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About this publication
This booklet is intended for people with interests in global
future energy strategies, and in Dutch and EU research and
innovation policy. It is a non-technical introduction to the
potential of solar fuels to become a viable alternative in
our future energy landscape.
We would like to thank the UK Royal Society of Chemistry
(RSC) for giving us permission to draft this publication on
their report on solar fuels that was released in January
2012, including the use of illustrations.

About BioSolar Cells
BioSolar Cells is a five-year research programme that
contributes to photosynthesis research and innovation for
sustainable production of food, renewable energy and
feedstock for the chemical industry. Nine knowledge
institutions and 38 companies work together to unravel

the fundamental principles of natural photosynthesis and
apply this knowledge to optimise photosynthesis in plants,
algae and some microorganisms, and artificial systems. The
aim of BioSolar Cells is to enable innovation. The scientists
involved in the programme contribute a wide range of
sciences and technologies, ranging from chemistry,
physics, genomics and plant physiology to nanotechnology,
biotechnology and modelling. A section of the programme
is committed to education and societal debate.
BioSolar Cells has a € 43 million budget and is financed by
the Ministry of Economic Affairs, Dutch universities,
private businesses and the Netherlands Organisation for
Scientific Research (NWO).
More information about the BioSolar Cells programme is
available at www.biosolarcells.nl
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Foreword
The Netherlands consumes almost 18 billion litres of fossil fuels per year. That produces a vast
amount of CO2, a greenhouse gas that is known to contribute to climate warming. In order to
limit climate warming, we will have to recycle CO2 which can only be achieved with fuel. The
fuel market is the only one that is large enough to absorb such large volumes of CO2.
The potential production volume of biofuels is not large enough to offer a solution. One of the
very few other options we have is to harness solar energy and store it in fuels in a CO2-neutral
way. This is an area of technological expansion that is often referred to with concepts such as
'the artificial leaf', 'artificial photosynthesis' or 'solar fuel'. These concepts all stand for the
same principle: production of fuel from sunlight such as hydrogen, a completely CO2-free fuel,
or carbon-based fuels that recycle CO2 from the air.
In all scenarios for sustainable energy supply solar energy is key. Scientists are working hard to
develop solar fuel, also in our BioSolar Cells consortium. That is a development the public is
not yet very familiar with. This publication aims to inform a wider audience about the principles and opportunities of solar
fuel on a scientific solid basis and in a non-technical way.
Photo: Sam Rentmeester

If we want to create a sustainable future we will have to change production systems, not only in industrial production
processes but also in our own living environment. These will be changes we all will have to deal with and we all benefit
from.
I am convinced that the technology will offer solutions, and we can obtain a great deal in solar fuels. In the end there will
be questions such as: how do we apply these technologies? How can solar fuels be integrated in our economic system,
where are we going to produce them, and who is going to benefit from them? What are possibilities for co-production or
cascading for the bio-based economy, where evolution of nature and industry go hand in hand? What kind of drawbacks
and risks can we expect?
These are questions that will keep our minds busy for a long time and can not be answered over night. I sincerely hope that
this publication offers a tool for further reflection and debate, aiming for sustainable economic systems and social
structures.

Huub de Groot
BioSolar Cells Scientific Director
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Introduction: Why we need sustainable energy sources
In 2011 the world population reached 7 billion. The United
Nations Food and Agriculture Organisation predicts that
growth will continue and that in 2050 the population will
have reached 9 billion. Emerging economies will drive
global energy markets. As prosperity continues to grow, we
will arrive at a point where the demand for energy and
food outstrips supply. The tendencies in the west of
reducing energy consumption and consuming less meat do
help to some extent, but are not enough: in the future we
are going to have to produce more food and make more
use of sustainable forms of energy.
According to estimates by the International Energy Agency,
the world’s oil reserves will decline by 40-60% in the next
twenty years. This decline in oil can be compensated by
other fossil fuels, such as natural gas, coal and uranium.
Current developments in the exploitation of shale gas
seem to have given us access to huge reserves of natural
gas at a low price. Our coal reserves will continue to last
for a long time, and uranium reserves are still plentiful. But
burning fossil fuels leads to emissions of large quantities of
carbon dioxide (CO2 ), which is one of the major
greenhouse gases causing global warming, which in turn is
leading to climate change and a rise in sea levels. These
developments are adversely affecting biodiversity,
precipitation patterns, fresh water supply, agriculture and
food supply, and the safety of those living in low-lying
coastal areas. This makes sustainable, low carbon energy
supplies one of the most pressing challenges facing society.
The need to take immediate action has been underscored
by the International Energy Agency's World Energy Outlook
2011 which concluded that 'There are few signs that the

urgently needed change in the direction of global energy
trends is underway', and that 'We cannot afford to delay
further action to tackle climate change'. The challenges
cannot only be dealt with in terms of policies; we also
need scientists and engineers to find more efficient ways
of producing and using fossil energy and to develop
renewable energy solutions.
The goal of this booklet is to raise awareness of the
concept of solar fuels and their potential to become an
additional and significant new option in our longer-term
energy future. The Netherlands has already invested in an
extensive research and innovation programme called
BioSolar Cells, which aims to deliver plants with improved
photosynthetic efficiency, pilot-scale production of solar
fuel from cellular organisms with an efficiency of at least 5
%, and at least two devices that convert sunlight to fuel
(so-called artificial leaves). Similar technologies are being
developed in other countries.
Major research programs of solar fuels have also been
launched in the EU within the context of the European
Science Foundation and The European Energy Research
Alliance. With all these programs, there are plans to
leverage critical mass such that research, innovation and
implementation will be carried forward in future years. It is
very encouraging to see the development of a European
Public-Private Partnership on BioBased Economy (Bridge),
where the European Commission and European industry
have already expressed their intention to leverage close to
€ 4 billion for bio-based research to be conducted within
1
the next framework programme Horizon 2020 .
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PART 1. THE POTENTIAL OF MAKING FUELS USING SUNLIGHT
What are solar fuels?
“With the help of the sun we could solve our energy
problem. Every thirty minutes the Earth absorbs enough
sunlight to supply the whole world a year long with
energy. Every thirty minutes! This is where our challenge
is. We have to use this potential. This is where we can use
2
the forces of nature to our advantage.” This statement

made by Willem Alexander, Prince of the Netherlands, at
a seminar in Dresden in 2011 is very true. The sun's
potential as a renewable energy source is vast. If we can
develop systems to use solar energy to produce fuels on a
large scale, this will transform our future energy options.

Figure 1 - What could the production and use of solar fuels look like?
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We are using solar energy in various ways already. We
produce electricity with solar panels, put solar heating
systems on our roofs and build large concentrated solar
power units, for instance in Spain. Solar energy is also
used to grow plants and algae for the production of
biofuels and food. These are discussed in more detail in
Appendix A. The focus of this report is on solar fuels: fuels
produced directly using sunlight.
Currently, only 8% of the energy we consume globally is

produced from renewable sources (hydro electricity and
other renewables). 87% of fuels for transport, electricity
generation and heating and many raw materials for
industry (feedstock) are produced from fossil sources: oil,
coal and natural gas. In the European Union, no more than
0.7% of the electricity we currently consume is directly
produced from solar energy. Since electricity is only onethird of the total energy we consume, we should not limit
our efforts to more and better solar panels. In addition,
the production of electricity has to be balanced with

Figure 2 - Photosynthesis: Nature’s way of making solar fuel
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demand. To make this happen, we have to look for
alternative routes to produce liquid and gaseous fuels with
technologies that harness sunlight.
A fuel is actually a molecule with a chemical bond that has
captured energy, which can be used when needed. We are
now developing technologies that enable us to capture
energy from the sun and store it in chemical bonds, in
hydrogen, methane or methanol. These molecules are
called solar fuels, which can not only be used for transport
and electricity generation, but also as feedstock in (the
chemical) industry. Figure 1 shows what the production
and use of solar fuels could look like.
This concept of making fuels using sunlight is the basis of
photosynthesis, where sunlight is used to convert water
and carbon dioxide to oxygen and sugars or other
materials which can be thought of as fuels. See figure 2.
For several decades, scientists have pursued the possibility
of producing solar fuels in the laboratory. There are three
approaches:
 Artificial photosynthesis in which systems made by
human beings mimic the natural process, also called
artificial leaves;
 Natural photosynthesis; and
 Thermochemical approaches.
Natural photosynthesis in plants is not very efficient in
converting solar energy to chemical energy. Most plants
have an efficiency of less then 1 per cent. With potential
conversion rates of 5-10% photosynthesis in algae or
cyanobacteria is more efficient. The theoretical limit for
artificial photosynthesis is around 40%, and conversion
rates of 18-20% seem achievable. These processes to
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produce solar fuels are discussed in more detail in the next
section.
Over the last ten years the drive to develop systems that
produce solar fuels on large scale has been an area of
increasingly intense research activity in the United States,
Europe and East Asia. It is also now attracting commercial
interest in the form of spin-off companies such as Sun
Catalytix that was founded to commercialise a low-cost
catalyst developed by Professor Daniel Nocera. The
company raised venture capital and landed an ARPA-E
grant for a material that can produce hydrogen from water
3,4
directly from solar energy .
Scientists have made significant progress in producing two
very important types of fuels:
Hydrogen can be used as a transport fuel, and is also an
important feedstock for industry. Hydrogen can be
produced by splitting water using sunlight. See Figure 3.
Carbon-based fuels such as methane and carbon
monoxide. These are key feedstock for making a wide
range of industrial products including fertilisers,
pharmaceuticals, plastics and synthetic liquid fuels.
Carbon-based fuels can be produced using sunlight, carbon
dioxide and water. Carbon monoxide is used with hydrogen
as synthesis gas.

How solar fuels will change future energy
options
The route from laboratory prototype systems to
commercial technologies is still long. However, if the
production of solar fuels is achieved on a large scale, it
would not only transform our sustainable energy options
by providing alternatives to fossil fuels for transport,

industry and electricity generation, it could also
transform the energy infrastructure.
A way to store and transport solar energy
Like wind and wave power, solar power is an intermittent
renewable energy source. That makes it a challenge to
tune supply and demand of energy. As long as the share of
solar power is relatively low, then the base load can be
provided by conventional power plants. For solar energy to
become a practical and widespread component of our

energy mix, new technologies to store and transport it are
vital so that energy is still available when there is little or
no sunlight.
Solar fuels address this challenge as energy from the sun is
directly stored in the chemical bonds of the fuels. The
concept of producing and storing solar fuels is shown in
Figure 4. Solar fuels are also easily transported using
existing distribution networks by pipeline, road, rail or sea.
Solar fuel can also be combined with fuel cell technologies,
which convert fuel to electricity and heat, to power a

Figure 3 - Producing hydrogen by splitting water using sunlight
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building or small community. This is shown in Figure 4,
where the solar fuel could be hydrogen or methane. An
example of a demonstration project in the Netherlands is
EnTranCe in Groningen, where nine fuel cells have been

Figure 4 - Solar energy around the clock
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installed at a test plot for future energy systems (although
the fuel in this case is natural gas and has not been
5
produced from sunlight) .

A way of producing renewable liquid fuels for transport
Globally, just over 60% of world energy consumption is for
6
transport . In the European Union, transport typically
accounts for about one third of the average energy
7
consumption per person .
With the Renewable Energy Directive (RED, 2009/28/EU)
the European Union is aiming to get 20% of its energy from
renewable sources by 2020. For the transport sector these
8
goals are translated into an alternative fuels strategy and
a proposal for a Directive on the deployment of alternative
9.
fuels infrastructure This focus on low CO2 alternatives to
oil builds on a comprehensive mix of LPG, Natural gas,
electricity, liquid biofuels and hydrogen. Although these
papers do not mention solar fuels yet, solar fuels could be
an important new option in addressing the issue of
sustainable transport. These fuels could be used for light
vehicles and, perhaps more significantly, for air and ocean
transport, which are more challenging to electrify.
There are two ways that solar fuels could be used to
provide sustainable fuels for transport. The first is using
hydrogen to power hydrogen vehicles. The second is using
a combination of hydrogen and carbon monoxide (often
referred to as synthesis gas, or syngas) to make liquid fuels
for transport (synthetic fuels). This conversion of hydrogen
and carbon monoxide into synthetic fuels is called the
Fischer-Tropsch process. Currently, synthetic liquid fuels
are produced from coal and natural gas by a growing
Fischer-Tropsch industry.
Producing renewable liquid fuels without competing with
food production
One of the major short-term options for renewable
transport in the European Union’s policy is liquid biofuels.

This policy was questioned for its focus on so-called first
generation biofuels based on sugar, starch and vegetable
oil because of their impact on land use and resulting
competition with food production. The alternative fuels
strategy document that was released in January 2013
therefore advocates support for sustainable advanced
biofuels produced from lignocellulosic feedstock and
wastes, as well as algae and microorganisms, which
compete less with food production. However, both first
and second generation biofuels build on the availability of
biomass in sectors where European agriculture does not
have a surplus, and biomass has to be accumulated in huge
volume from all over the world. Solar fuels offer an
additional advantage because they can be produced
anywhere, integrated in the existing technological
infrastructure in densely populated countries, and do not
need land or nutrients that may be needed to produce
food. They could even be made by splitting unpurified
water and produce purified water as a waste product.
A source of renewable feedstock for established
industries
Many of the products that we use, such as fertilisers,
pharmaceuticals, plastics and synthetic fuels, are made,
primarily, from feedstock such as hydrogen and simple
carbon-based molecules, which are derived from fossil
fuels (see box). As an example, today’s feedstock for the
German chemical industry, Europe’s most industrialised
country, is more than 80% fossil-based.
The capability to produce feedstock using sunlight and
abundant materials such as water and carbon dioxide
would therefore be a major breakthrough in reducing our
dependence on fossil fuels – both as feedstock and energy
sources.
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Hydrogen and carbon based feedstock are widely used in industry
Fertilisers
The world's largest capacity in ammonia production is installed in Sluiskil, in the Southwest of the Netherlands. The
3
production process at Sluiskil consumes 1,800 million m of natural gas, the amount used by almost 1 million Dutch
households. The natural gas is converted to hydrogen by gas steam reforming, an energy consuming process that
operates at high temperatures process. Part of the natural gas is used to produced the required heat.
This process is used world wide to produce 134,000 million tonnes ammonia per year. It consumes 3-5% of the world’s
natural gas production.
Pharmaceuticals
Simple hydrogen and carbon-based feedstock derived from fossil fuels are the starting point in many of the process
chains in the production of vitamins and several drugs.
Plastics
Hydrogen and carbon are the two primary constituents of many plastics. An example is polyethylene, a thermoplastic
polymer. Polyethylene is used in plastic bags, plastic films, geomembranes, gas pipes, bottles, etc. These are,
predominantly, produced by large petrochemical companies at several sites in Europe, although bioplastics, derived
from renewable sources, are becoming more widespread.
For all three types of products, if hydrogen or carbon-based feedstock could be produced from sunlight, water and
carbon dioxide, this would provide an alternative to natural gas, oil and coal as raw materials. Solar energy would
replace fossil fuel-derived energy in the production process.
Efficient cascading
Mitigation of global warming effects will require recycling
of large volumes of CO2. The only market that is large
enough to absorb such large volumes of CO2 is the fuel
market. Unfortunately, fuels have a rather low economic
value. To make the exploitation of biomass financially
viable, fuel production will have to be combined with the
generation of high-value products. In the bio based
economy this is called the principle of cascading: the use of
biomass with a focus on its highest value use.
Using water and carbon dioxide as the input opens the
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gateway to a potentially large number of small carbon and
hydrogen based molecules. These include carbon
monoxide and hydrogen, which can be used as synthetic
fuels; short chain alcohols, which could also be used as
fuels or for other industrial applications; precursors for
plastics; and feedstock for the pharmaceutical industry. We
could also develop algae that produce about ten times
their own weight in fuel and about one time their own
weight in aqua feed. Apart from a fuel, artificial leaves
could provide people with clean drinking water in parts of
the world where this is a scarce commodity.

Solar fuels, hydrogen transport and carbon
capture
Solar fuels could provide an alternative to fossil fuels.
They would also play an important role in enabling or
enhancing other sustainable energy technologies such as
hydrogen transport and carbon capture, storage and use.
Hydrogen transport
In April 2013 Hyundai introduced the first hydrogen vehicle
in the Netherlands (the ix35). The car has a fuel cell that
uses hydrogen and oxygen to produce water and
electricity. Several other car manufacturers, such as BMW
(Hydrogen 7) and Honda (FCX Clarity), have released
limited editions of cars with similar technology or with
engines that burn hydrogen. General Motors, Daimler
Ford, Nissan and Toyota are still working to make
affordable fuel cell cars.
Fuel-cell-grade hydrogen is currently produced in
processes that require at least as much energy as steam
gas reforming (see previous section). One of the challenges
for hydrogen transport, therefore, is to find alternative
ways to produce hydrogen. There are other challenges,
such as setting up a distribution network for hydrogen,
storing hydrogen and improving fuel cell technologies, but
if hydrogen would be produced using sunlight, this would
be a major step forward in enabling its use as a transport
fuel on a large scale.
Carbon use and recycling
10

According to the 2011 World Energy Outlook coal
accounts for nearly half of the increase in global energy
use over the past decade, with the bulk of the growth
coming from the power sector in emerging economies. A
special report of the Outlook entitled, Are We Entering a

Golden Age of Gas? explores the possible consequences of
the recent shale gas boom and presents a scenario in
which global use of gas rises by more than 50% from 2010
levels and accounts for more than a quarter of global
energy demand by 2035.
The report strikes a cautious note on the climate benefits
of such an expansion, noting that an increased share of gas
in the global energy mix is far from enough on its own to
put the world on a carbon emissions path consistent with a
global temperature rise of no more than 2 degrees Celsius.
The emissions from the combustion of gas, combined with
the significant emissions associated with burning coal will
be significant. The report therefore urges for research in
technologies for capturing and geological storage of
carbon dioxide. The European Union Carbon Capture and
Storage Directive lays down extensive requirements for the
site selection and analysis of the risk of leakage. In the
Netherlands, civil resistance against plans for on-land
carbon dioxide storage forced the government to select
offshore sites.
But rather than long-time storage of carbon dioxide
captured from fossil-fuel burning power stations – a major
challenge in itself - an attractive prospect is to use it to
produce fuels and feedstock. The first factory has already
been built in Iceland that uses the carbon dioxide from the
steam of geothermal power plants to produce methanol.
According to a recent review by a group of UK chemical
scientists, ‘the biggest obstacle for establishing industrial
processes based on CO2 is the large energy input which is
required to reduce it in order to use it’. Research teams in
Germany, the Netherlands and several other places in the
world are working on technologies to improve the energy
efficiency of the process.
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Sunlight could provide the energy needed to produce fuels
from CO2. Figure 1 shows how carbon capture technology
could provide a source of CO2 which, combined with water
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and solar energy, would be used to produce carbon-based
fuels such as carbon monoxide (combined with hydrogen
as syngas), formic acid or methanol.

PART 2. SOLAR FUELS: SCIENCE AND INNOVATION
Scientists in several countries, including the
Netherlands, are making world-class research
contributions towards developing systems to produce
solar fuels on a commercial scale. This section surveys
the approaches to, and challenges in, producing solar
fuels on commercial scales. It also gives an overview of
research and innovation in the Netherlands and
internationally.
Recently, there have been major scientific breakthroughs
in developing systems that produce fuels from sunlight.
These include:
 significant breakthroughs in our understanding of the
molecular mechanisms in natural photosynthesis and
in catalysis;
 development of new materials that harvest sunlight
and channel it to produce electricity and fuels; and
 developments in nanotechnology. There have also
been advances in other new energy technologies
such as fuel cells and carbon capture.
These breakthroughs, along with concerns about energy
security and climate change, have led to increased
efforts to produce solar fuels. Many nations are
increasing their investment in dedicated interdisciplinary
solar fuels research programmes, particularly the US, the
Netherlands and South Korea.

Scientific approaches to producing solar fuels
Solar fuels refer to the process where energy from the
sun is captured and stored in the chemical bonds of a
material. Photosynthesis is the blueprint for this
procedure. For over half a century, scientists have

pursued the possibility of producing solar fuels. There
are three main approaches:
 Artificial photosynthesis
 Natural photosynthesis
 Thermochemical approaches
Artificial photosynthesis
Artificial photosynthesis refers to the construction of a
bio-inspired device that directly converts energy from
the sun into fuel. Such a device will almost certainly use
the same basic steps as used in photosynthesis: light
harvesting, charge separation, water splitting and fuel
production. This is a very active field of research. Such a
device can, potentially, yield a much higher efficiency
compared to other methods of solar-to-fuel conversion:
in theory up to 42 %.
Natural photosynthesis
An obvious route to the production of fuel from sunlight
is to use photosynthesis itself. Here, there are two main
directions: cellular systems and plants. Single-celled
photosynthetic organisms such as algae and
photosynthetic bacteria can be utilised to produce fuels.
Such an approach is attractive for a number of reasons.
Firstly, natural photosynthesis recycles CO2 from air and
the potential efficiency is relatively high. With current
technology, solar-to-fuel efficiencies of a few per cent
can be reached. Future genetically modified organisms
may raise this value towards ten per cent. Second, many
of these microorganisms can be grown in dirty or
brackish water. This means that they can be cultivated in
places that may not otherwise be put to good use and
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Photosynthesis
Photosynthesis is the process by which plants, algae and some bacteria store energy from the sun in the form of
carbohydrates. These carbohydrates act as fuels: they are either used by the plant, or eaten by plant-eating animals, or,
after an organism has died, converted at high temperatures and pressures underground into fossil fuels. Photosynthesis
is thus the ultimate source of all fuel we use today. Photosynthesis uses water and carbon dioxide as raw materials and
oxygen is released as a waste product. It is thus also thanks to photosynthesis that we have the oxygen that we breathe.
Photosynthesis can be divided into four steps:
1. light harvesting,
2. charge separation,
3. water splitting, and
4. fuel production.
Light harvesting is the absorption and ‘concentration’ of sunlight. The collected light energy is then funnelled to the
place where charge separation takes place (the so-called ‘reaction centre’). There, the energy from the sunlight is used
to separate positive and negative charges from each other. The positive charges are used to split water into hydrogen
and oxygen (step 3). The negative charges are used to produce the carbohydrate fuel from carbon dioxide (step 4).
they do not compete with the production of food. Fuel
can also be made from plants (this is the way most of the
current biofuels are produced). However, solar-to-fuel
conversion efficiencies are low (generally significantly
less than 1 per cent). Also, many of the crops used could
also be used for food, or the land that the fuel crop is
grown on is arable land that could otherwise be used for
food production. Fuel production from plants is
therefore generally considered not to be a good longterm solution. However, research into increasing the
efficiency of photosynthesis in plants is very strongly
pursued: not so much for the production of biofuel, but
to increase the production of food and other feedstock.
Thermochemical production
Thermochemical production of fuel uses heat from the
sun to heat reactants to a very high temperature to
produce carbon monoxide and hydrogen. These two
substances can then be used to produce fuel.
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Challenges in large-scale production of solar
fuels
If solar fuels are to become part of our sustainable
energy mix, the systems to produce them must be:
Efficient, so that they harness as much of the sunlight
hitting them as possible to produce fuels. The larger the
fraction of sunlight that can be converted to chemical
energy, the less materials and land would be needed. A
target efficiency of about 10%, which is about ten times
the efficiency of natural photosynthesis, would be an
initial goal.
Durable, so that they can convert a lot of energy in their
lifetime relative to the energy required to install them.
This is a significant challenge because some materials
degrade quickly when exposed to sunlight.
Cost effective, so that solar fuels are commercially
viable.

If we are to successfully develop efficient, long-lasting
and commercially viable solar fuel production systems,
we need to support diverse areas of fundamental and
applied research in, for instance, chemistry, physics,
biology, nano technology and engineering.
Artificial photosynthesis requires the expertise of all of
these communities working together to address key
challenges such as:
 integrating the different processes and materials
involved, from capturing and channelling sunlight
through to producing a chemical fuel; identifying
inexpensive catalysts to split water and make fuel;
 developing ways to avoid the system degrading
quickly because of exposure to sunlight.

Research and innovation globally
Since the 1950s scientists have been developing
systems to produce solar fuels using artificial
photosynthesis, natural photosynthesis and
thermochemical routes. An overview of current
scientific advances in artificial photosynthesis is given
here.
There are a number of research programs in The
Netherlands, Europe, the United States and the rest of
the world that study solar-to-fuel conversion. Here, we
give a brief overview of some of the larger programs.
The Netherlands: The Dutch BioSolar Cells public private
partnership was established in 2010. The program is
funded by FOM/ALW/NWO, the Dutch ministry of
Economic Affairs, Agriculture and Innovation,
manycompanies and a number of Dutch Universities and
Research Organisations. The BioSolar Cells program has
three themes: artificial photosynthesis, photosynthesis

in cellular systems, and photosynthesis in plants. These
three research themes are underpinned by a fourth
theme: education and societal debate, where
educational modules are developed to equip and inspire
future researchers, policy makers and industrialists; and
the societal consequences of new solar-to-fuel
conversion technologies are debated.
Europe: Under the Framework Programme 7 (FP7)
European several research projects on solar-driven
hydrogen production via water splitting have been
11
12
started, such as SOLHYDROMICS , SOLAR-H2
13
14
NANOPEC , and H2OSPLIT . The European Science
foundation has recently launched the EuroSolarFuels
Eurocores program. This is the first coherent
fundamental science initiative aiming for solar-to-fuel
conversion funded by national science organisations
across the member states. The European Energy
Research Alliance has launched the Joint Programme
“Advanced Materials & Processes for Energy
Applications” (AMPEA) to foster the role of basic science
in Future Emerging Technologies, and artificial
photosynthesis became the first energy research sub15
field to be organised within AMPEA . This joint
programme was launched at the end of 2011 and to date
more than 40 European scientific institutions participate.
United States: In 2010, the Department of Energy
created the Energy Innovation Hubs, and among them, a
Joint Centre for Artificial Photosynthesis (JCAP) was
established between the California Institute of
Technology and the Lawrence Berkeley National
16
Laboratory in California . In 2012, the Solar Fuels
Institute (SOFI), based at Northwestern University, was
17
launched . This institute is a research consortium of
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universities, government labs, and industry united
around the goal of developing and commercialising a
liquid solar fuel within 10 years.
Rest of the world: There are ambitious programs in
South Korea, China and Japan. The Korean Centre for
Artificial Photosynthesis (KCAP) was launched at Sogang
18
University in 2009 . This centre has collaboration
agreements with a number of research organisations and
companies. China has recently inaugurated the Institute
for Clean Energy, which forms part of the Chinese
19
Academy Institute of Chemical Physics in Dalian . In
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2007, the Japanese government launched its World
Premier International Research Centre Initiative. The
most recent centre to be announced is the International
20
Institute for Carbon-neutral Energy Research in Kyushu .
Japanese automotive companies are involved in solar
fuels research and development. There is an active
research programme in artificial photosynthesis at
21
Toyota Central R&D Labs and Honda started building a
second station to produce hydrogen from sunlight and
22
water in Saitama Prefecture by the end of March 2012 .

PART 3: OPPORTUNITIES FOR THE NETHERLANDS AND EUROPE
Renewable energy industries can develop very rapidly
once commercially viable – the growth we have seen in
the silicon photovoltaics industry is a prime case. The
Netherlands and the European Union have the scientific
and industrial infrastructure to position themselves
among the front-runners if new solar energy industries
develop.
Scientists and engineers around the world have
developed systems to produce fuels, such as hydrogen
and simple carbon-based fuels, using water, carbon
dioxide and the sun’s energy. This can transform our
energy options in the future by providing a way to store
and transport solar energy for use anywhere and
anytime, and by providing a source of sustainable fuels
for transport. It will also provide an alternative to fossil
fuels as feedstock for industry.

Research and innovation
The Netherlands has many world-leading scientists in
the field of plant sciences, microbiology, chemistry,
physics, genomics and nanotechnology who are
working on solar fuels. The national government has
already invested in BioSolar Cells: a large-scale,
interdisciplinary research programmes specifically in
solar fuels with a budget of € 43 million.
The BioSolar Cells programme, which started in 2011, is

the first step. In 2016 it aims to produce algae and
bacteria capable of converting sunlight into liquid energy
directly, at 5 per cent efficiency, and two prototypes of
an artificial leaf that are capable of splitting water in
oxygen and hydrogen at a foreseen 10 per cent
efficiency.
Significant challenges remain in moving from these
research prototypes to commercial systems. Active
involvement of 34 industrial partners in the BioSolar
Cells programme will make sure that the work will have a
major impact on the establishment of a bio-based
economy in Europe and beyond.
One of the major obstacles will be to leverage sufficient
critical mass and funding in Europe to ensure that results
from the first five years will indeed lead to the next step
in the innovation process: further research into
applications for industry. This cannot be done by a single
country, but should be taken on at European level. It is
very encouraging to see the development of a European
Public-Private Partnership on BioBased Economy
(Bridge), where the European Commission and European
industry have already expressed their intention to
leverage close to € 4 billion for bio-based research to be
conducted within the next framework programme
23
Horizon 2020.
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APPENDICES
APPENDIX A: OTHER METHODS OF HARNESSING AND STORING SOLAR ENERGY
There are several ways in which sunlight is already being
turned into useful power.

1. Solar electricity
Photovoltaics (PV)
The main technology in the Netherlands and other
European countries is photovoltaics. A rapidly increasing
number of solar panels have been installed on homes,
public buildings and business premises. There are also
examples, such as the 67.5 MW Gabardan Solar Park in
Gascogne, France, where there are large arrays of
photovoltaic panels, or solar farms, which generate
electricity on much larger scales. Currently, the EU-27
24
countries have installed a total of 69 GW (2012) .
Germany (33 GW) and Italy (16 GW) are by fare the
largest producers of PV electricity. EurObserver expects
the total installation to reach at least 120 GW in 2020.
The vast majority of current photovoltaic technology in
use is based on crystalline silicon. This industry has
undergone significant growth in recent years. There are
other photovoltaic technologies that are used for
specialised applications, such as thin film solar cells that
are made by depositing one or more thin layers of
photovoltaic material on a flexible substrate. Thin-film
PV is used in sophisticated building-integrated
installations and vehicle charging systems. The dyesensitised solar cell is a special form of thin-film PV that
uses organic dyes that can convert sunlight to electricity.
They are simple to make using conventional roll-printing
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techniques and most of the materials used are low-cost.
Analysts expect thin-film PV to reach 22,214 MW in
2020.
There are also organic solar cells that use conductive
organic polymers or small organic molecules for light
25
absorption and charge separation .
Multi-junction solar cells or tandem cells contain several
interfaces between two types of semiconductors, called
junctions. Each junction is tuned to a different
26
wavelength of light, thereby increasing efficiency .
Currently, the best lab examples of traditional singlejunction silicon solar cells have efficiencies around 25%,
while lab examples of multi-junction cells have
demonstrated performance over 43%. Commercial
examples of tandem cells are widely available at 30%.
However, this efficiency is gained at the cost of increased
complexity and manufacturing price. To date, their
higher price and lower price-to-performance ratio have
limited their use to special roles, notably in aerospace
where their high power-to-weight ratio is desirable. In
terrestrial applications these solar cells are used in
concentrated photovoltaic (CPV) plants, which operate
all over the world.
Concentrating solar power (CSP)
Another approach to large-scale solar electricity
generation involves concentrating a large area of sunlight
using mirrors and lenses to produce heat. These
technologies heat oils and molten salts to high
temperatures, and the stored heat can then be later
used for electricity generation, day and night. A recent

example is the new 20 MW Gemasolar plant in Spain,
where most of the CSP in Europe is installed. This CSP
27
plant is based on molten salt heat storage technology .
The European Union expects CSP to represent 0.5% of
electricity generation in 2020. In a recent report, the
European Academies Science Advisory Council
highlighted the potential of concentrating solar energy
for electricity, both in Southern Europe and as a
component of a larger grid in the region of Europe, the
28
Middle East and North Africa .

during the summer to provide heating for buildings
during the winter.

Other solar electricity

Biofuels are produced by harvesting and then processing
plants, algae or waste (industrial and household). After
extraction, vegetable oils can be directly processed for
biodiesel production. Biomass and waste can either be
burned in conventional (coal) power plants (co-firing) or,
in case of organic materials, be used as feedstock for
microorganisms that convert the organic material into
liquid fuels such as bioethanol. Bioethanol can be mixed
with gasoline. Currently, commercial bioethanol is
primarily produced from sugar and starch (maize,
wheat).

There are other ways in which electricity can be
generated using sunlight that are not at a
commercialised stage. These include using microbes that
break down organic matter in the root zone of living
29
plants , bacteria that produce electricity from hydrogen
30
and carbon dioxide , or using solar fuels in an
electrochemical fuel cell.
Solar heating
The simplest solar heating technology is a panel that
heats water, which can be used to provide heating and
31
hot water for a home or larger premises . There are also
systems where solar energy is stored as heat in a
material and combined with heat pump technology. The
Energy Research Centre of the Netherlands (ECN)
developed a system based on heat storage in hydrate, an
inorganic salt that can absorb water molecules in its
32
crsytal structure .
These systems can provide 24-hour heating to a home or
community, and can also store energy from the sun

2. Biomass and waste
Crops harness solar energy by converting it to chemical
energy (carbohydrates or oil) by natural photosynthesis,
in most cases at efficiencies of about 0.5 per cent. Algae
can produce oil as well as several other products that can
be used as food or feed ingredients (proteins, colorants,
33
unsaturated fatty acids) or in cosmetics .

Since current, first generation biofuel technologies use
food crops as feedstock, they potentially compete with
food production. The next, second generation biofuels
use enzymes capable of degrading cellulose and lignin,
both non-edible parts of plants, and is therefore not
competing with food production. Since algae can grow
on salt water and find nutrients in waste, they do not
necessarily compete in terms of land and fresh water
use.
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3. Reducing carbon dioxide

4. Energy storage

Sunlight can be used to produce fuels from carbon
dioxide combined with other materials such as water.
The fuel products include carbon monoxide, formic acid,
methanol and methane. This process is called carbon
dioxide reduction, and it can either be achieved directly
in a photoreactor or indirectly using solar-derived
hydrogen as a ‘reductant’.

As the sun is an intermittent energy source, most current
solar energy technologies require additional energy
storage facilities. Excess electricity produced with
Photovoltaic (PV) cells (and windmills) can be stored in
batteries or be used to pump water for hydroelectricity.
Pumped-storage hydroelectricity currently accounts for
more than 99% of bulk storage capacity worldwide.
Energy efficiency varies between 70% and 80%. Pumped
hydro works only if you have a hill, or when you
transport your energy to, for instance, Norway. Batteries
are the solution for energy storage in small-scale off-grid
systems and are currently getting some utility-scale
attention. Batteries can be installed anywhere, but have
shortfalls in cycling and power, which means they have
to be replaced every few years or even months. Several
companies are seeking to improve battery materials.
Excess energy can also be used to split water into
hydrogen and oxygen by electrolysis with an efficiency of
70-75%, which means that 25-30% of the energy is lost.
When energy delivered by PV cells is transformed to high
voltage, transported, and then transformed back to low
voltage again, energy loss will be even higher. Electric
power transmission and distribution losses range from 4
- 7 per cent in Western European countries, to 15 per
34
cent or more in most developing countries .

A photoreactor brings light, a photocatalyst and
reactants together. Early photocatalysts required ultraviolet radiation rather than visible light to reduce carbon
dioxide to carbon monoxide. But chemists are now
developing these to work with light in the visible range.
Researchers are also combining photochemical and
electrochemical methods so that the reaction of carbon
dioxide at an electrode is light-assisted.
Scientists are also developing catalysts that can be used
to generate methanol or methane. Other scientists are
exploring enzymes from microorganisms, such as carbon
monoxide dehydrogenase, which plays a role in
CO2 fixation in diverse autotrophic bacteria and archaea.
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APPENDIX B: SCIENTIFIC ADVANCES IN ARTIFICIAL PHOTOSYNTHES
Artificial photosynthesis is a term that has emerged to
describe processes that, like natural photosynthesis,
harvests sunlight and uses this energy to chemically
convert water and carbon dioxide into fuels.

produced a solar hydrogen generator that is four times
as efficient as photosynthesis. This system was, however,
too costly to develop commercially as it used platinum
electrodes and gallium-indium-based photovoltaic cells.

Research in artificial photosynthesis is highly
interdisciplinary – its challenges span the physical
sciences, biological sciences and engineering. Subfields
of the chemical sciences such as photochemistry,
electrochemistry, materials chemistry, catalysis, organic
chemistry and chemical biology will continue to play a
crucial role in pursuing the artificial photosynthesis
approach to producing solar fuels.

Their general reliance on scarce, expensive elements,
such as ruthenium or rhenium, is one of the drawbacks
of artificial systems for water-splitting catalysts. With
funding from the United States Air Force Office of
Scientific Research, in 2008, MIT chemist and head of the
Solar Revolution Project Daniel G. Nocera and
postdoctoral fellow Matthew Kanan attempted to
circumvent this issue by using a catalyst containing the
cheaper and more abundant elements cobalt and
36,37
phosphate . The catalyst was able to split water into
oxygen and protons using sunlight, and could potentially
be coupled to a hydrogen-producing catalyst such as
platinum. Furthermore, while the catalyst broke down
during catalysis, it could self-repair. This experimental
catalyst design was considered a major breakthrough in
the field by many researchers.

In the last decade there has been a huge increase in
momentum in this field, mainly in the scientific research
community. The two main avenues being explored are
water-splitting and carbon dioxide reduction. Progress in
these areas is summarised here.

Water splitting
Scientists first successfully produced hydrogen and
oxygen by splitting water (see Figure 3) using artificial
photosynthesis in the 1950s when there were many
breakthroughs using both biological and physical
systems. However, these early systems were costprohibitive and not efficient or durable enough for large35
scale use .
Since the turn of the century, there has been a revival of
research into water splitting, which has attracted some
initial commercial investment. In 1998, scientists at the
National Renewable Energy Laboratory in Colorado

There are now many laboratory prototypes of systems
that use sunlight to split water to produce hydrogen. In
March 2011, scientists in the US announced they had
developed an inexpensive and efficient prototype
38
‘artificial leaf’ , although the issue of the long-term
stability of this system has yet to be fully explored. The
field of water splitting is at the stage where there is a
need for standardisation so that test results are quoted
at a neutral water pH, for example, and efficiencies are
calculated based on illumination using a standard solar
lamp.
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In January 2010, Japanese car manufacturer Honda
announced that they had begun operating a solar
hydrogen station prototype at their R&D centre in Los
39
Angeles ; although it is too costly to scale-up
commercially. Entrepreneurial initiatives include the
SunHydro chain of solar hydrogen fuelling stations
40
between Maine and Florida . These hydrogen stations,
like the 1998 National Renewable Energy Laboratory
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prototype, are based on a system where solar
photovoltaic electricity is used to split water into
hydrogen and oxygen by electrolysis.
It is not yet clear which process will emerge as the most
commercially viable in terms of efficiency, durability and
cost: photo-electrochemical artificial leaf-type cells, or
photovoltaic cells combined with electrolysers.
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