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Direct Conversion of Solar Energy: Renewables and More 

About you
Huub de Groot (1958) is professor in Biophysical Organic Chemistry at the Leiden Institute of Chemistry (LIC) of Leiden University. He works in the field of photosynthesis and artificial photosynthesis. The molecular basis for photosynthesis is formed by protein complexes that contain chlorophyll molecules. The antenna systems herein capture photons from sunlight. The light energy is then transmitted to the reaction centers, where it is converted into chemical energy. In order to study this process and work towards its application for renewable energy, de Groot uses Magic Angle Spinning (MAS) NMR, and he is one of the pioneers in biological MAS NMR. He founded the first ultra high field MAS NMR facility in the world, using major European subsidies. This has triggered a revolution in the solid state MAS NMR scientific community that allows to solve structures that are inaccessible to diffraction or NMR in solution. His group participates in the uNMR national high field NMR consortium that is part of the NMR European research infrastructures and has ultra high field facilities for MAS NMR. He participates in the Netherlands' magnetic resonance graduate school (NMARRS), a joint educational and research initiative of five major centres for magnetic resonance in the Netherlands. He serves as the scientific director of the BioSolar Cells program and is the program leader of the corresponding fundamental research program with FOM/NWO. In this public-private partnership 9 knowledge institutes and around 40 companies, including many SME’s, have initiated an international open innovation platform for photosynthesis and artificial photosynthesis. Under his guidance the consortium develops very clear R&D pathways to prototypes for solar to fuel conversion based on his vision of potential applicability in a future hedonistic energy society, where citizens are both producer and consumer of energy with distributed solar to fuel conversion. 
De Groot has (co-)authored ca. 250 scientific publications and patents, and was the coördinator of the policy paper “Harnessing Solar Energy for the Production of Clean Fuel” of the European Science Foundation (ESF) and its preceeding white paper. He regularly participates in the organization of conferences.
Francesco Loreto is Research Director at CNR, has directed the Institute for Plant Protection (CNR-IPP, 2009-2012), and is now the director of the Department of Biology, Agriculture and Food Science (CNR-DiSBA). Dr Loreto is delegate of the Italian Ministry of Research and Education at the European Commission “Bio-economy” panel; and a member of the scientific steering committee of the “Integrated Land Ecosystem Atmosphere Process Study programme” (iLEAPS), a core-programme of the  International Geosphere Biosphere Programme (IGBP). Dr Loreto has published so far (August 2013) more than 150 papers on peer-reviewed ISI-indexed international journals, with a total number of citations > 9000, and a H index = 51. He has also published 11 book chapters, and is editor of the book “Terrestrial photosynthesis in a changing environment” (Cambridge Press, 2012).
Dr Loreto serves in the editorial boards of international journals in the field of plant biology, and as a reviewer of the main international research agencies. He has coordinated the Marie Curie Research and Training Network “Ecological and physiological functions of biogenic isoprenoids and their impact on the environment” (ISONET)”, and the European Science Foundation Programme “Volatile Organic Compounds in the Biosphere-Atmosphere System (VOCBAS)”. To date, Dr Loreto coordinates the European Science Foundation - Eurocores programme “Ecology of Plant Volatiles: from molecules to the globe” (EuroVOL), and is partner of international projects funded by the European Commission within the frame of the Environment, KBBE and Marie-Curie-People programmes.
What is the challenge and the vision?

Fossil fuels are currently dominating the industrialized economies. A general effort has been made in the last two decades to seek alternative sources of energy with lower emissions of carbon dioxide and other greenhouse gases in the atmosphere. The exploitation of biomass, closely related to photosynthesis and to the conversion into methanol or ethanol, has been largely studied: as of today, the efficiency of such approaches (less than 1%) has not yet reached a satisfactory level to address the pro capita demand of energy in Europe.

Photovoltaics is now an established way to convert solar energy in electricity for the general use of population and consumers. However, the high demand for energy in Europe cannot be fully and efficiently addressed just by photovoltaics. 

Direct conversion of solar energy is an innovative approach which eliminates both fossil fuel and biomass as intermediates: it starts from water and carbon dioxide (CO2) as the raw materials and aims for an unlimited variety of (bio)chemical outputs with widespread applications, like renewables, complex molecules, chemical feedstock, food and feed.

The frontier research in advanced direct conversion technology requires addressing a number of interrelated topics in the coming decade, which would enable this innovative technology to move to a more mature stage of technological development.

In the last 5 years, progress has been made in the direct conversion of solar energy to chemical energy, resulting in the production of a ‘solar fuel’ through the use of water as electron source and of visible light. The direct processes associated to this approach involved: 
(1) Photobiological solar fuel production in green algae and/or cyanobacteria that excrete the fuel. 

(2) Artificial photosynthesis in molecular systems 

(3) 
Solar fuel production in nanostructured and semiconductor-based systems.

In parallel, new light has been shed on the biological functions of volatile isoprenoids (VIP), the most abundant plant volatiles (VOCs), focusing on those traits potentially helping plants survive and cope with stresses exacerbated by global change. Joining expertise in –omics and ecophysiology international experts inspected the metabolic and molecular control of VIP biosynthesis and the subtle feedbacks that VIP exert on whole plant metabolism and production. The discovery that VIP make the photochemistry of photosynthesis more resistant to stress, and electron flow in light reactions of photosynthesis more efficient in all conditions, was the key finding that makes its link to Direct Conversion an important factor for successful attempts of reconstructing efficient photosynthesis, as well as valuable bioproducts.  

The central technology to be addressed is Direct Conversion Technologies addressing the development of new cathalysts, semiconductors, nanostructures will be involved in the Flagship. Projects that extend the range of natural photosynthesis in plants and bacteria for the purpose of direct conversion are included, as wel as (semi-)artificial photosynthesis mimics that transfer the principles of responsive matrices with quantum coherence in natural photosynthesis to artificially engineered systems that can be incorporated into a ‘solar fuel’ device. This will result in the delivery of next-generation photosynthesis and artificial photosynthesis direct conversion that absorbs 90% of the incoming photons over the visible range and delivers this energy through quantum-coherent kinetic control with at least 80% yield to e.g. electrodes or catalysts, or biogenic materials and shows stable performance.  Polar and atmospheric researchers will envision potentiality for systemic transformation as well as the challenges along the way.
Why is it good for Europe? 

Direct conversion of solar energy is an innovative approach which eliminates both fossil fuel and biomass as intermediates: it starts from water and carbon dioxide (CO2) as the raw materials and aims for an unlimited variety of (bio)chemical outputs with widespread applications, like renewables, complex molecules, chemical feedstock, food and feed.
The development of a Flagship on Direct Conversion would bring Europe in a leading position in the areas  of Clean Energy, Smart Cities, resilience to Global Change, setting the benchmark for developing solutions compliant with the outcome of the recent COP 21 Meeting and the Kyoto Protocol. 

What would it take to do it?

The scale of the effort required to reach the objectives is pan-European and it will take 15 years: Developing the new flagship (preparatory phase) 2016-2019 ; Implementation (2020-2030), 10 years since completion of preparatory phase
Europe is well positioned in terms of skills/expertise and capabilities, including industrial capabilities, to address the challenge of direct conversion and exploit the results with the polar region as the primary sentinel on mitigation of global change. The research communities of solar fuels, molecular and metabolic bases of volatile isoprenoid-induced resistance to stresses, and polar and atmospheric research (serving as primary users interested in environmental consequences of direct conversion for mitigating the effects of direct conversion on global change) have expressed their interest.
The initiative naturally emerges from two Eurocores programs, EuroSolarFuel 
http://www.esf.org/coordinating-research/eurocores/programmes/eurosolarfuels.html 
and MoMeVIP 
http://www.esf.org/coordinating-research/eurocores/programmes/eurovol.html. 
This proposal is based upon a FET open consultation round 2014, which was selected in 2015. Part of it is described under the challenges and the document is added as an appendix and explains the European added value. An excellent candidate, Dr.P. Campus, is available to work on a flagship, provided funding can be made available for a preparatory phase.
Appendix
Title: Energy society, from renewables to direct conversion
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1. Keywords:
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2. Scientific and Technological Topics to be addressed:

What does this topic address?

Our industrialized economies depend strongly on fossil fuel. These are derived from photosynthesis through the biomass intermediate. Direct conversion of solar energy eliminates both fossil fuel and biomass as intermediates. It starts from water and CO2 as the raw materials and aims for an unlimited variety of (bio)chemical outputs with widespread application: renewables, complex molecules, chemical feedstock, food and feed.

What is the state-of-the-art and what are the main scientific and technological challenges and opportunities for frontier research that needs to be tackled in the next 5-10 years in this area?  

Photovoltaics is now an established way to produce solar energy in the form of electricity in a centralized and decentralized way to the general population and consumers, and has put Europe on a track towards an “energy society”. It has become so successful in terms of technology, industry and business that it challenges the state-of-the-art grid network and traditional electric peak power delivery such as water dams. However, the conversion of solar energy needs to be balanced with the demand, and the demand is for what can be produced with energy: fuel, chemicals, a comfortable living, healthy food, a high quality job, etc. 

Most European societies have reached a steady state at ~ 6 kW per capita power use, and to deliver a high economic value per watt input, all industrialized sectors operate at a high energy efficiency with one notable exception: agriculture. Biomass efficiencies are overall less than 1%. On the one hand, this makes it difficult to provide a meaningful contribution to the energy supply, the recycling of CO2, and the diverse demand in a full-scale bio-based economy with biomass.  On the other hand, there is still room for improving the energy efficiency with the available surface by up to two orders of magnitude, such as integrating short rotation food crops with other technologies on the same surface. Biomass involves many energy conversion steps, and Europe does not have a surplus in agricultural production. The proposed topic "energy society: from renewables to direct conversion" aims to forge the tools for feeding solar power directly into a large spectrum of scalable and sustainable economic practices,  including the production of high value bio-based products, and aiming for better efficiency and high quality jobs. 

The frontier research is in advanced direct conversion technology concepts and their centralized and decentralized application, ultimately on the terawatt level, in rural and urban European communities, north of Europe in hitherto unexplored polar regions, and south of Europe, exploiting potential of arid areas where solar power is an unlimited resource, and further strengthening economic ties with developing economies in Africa and the Middle East. To move from renewables to direct conversion of solar energy, three interrelated topics need to be tackled in the coming 5-10 years:
· Artificial photosynthesis. For hydrogen and carbon based energy carriers a principle challenge is to improve the internal quantum efficiency of artificial photosynthesis to a high level, >95% by exploiting synergy between charge separation, catalysis and generation of heat for efficient light-driven multi-electron catalysis of water oxidation, proton reduction, and CO2 conversion. This requires radically new “responsive matrices” nanotechnologies that exploit quasi quantum coherence in superior kinetically controlled chemical conversion and catalysis materials with excellent efficiency and robustness or with self-repair mechanisms.
· Direct conversion at the cell and plant level with high biochemical yield requires development of evidence-based whole genome scale stoichiometric models of metabolism and unbiased experimental approaches for developing efficient output channels, such as synthetic biology, chemical biology and phenotypic engineering. In plants, direct selection and breeding (both through exploitation of natural diversity and biotechnological engineering) for the development of phenotypes with high photosynthetic performance and high production of secondary metabolites will allow optimization of direct conversion of CO2 into complex products. For microorganisms, synthetic and chemical biology will lead to advanced living catalysts for the production of increasingly complex molecules without the biomass intermediate. 

· Advanced, cross disciplinary integration of science and engineering is required to move from the level of lab and pilot scale to large scale terrestrial and ocean applications, guided by earth systems science with genuine predictive range for sustainable biological-industrial ecology. Freedom of choice (including the scale at which energy is converted – either centralised or decentralised, depending on a large range of factors) will determine value chains. Frontier research needs include development of scalable industrial practices for direct conversion. Providing trustworthy breakthroughs that solve safety concerns regarding nanotechnology, GMOs, environmental sustainability and biodiversity related to massive deployment of nanodevices and designer organisms is a principle concern. 

•    Which disciplines are involved?  

Basic disciplines involved are material science, life science, earth science, and information technology. To improve the energy efficiency of agriculture and aquaculture, strong synergies are expected from significant progress that has been made in the basic sciences. Electrocatalysis, membrane science, thin film and photonics technology for light management, biocatalysis, semiconductor photoelectrochemistry, condensed matter physics, surface chemistry, bio-electric interfaces, genetic engineering, plant physiology, to name a few, are concerned scientific disciplines. Materials-, Chemical-, Electric and Mechanical engineering are showing scattered involvement, and those are the ones that have to be brought into this topic. In intimate collaboration their efforts will feedback on the work of the applied scientists and basic scientists which have to understand failure and degradation issues and performance limiting issues in the devices and designer organisms that need to be addressed on the synthesis and processing level, even at the reactor design level. 

•    What would be the critical mass of European researchers needed to carry out research in this area and what is the current situation? 

We need a "1000 brains&hands” in Europe to forge technologies such as artificial photosynthesis and designer phototrophs that can be integrated in the built environment, landscape or sea in a reliable, safe and economic way. We need additional efforts to join, blend, and merge these forces together to contribute to the energy society. A portion of 10% to 30% of the thousands are thus in charge of organizing the efforts in an engineering hierarchical way to assure that proper communication is done among the research units and provide educational activities to raise awareness and reflection with the general public. This includes also the establishment of suited feedback protocols so warranting a continuous dynamic innovation cycle between concepts, materials, components, devices, organisms and integration into the environment. Europe has a wealth of expertise and experts in all the necessary sub-disciplines that is competitive on a global scale. The private sector (chemical, in Europe is engaging in the industrial research closer to applications present. There is an increasing interest in European knowledge from the energy, chemical and other sectors in Europe, in the US and in the Middle East.

•    How is this topic related to recent breakthroughs?  

Recent breakthroughs in nanotechnology, genomics, biotechnology, earth systems science set the stage for this topic. Another valuable breakthrough is the tremendous progress in analytical methods such as laser and magnetic resonance spectroscopy, synchrotron and neutron techniques, which have resolved structure and principles of operation of natural photosynthesis, and allow studying materials in devices under operation conditions. Breakthroughs in high-throughput analyses, systems biology and chemical biology make massive sequencing of taxa, species, and strains possible and pave the way to the design of organisms with the desired properties. Yet another useful breakthrough is with computational studies, which can be helpful across the entire hierarchical system, starting with biological systems and their assembly (from genomics to phenomics), materials, components, devices, bioreactors, growth facilities, and their integration with help of smart grids in the energy society. Breakthroughs in remote sensing technologies allow for the observation of system earth with unprecedented range, resolution and comprehensiveness. 

•    Why is this research needed now (or when would it be needed)?

The energy question is becoming more pressing than ever, and Europe depends on the import of foreign-based energy, fossil and biomass. It is the right time to prepare for, and explore, an overall “energy change”, that continues the PV age that we are experiencing now. The progress in artificial photosynthesis such as solar water splitting or CO2 reduction has been tremendous in the last 10 years, as far as materials research is concerned. Progress in device manufacture is lacking, or lying behind, but there are now scattered efforts in addressing this. The field as such has developed a very good momentum across various communities, which should be conserved and streamlined before the momentum fades away. Similar arguments hold for designer organisms, where European scientists believe it will increasingly be possible to design organisms with the desired properties for consequent pipelining development of mass cultures.  In the earth and environmental sciences a transition has been made from agnostic or heuristic approaches as in life cycle analyses and climate modelling based on secondary use of data to genuine earth systems science approaches based on direct and comprehensive experimental evidence from remote sensing and other methods aiming for theories and models with genuine predictive range. 
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