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Introduction

Current energy consumption of mankind is largely based on
fossil fuels, i.e. on solar energy that was stored as chemical (free)
energy by photosynthetic bacteria and plants over a period of
2–3 billion years. It is almost universally agreed that the heavy

reliance on fossil fuels must be reduced in favour of CO2 neutral
processes in order to slow global warming and to conserve parts
of the remaining natural oil and gas reserves for higher value

applications.
The only long-term (biological time scales) sustainable free

energy input of global significance in Earth’s ecosystem is solar

light. The free energy of solar radiation reaching Earth exceeds
by far the present world energy consumption,[1] and the potential
of solar energy exploitation for mankind is exemplified by the

tremendous global success of oxygenic (O2-evolving) photosyn-
thetic organisms and their impact on the course of evolution.[2]

Challenges in using solar energy arise at different levels.
While the sun shines at almost constant intensity, the light that

arrives on a particular place on Earth varies strongly due to the
Earth’s rotation (day–night), the tilt of the Earth’s rotation axis
with respect to the plane of the Earth’s orbit around the sun

(seasonal variation), and cloud and dust formation. This situa-
tion is made worse by the fact that in general most free energy is
neededwhen the local solar radiation is lowest, i.e. during nights

and in winter.
A second challenge is the low energy density (free energy per

area) of solar radiation at the surface of the Earth. For most

applications this implies that relatively large areas are required
for harvesting sufficient amounts of solar energy. Finally, it
should be remarked that the free energy of sunlight can in most
cases not be directly used, but must be converted into electricity

or fuels.
As a consequence, highly efficient, decentralized methods

for solar energy harvesting, conversion, and storage are required

for meeting future energy needs. Presently, a diverse set of
methods are being developed and implemented that range from
fully biological approaches to man-made devices, and involve

conversion of solar energy into heat, electricity, fuels, biomass,
or high value products.[3,4] Implementation of such methods or
devices on global scale requires that they are environmentally

benign, i.e. that they are non-toxic and based on earth abundant

elements.
The employment of solar energy systems will contribute to

the development of decentralized energy systems that reduce the
dependence on central energy grids. This new technology will

allow a faster development of areas currently not connected to
central fuel and electricity supplies, and thereby may have its
biggest impact in developing countries.

Biological Approaches to Solar Energy Conversion

Biological solar energy usage can be divided into several
subcategories:

� Production of solid biomass (wood, sugars) for direct com-
bustion and/or extraction of valuable products such as cellu-

lose and fine chemicals,
� Production of liquid fuels, such as biodiesel and low chain
alcohols (methanol, ethanol),

� Production of free energy rich gases such as H2 or methane.

Biological systems, which depending on the process can be

higher plants, algae, or cyanobacteria, have the great advantage
that they are self replicating. To increase the yield of the desired
product they can be modified by breeding or by molecular

genetics. Presently, the overall solar-to-fuel energy efficiency
for most biological organisms is in the range of 1–3% at best,
which is in striking contrast to the estimated16% efficiencyof the

initial solar-to-chemical energy efficiency of photosystem II.[5–7]

The aim of current research is therefore to understand biological
pathways leading to product formation, and to maximize produc-
tion by downregulation of non-essential competing processes.

Theoretically, by minimizing photorespiration, increasing effi-
ciency of photosynthesis, and improving stress tolerance, the
combined efficiency in biomass production could be doubled.[8]

In addition to the direct use of biological systems for energy
production, the detailed study of the biological catalysts involved
in solar-to-chemical energy conversion can give valuable hints

for the design of artificial catalysts. Prominent examples are the
only biological catalyst for solar water-splitting, photosystem II,
and hydrogenases that reduce protons to molecular hydrogen.[9]
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A combination of both enzymes leads in principle to a direct
solar-to-H2 conversion via photolyticwater-splitting, resulting in
molecular oxygen (O2) as by-product. In practice however, this
has proven very difficult for many reasons, including enzyme

instability and O2-sensitivity of many hydrogenases.[9]

Man-made Devices for Solar Energy Conversion
(Artificial Photosynthesis)

In bio-inspired artificial photosynthesis approaches researchers

are trying to understand the underlying principles and details of
biological energy-conversion enzymes, and to copy various
parts within chemical mimics. Both homogeneous and hetero-
geneous catalysts have been tested for individual reactions.

A big challenge is still the combination of individual solutions
for light absorption or catalysts for specific reactions into one
working device, such as an artificial leaf (Fig. 1). Additional

challenges are long-term stability and overall efficiency.[3]

Although this rapidly expanding field of research is relatively
young, a first working artificial leaf was recently presented.[10]

However, significant improvements in catalyst stability (turn-
over number), reaction speed (turnover frequency), solar-to-H2

efficiency, and production costs have to be achieved before

larger scale implementations become feasible.
Structural similarities between the natural water-splitting

complex in photosystem II and current synthetic catalysts such
as metal-oxides are indeed striking.[11–15] Other aspects that can

still be learned from the biological systems are, for example, the
efficient coupling of electron and proton transfer and the optimal
geometry and electronic structure for O–O bond formation.

Therefore, a tight interplay between researchers working on
the biological processes and those developing man-made
devices will contribute significantly to a faster development

and implementation of devices for artificial photosynthesis.

An Institutional Approach to Solar Energy Conversion

The direct conversion of solar energy into chemical energy is a
complex process, and to be successful an interdisciplinary
approach must be applied. Traditional departmental and faculty

borders can limit such efforts and a first step to success may
therefore be to build an organization that stimulates contacts
and collaborations across traditional disciplinary borders. The

development at Umeå University over the last two decades may
serve as a case study for how this can be achieved.

Physical distance between people is not per se a limitation

for (ongoing) collaborations. However, it is a restriction for
spontaneous meetings and interactions, which are important
for establishing new interdisciplinary collaborations. At the

Umeå University campus a new house was built in the mid-
1990s connecting the existing Chemistry and Biology buildings.
The new combined building was named ‘Chemistry Biology
Centre’ but the immediate effects on interdepartmental interac-

tions were limited. However, several reorganizations made
during the following years boosted collaborations. In 2001 the
two plant physiology departments at Umeå University and the

neighbouring Swedish University for Agricultural Sciences
(SLU) moved together to form the Umeå Plant Science Centre
(UPSC). The centre is now recognized as an internationally

leading constellation in plant and forest biotechnology. A few
years later, the Chemistry department was reorganized and
coupled to this eight new professors were recruited, mainly to
Chemistry, but some also to other KBC departments. At the

same time the university appointed a KBC group with repre-
sentatives from all participating departments to actively work
for increased coordination and collaborations within the envi-

ronment. The group has organized common technical platforms
and other infrastructure, a post-doc program for collaborative
projects between departments, support for workshops, common

activities, and improved internal and external information. In
addition, a common graduate school was installed. The KBC
idea has proven so attractive that over the years additional

departments and units have joined the initiative, so that KBC
now includes Chemistry, UPSC, Ecology and Environmental
Sciences, Medical Biochemistry and Biophysics, Physics, the
Unit of Biomass Technology and Chemistry (BTC) at SLU,

and the Energy Technology and Thermal Process Chemistry
(ETPC) unit.

Present examples for common technological platforms

include electron microscopy, vibrational spectroscopy, NMR,
mass spectrometry facilities for metabolomics and proteomics,
biochemical imaging, greenhouse facilities, and the Computa-

tional Life Science Cluster (CLiC). These platforms, which are
being constantly further developed, are equipped with top of
the line instrumentation that can be booked and used by anyone
within KBC at cost level. Training courses for graduate students

and postdocs are an integral part of this concept.
As such KBC provides a very interactive and interdisciplin-

ary environment for many research areas. One of the more

successful areas is solar energy related research. This research
covers projects involving the synthesis and application of
nanomaterials such as carbon nanotubes[16–18]; the production

of organic optoelectronic devices[19–21]; synthesis of industrial
catalysts[22–24]; fundamental studies on the mechanism of
enzymes (such as photosystem II)[9,11,25–27]; elucidation of the

genome sequence, metabolism and biomass formation of vari-
ous species[28–30]; combustion, gasification and torrefaction
of biomass including ash behaviour[31–37]; the improvement of
biomass (wood) quantity and quality by breeding and genetic

modification[38,39]; and implementation of a biorefinery concept
at industrial scale.[40–45]

For building and maintaining these research facilities and

efforts, internal and external funding is required. Umeå Univer-
sity made significant initial investments, which were accom-
panied by generous support by private foundations (K&A

Wallenberg, Kempe). Thereby new professors could be hired
and given excellent research facilities and several years of
very low teaching loads. This, together with the already largely
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Fig. 1. Schematic of an artificial leaf for wireless solar water-splitting into

O2 and H2. White rectangle: artificial membrane, blue: water-splitting

catalyst, green: unit for light-absorption and directional charge separation,

red: hydrogenase-like catalyst. The arrow indicates that the artificial

membrane must have channels for proton transfer.
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established KBC research environment, allowed them to build

strong interdisciplinary connections and to write large projects
grant applications for outside funding.

To further support this process Umeå University had in 2010

an internal competition for interdisciplinary research projects.
As a result, support was given to 14 ‘Strong Research Environ-
ments’. This prioritized research at Umeå University has in
several cases resulted already in external follow-up grants from

the Swedish government and private organizations such as the
K&A Wallenberg and Kempe foundations. Below the main
solar energy projects at KBC are briefly presented.

Bio4Energy

The Bio4Energy constellation was formed in 2010 and is a joint
research project between Umeå University, Luleå University of
Technology, the Swedish University for Agricultural Sciences

(SLU), and partners from industry. The research of this con-
sortium covers improvements of forest feedstock to production
of advanced fuels and chemicals in an environmentally friendly

way.[24,35,46–55] Bio4Energy is led by Stellan Marklund and is
funded with 20million euros by the Swedish government for the
initial 5-year period 2010–14. Further constellations at Umeå

University that deal with forest feedstock optimization include
Formas-financed Strong Research Environments BioImprove
(2.5 million euros) and FuncFiber (2.5million euros),[56–63] the
Wallenberg-financed Conifer Genome Consortium (7.5million

euros), and the UPSC Berzelii Centre for Forest Biotechnology
(10million euros)[47,64,65] financed by the Swedish Research
councils VR and Vinnova.

ETPC

The main focus of the ETPC research group lies within the area
of thermochemical conversion (e.g. combustion and gasifica-
tion) of biomass and other solid fuels. This research covers

fundamental and applied aspects of fuel conversion, ash trans-
formation, trace metals, thermochemical modelling, aerosols
formation and health effects, combustion- and gasification

behaviour of different fuels, torrefaction, whole process devel-
opment, and optimization.[31–37] This group thereby contributes
to a successful conversion to a sustainable energy system based

on renewable fuels such as forest and agriculturalwaste products.

Solar Fuels Strong Research Environment

This group is supported with 0.9million euros by Umeå
University and was awarded an additional grant of 4.4million
euros in October 2011 from the K&A Wallenberg Foundation

for the project: ‘The artificial leaf: light-driven water-splitting
into H2 and O2’. This environment (Fig. 2) connects 15 group
leaders that cover the fields of plant physiology and natural

photosynthesis (including photosynthetic water-splitting),
catalysis, photochemistry, spectroscopy, crystallography, nano-
materials, physics, mathematics, and device-building. The
approach is two-fold: (a) understanding and improving natural

photosynthesis,[9,11,25–27] and (b) applying this knowledge to the
construction of low cost, printable artificial membranes for the
direct (wireless) conversion of solar energy into fuels.[12,66] This

environment is led by the author.
To further increase interaction and information exchange

between these different solar fuels-related projects at KBC, the

‘Umeå Renewable Energy Meetings’ were started in 2009,
which since then became an annual event in February/March.
This meeting, which thanks to the support by the KBC graduate

school has so far been free to attend, has brought many world
experts to Umeå University and has contributed much to the
education and inspiration of our students in the solar fuels area.

Conclusion

Interdisciplinary research is required for solving many of

today’s problems, including the need for clean, sustainable
energy. Institutional measures can be taken to facilitate com-
munication across traditional departmental borders. However, it

needs more than a onetime event like connecting two buildings;
rather a continuous process over several years is required for
such a transformation. The described research projects are a

direct consequence of this development at Umeå University.
Since most of the projects started only recently, a final evalua-
tion of this institutional approach towards solar fuels research is

currently not possible. Nevertheless it is clear that this devel-
opment has created an unusually lively, positive, and interactive
research environment.
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[16] E. Abou-Hamad, Y. Kim, T. Wågberg, D. Boesch, S. Aloni, A. Zettl,

et al., ACS Nano 2009, 3, 3878. doi:10.1021/NN901128T
[17] G. Z. Hu, F. Nitze, T. Barzegar, T. Sharifi, T. Wågberg, J. Mater.

Chem. 2012, 22, 8541. doi:10.1039/C2JM16075G
[18] Y. G. Zou, B. B. Liu, L. C. Wang, D. D. Liu, S. D. Yu, P. Wang, et al.,

Proc. Natl. Acad. Sci. USA 2009, 106, 22135. doi:10.1073/PNAS.
0911963106

[19] P. Matyba, K. Maturova, M. Kemerink, N. D. Robinson, L. Edman,

Nat. Mater. 2009, 8, 672. doi:10.1038/NMAT2478
[20] P. Matyba, H. Yamaguchi, G. Eda, M. Chhowalla, L. Edman,

N. D. Robinson, ACS Nano 2010, 4, 637. doi:10.1021/NN9018569
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