversion of H2O and CO2 in processes driven
by renewable energy allows for the production of renewable fuels in a rapid circular system that precludes the slow fossilisation route.
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5% CO2 emission in 2050

Why
2018: New law for climate (Klimaatwet)
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CO2-neutral energy
Why

1 may 2018

Why
Issue 1:  CO2-neutral energy= intermittent

Cope with 
day/night fluctuation
Summer/winter
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Energy density per Kg 

Compressed air (300 atm) ~ 0.5 MJ kg-1
battery ~ 0.1-0.5 MJ kg-1
Liquid fuels ~ 50 MJ kg-1
H2 (700 atm) ~ 140 MJ kg-1

Storage of energy is important

Issue 2: We still need fuel for heavy applications

140 x1012 Tesla batteries
1% per dag: 4x109

Why

Current use
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Future
Wind, solar……

Why

Wind, solar……chemistry
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Wind, solar……chemistry
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Most simple
PV + electrolysis 

(two system approach)

• PV + electrolysis 
(integrated system)

• Photoelectrochemical
cell (integrated system)

2H2O O2 + 2H2

How

n PV-Electrolysis

Solar Fuel

Around 10-15% efficiency
Scalable!
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n PV-Electrolysis

Around 22% efficiency Inorganic devices

Triple junction PV + Electrolysis

Spiccia et al. 2015

¢ 22% STH efficiency
¢ Expensive triple junction PV
¢ Concentrated light
¢ Cheap Ni-catalysts

Nocera et al. Science 2011

¢ 2-4% STH efficiency
¢ Platinum free!
¢ 3jn-a-Si needs protection, 

not stable in water
¢ Efficiency too low

Dam, vd Krol et al. Nat Commun 2013

Around 5-10% efficiency

PV/electrolysis Integrated devices
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Natural photosynthesis

Natural photosynthesis

have common principles for capturing solar energy across the
whole of the visible spectrum and facilitating efficient energy
transfer to the associated reaction centres with minimum
losses of energy. Again detailed spectroscopic and structural
studies have revealed the molecular basis of these systems,
details which could also be adopted for designing light con-
centrating systems for a new generation of solar energy
converting technologies.29 However it is the water splitting
reaction of PSII which holds the greatest promise for devel-
oping new technologies for converting solar radiation into
usable energy, particularly in generating hydrogen or ‘‘high
energy electrons’’ for reducing carbon dioxide. In this way
PSII is unique when compared with all other types of photo-
systems which are far more limited in the redox chemistry they
catalyse.

Photosystem II

The photosynthetic water splitting reaction appeared on our
planet about 2.5 billion years ago and was the ‘big bang of
evolution’ since for the first time living organisms had avail-
able an inexhaustible supply of ‘hydrogen’ (in the form of
reducing equivalents) to convert carbon dioxide into organic

molecules. From that moment, living organisms on Earth
could prosper and diversify on an enormous scale; biology
had solved its energy problem and PSII established itself as the
‘‘engine of life’’.30

Clearly, using solar energy to split water to produce hydro-
gen or ‘‘high energy’’ electrons is also the perfect solution for
humankind. In principle, the technology exists today to do
this. Electricity can be generated by photovoltaic solar cells
and used to carry out the electrolysis of water. With a solar cell
efficiency of 10% and 65% efficiency for the electrolytic
system, the overall efficiency would be 6.5%. Electrolysis relies
on platinum or other catalysts for gas evolution, which are in
limited supply and therefore expensive. At present very little
hydrogen is generated by electrolysis because of the lower
price of electricity generated by conventional means. Similarly,
the cost of photovoltaic solar cells marginalises this route for
using solar energy to produce hydrogen directly from water.
But perhaps a bio-inspired water splitting catalyst can be
devised which works along similar chemical principles em-
ployed by the OEC of PSII.
Because of the importance of understanding the chemistry

of the water splitting reaction of PSII there has been a wide
range of techniques employed to probe the molecular

Fig. 4 Side view of the structure of Photosystem II, the water splitting enzyme of photosynthesis. This structure was determined by X-ray

crystallography.39 The complex is embedded in the thylakoid membrane spanning between their lumenal and stromal surfaces. It is composed of

two monomers related to each other by a two-fold axis. Each monomer contains 19 different protein subunits with 16 being located within the

membrane matrix and having s-helices (depicted by cylinders). In total there are 35 transmembrane helices. The D1- and D2-proteins that

compose the reaction centre are shown in yellow and orange, respectively. 57 cofactors were assigned to the structure, including 36 chlorophyll a

molecules. Of particular importance was characterisation of the water splitting site consisting of a cubane-like organisation of a Mn3CaO4-cluster

with a fourth Mn linked to the cubane by mono-m-oxo bridges (see insert where Mn ions are shown in magenta, calcium in turquoise and oxygen

atoms in red). This catalytic centre is located on the lumenal side of the complex and is stabilised and shielded by three extrinsic proteins, PsbO,

PsbU and PsbV. Also shown in the insert are the amino acids which provide ligands to the metal cluster. Figure modified from ref. 39.

190 | Chem. Soc. Rev., 2009, 38, 185–196 This journal is !c The Royal Society of Chemistry 2009

Pu
bl

is
he

d 
on

 1
0 

N
ov

em
be

r 2
00

8.
 D

ow
nl

oa
de

d 
on

 2
7/

03
/2

01
5 

16
:1

0:
52

. 

View Article Online



11

Why artificial photosynthesis for energy ….
……..and not photosynthesis 

We need efficiency!!

Inspiration from Nature: molecular based devices

Solar to fuel device based on molecular components

Ir, Ru, Ni, Fe Co, Ni, Fe

Solar to fuel device based on molecular components

Artificial Photosynthesis
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Dye-sensitized solar cells (DSSC)

Michael Grätzel
O'Regan, Grätzel, Nature 1991, 353, 737-739

N-type DSSC

Dye-sensitized solar cells (DSSC)

O'Regan, Grätzel, Nature 1991, 353, 737-739

N-type DSSC

7504 | Chem. Soc. Rev., 2014, 43, 7501--7519 This journal is©The Royal Society of Chemistry 2014

absorb light do so because the wavelength of light being
absorbed is of sufficient energy to promote an electron from a
low energy molecular orbital (ground state) to a higher energy
orbital (excited state). The wavelength at which a material absorbs
will be dependent upon the energy gap between the ground state
and the excited state, which is what gives different materials their
distinctive colours: Materials that absorb light in the visible region
of the electromagnetic spectrum (ca. 400–700 nm) will appear
coloured whilst those that absorb in the ultraviolet or infrared
regions appear colourless. In the majority of cases the energy
absorbed is eventually expelled as heat (non-radiative decay) or
light (radiative decay) as the excited electron relaxes back to its
original state, however some materials, such as semiconductors,
can use the potential energy of the excited electron to do work in
the form of electrical current or electrochemical transformations.
The conversion of solar energy directly to electrical energy is
termed photovoltaics whilst the conversion of solar energy to
chemical energy is called photosynthesis; both research fields are
vital in the search for solar based energy production.

2.2. Photovoltaics

2.2.1. Solar cells. Solar cells, or photovoltaic cells, are
devices that generate an electrical output under light irradiation.
A semiconductor, typically crystalline silicon, absorbs visible
light to promote an electron from the low energy valence band
(VB) to the higher energy conduction band (CB), creating an
electron–hole pair. This electron–hole pair is then transported
through an electrical circuit where it can be used to power an
electronic device, similar to a battery. The efficiency of a photo-
voltaic device is highly dependent upon the semiconductor
material(s) from which it is made, as well as the physical device
morphology and manufacturing techniques. Since the first
crystalline silicon solar cells were introduced to the market over
40 years ago, advances have been steady and improvements in
solar to electric efficiency have increased from o1% to >40% for
today’s state-of-the-art multi-junction GaInP/GaInAs/Ge cells.8

The benefits of sourcing electricity from photovoltaic cells
include large device lifespans (>20 years for most commercial
solar panels) and relatively low pollution and operating costs;
however these are offset against the high material and proces-
sing costs during manufacturing and the reliance on solar flux
i.e. electricity is only produced during the day. Although the
problem of inconsistent solar flux cannot be easily overcome,
manufacturing costs are constantly falling as demand increases
and new technologies are developed, with claims that the price
of solar power has already reached parity with grid power in
some countries.9 Thin film solar cells, multiple junction solar
cells, organic/polymer solar cells, Quantum Dot Solar Cells
(QDSCs), and Dye Sensitised Solar Cells (DSSCs)10,11 are the
main device designs under investigation that are beginning
to compete with traditional semiconductor solar cells and
ultimately lowering the cost of solar energy.

2.2.2. Dye sensitised solar cells. O’Regan and Grätzel first
demonstrated the concept of low cost, high efficiency solar cells
in 1991 using a charge-transfer ruthenium dye adsorbed on a
film of nanostructured titanium dioxide (TiO2) semiconductor

and an iodide/triiodide redox mediator.12 A schematic of the
generic design of a DSSC can be seen in Fig. 1. The key principles of
the cell are light absorption and initial charge separation by the dye
molecule (eqn (13)), followed by charge stabilisation through rapid
electron injection into the TiO2 conduction band (eqn (14)) and dye
regeneration by the iodide (eqn (15)). Finally, reduction of triiodide
at the counter electrode completes the cycle (eqn (16)).

TiO2–P + hn - TiO2–P* (13)

TiO2–P* - TiO2(e!)–P+ (14)

2TiO2(e!)–P+ + 3I! - 2TiO2(e!)–P + I3
! (15)

I3
! + 2e! - 3I! (16)

The initial design of DSSCs has changed very little with time.
However advances with respect to semiconductor morphology,
dye structure, redox mediator and electrolyte composition have
led to increases in power conversion efficiency from 7.1% to the
current value of 15%. This new record breaking device is a solid
state DSSC and utilises a CH3NH3PbI3 perovskite dye to sensitise
the TiO2 semiconductor and a complex blend of organic and
inorganic molecules as the hole-transporting material (HTM)
that connects the photoanode to the cathode.13

2.3. Photoelectrodes for water splitting

2.3.1. Semiconductor electrodes. As mentioned previously,
photovoltaic devices alone cannot provide the solution to the
impending energy crisis due to the current lack of viable methods
for transportation and storage. Using solar energy to release
hydrogen and oxygen from water would provide a fuel based energy
vector that is clean and renewable and is also easily integrated with
current transport infrastructure. The photolysis of water with TiO2

was first demonstrated by Honda and Fujishima in 1972, where
with a small electrical bias and irradiation with UV light they
succeeded in liberating hydrogen gas and oxygen gas from water.14

The reason for using high energy UV light in this system was
because the energy band gap for TiO2 is 3.0–3.2 eV, which
corresponds to absorbance only in the UV region of o400 nm.

Fig. 1 Structure and operating principle of a typical DSSC.

Tutorial Review Chem Soc Rev
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Dye-sensitized solar cells (DSSC)

Michael Grätzel
Dye CellO'Regan, Grätzel, Nature 1991, 353, 737-739

n-type DSSC n-type photo electrochemical  DSSC

DSSC assembly

26

Pt electrode

Pre-drilled hole

Dye absorbing

Polymer spacer

NiO working 
electrode

Sealing and filling
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Tandem cell

Sun et al. JACS 2015, 137, 9153 

Proof of principle, Efficiency low Charge recombination
Better catalysts
Optimize light absorption

Solar Fuel: techno-economic analysis

This journal is©The Royal Society of Chemistry 2018 Energy Environ. Sci.

both PEM and SOE electricity consumption is the major cost
component. Due to a low learning rate for AE, CAPEX and O&M
become the dominant component of the H2 production costs
via this route within a decade.

The PEC approach to produce REN H2 might also yield a
competitive production cost during the timeframe considered,
by 2031 in our most optimistic scenario. Like with the AE and
PEM routes, however, PEC technology does not reach compe-
titivity before 2050 in our base case. The high learning rate of
this novel technology allows for fast cost reductions if enough
capacity is installed. Before the PEC route can be implemented
on the necessary scale, many technical hurdles still have to be
overcome. To date, PEC technology has only been shown to
work in the laboratory and has not entered the demonstration
or commercial phase yet. As a result, high uncertainties exist in
our cost projections, as can be observed in Fig. 7. PEC technol-
ogies might for a long time to come continue to suffer from
high upfront investment costs, since they involve ‘‘all-in-one’’
systems and thus cannot directly benefit from cost reductions

realized in existing systems such as those based on solar PV.
This is also demonstrated in the cost-breakdown curves for the
base case and optimistic scenario, which reveal that the major
cost-components are CAPEX and O&M, while electricity demand
is very low (Fig. S1 and S2, ESI†).

Fig. 7 shows that REN syngas production by CO2-SOE becomes
competitive in 2039 under optimistic technology deployment
assumptions, but remains uncompetitive in 2050 in the base
case. If CO2-SOE is coupled to FT synthesis producing REN diesel,
a more competitive situation is obtained. With this approach (see
last plot in Fig. 7) the base case arrives at break-even costs in 2037,
while in our most optimistic scenario competitive costs are
reached already in 2025. For PEM electrolysis coupled to
CO2-based REN methanol production, break-even costs are
not achieved before 2050 in the base case, but are in our most
optimistic scenario, by 2032. Under our most conservative
projections, none of the seven REN fuel routes reach break-
even cost values before 2050. For all carbon-based REN fuels,
for the optimistic scenario in 2050, not only electricity but

Fig. 7 Projected levelized costs (in US$(2015) per kg) until 2050 for the production of REN fuels based on learning curves for the underlying
technologies. Among the four routes presented for REN H2 production with H2O as feedstock are three electrolysis options (AE, PEM, and SOE) and one
photoelectrochemical approach (PEC). In three routes CO2 is introduced as additional feedstock for the production of carbon-based REN fuels (syngas,
methanol, and diesel). The horizontal dotted break-even lines represent the current costs of producing these fuels on the basis of fossil fuels.

Energy & Environmental Science Analysis
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Detz, van der Zwaan, Reek Energy Environ Sci.   2018 ECN/TNO

When



15

Conclusion

Photosynthesis for food

Artificial photosynthesis for energy

Start implementing now, optimization for efficiency 
for later

Can we make chemical compounds instead of 
Oxygen?

DSPEC

30

Pt

DSPEC cell as big DSSC
~300 microA

H2benzaldehyde
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Discussion points
n How important is efficiency?
n What is the economic value of efficiency?
n Do we need always need high efficiency 
n How to create a realistic holistic view?
n What technology is lacking from other 

perspectives? (economic, social, 
implementation)


