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D1.1 SHARED VISION

Executive Summary

This document, D1.1 Shared Vision, is a deliverable of the SUNER-C project, which is
funded by the European Union’s Horizon Europe under Grant Agreement No
101058481.

The main objective of the SUNER-C Shared Vision is to set an end goal for 2050, through
which, if achieved, the endeavor of the SUNER-C consortium can be considered as a
success. This end goal is set as coupling solar energy and Direct Air Capture (DAC) to
produce compounds that could be used as sustainable fossil-free fuels or commodity
chemicals for the chemical or fertilizers industries. The end goal is agreed upon by
experts within the SUNER-C consortium, and the social sciences perspective is kept
central. Therefore, the shared vision has been built around the questions of justice, to
be considered during the transition to a state of carbon neutral, circular economy.

The shared vision of using more solar energy has been addressed by introducing the
social challenge. It has been discussed that a socio-technical systems approach is
needed when displacing the fossil-based energy system by technologies that are
currently emerging. This approach should also address the social gap, including societal
integration, during the transition to solar fuels and chemicals. The importance of finding
a suitable compromise between cost, efficiency, and autonomy has also been
explained. Additionally, the concept of artificial photosynthesis has been assessed in
comparison to the current solution of PV + electrolysis. The end goal of achieving a
carbon-neutral circular economy by 2050 has been evaluated, which includes the
complete displacement of fossil carbon resources.

Funded by the European Union, Grant agreement
No 101058481 8
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1 \ Introduction

1.1. SUNER-C

The overarching objective of the SUNER-C project is to create an inclusive innovation
community and eco-system that builds on the current SUNERGY network and includes new
stakeholders across Europe. Bringing together fundamental and applied knowledge from
various sectors of society as well as often unique resources, the enhanced community will
prepare a Large-Scale Research and Innovation initiative (LSRI) beyond the CSA, as a
partnership or another instrument to be discussed and agreed upon with the Commission and
the Member States and Associated Countries. The goal is to overcome scientific, technological,
organizational, and socio-economic challenges, accelerate innovation in solar fuels and
chemicals, and enable the transition of existing and future technologies from laboratory and
demonstrator levels to large-scale industrial and broad societal applications.

Through a holistic approach, SUNER-C will contribute to a circular economy by replacing fossil-
derived fuels and chemicals with renewables and carbon recycling as a key element toward the
EU net-zero emissions target by 2050. SUNER-C will build upon the work of SUNERGY, a pan-
European initiative on fossil-free fuels and chemicals from renewable power and solar energy,
with currently over 300 supporting organizations across and beyond Europe to date.

In Figure 1 is represented an overview of the work package structure of SUNER-C with its eight
WPs. The deliverable D1.1 “Shared Vision” is a deliverable of WP1 “R&l community and eco-
system”.

Please see here https://sunergy-initiative.eu/suner-c-project/ for more information.

Funded by the European Union, Grant agreement
No 101058481 11
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Figure 1: SUNER-C CSA project and its eight work packages. The Shared Vision (D1.1) is a deliverable of
WP1 “R&I community and eco-system”

1.2. Purpose of the deliverable

This deliverable presents a shared vision on how to redesign current technologies and
processes for the resource-efficient conversion and storage of renewable (solar)
energies and abundant feedstocks into fuels and chemicals, considering technology
acceptance digitalization, industrial resilience and equal opportunity. It will perform
vision scanning to identify genuine risk-based technology R&D gaps beyond ongoing
research (WP2) and identify disruptive processes and paths with timing for their
development, in collaboration with WP4. D1.1 will lead to a scientific peer-reviewed
publication in the open scientific literature.

Funded by the European Union, Grant agreement
No 101058481 12
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1.3. Interconnection with other activities in the project

Deliverable 1.1 will act as a starting point for the roadmap in WP3. An open vision-
building workshop was held in month 9 associated with the consortium meeting, where
priority setting of the topics was performed and discussed with the partners. Shared
Vision is also interrelated with the activities in WP4 (T4.2: de-risking industrial
implementation supporting and societal acceptance for solar fuels and chemicals), with
WP6 (T6.1 Identification of important cross-cutting and socio-technical challenges
related to SUNER-C) and WP7 (T7.1: development of scenarios and identification of
instruments for a SUNER-C LSRI).

2 | The Social Challenge of Using More
Solar Energy

An LSRI would be considered a success if we succeed to couple solar energy and Direct Air
Capture (DAC) to produce compounds that could be used as sustainable fuels, replacing fossil
fuels, or commodity chemicals for industrial purposes and for fertilizers. This coupling that we
develop over the next decades should enable a carbon-neutral, circular economy, but apart
from these mainly ecological questions, the transition to such an economy also raises questions
of justice (e.g., who wins and loses?), economy (e.g., how will industrial sectors be restructured?)
and democracy (e.g., who decides?). The SUNER-C vision shows awareness of these issues and
tries to take them into account. All in all, we suggest creating a vision that builds on a systemic
view of socio-technical change and that is reflexive of its moral impacts, not limited to a sole
view on technology push.’

The theme of energy justice is central, very relevant, and an integral part of the success
criterion. There are many definitions of energy justice, but they can be clustered in three
categories: distributive justice (distribution of costs and benefits, affordability, access, etc.),
recognition justice (whose rights and concerns are recognized and taken into account, who
takes responsibility, which roles for whom, etc.) and procedural justice (how are decisions taken
and who is involved or left out, how are transparency and accountability ensured, etc.).?
Translating such principles into the development and deployment of emerging technologies is
no easy task and will require dialogue and shared responsibilities between the actors in the
system. To ensure procedural justice in future consortium work, it is important that also NGOs
have access to the resources that they need to participate. To try to achieve an inclusive climate-
neutral transition with fair distribution of cost, the European Commission created a “Just
Transition Mechanism?”, centered on the distribution of costs. It aims to mobilize 55 billion euros
at different levels - communities, companies, state - to provide support to those most

Funded by the European Union, Grant agreement
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D1.1 SHARED VISION

dependent on fossil fuels to transition to clean energy.? Here distributive justice can be
achieved by solar fuels/artificial photosynthesis which increase energy independence and
equality, even for developing countries, when less dependent on electricity grids such as the
more revolutionary AP.

Energy and chemical feedstock from fossil resources have played a monumental role in
increasing the quality of life over the past century, by contributing to the enrichment of
everyday life in the form of heating and lighting, housing, transport, clean water, growth of
crops, and general economic growth.* However, the combustion of fossil fuels and the
utilization of fossil feedstocks ultimately causes CO;, emissions and hence climate change,
posing a severe threat to the entire biosphere and the future of modern civilization. Although
the Paris Agreement in 2015 set ambitious goals for worldwide mitigation of climate change,
the global consumption of fossil fuels continues to increase.* Progress to make most sectors
carbon-neutral is slow, and while electricity is currently the main accessible form of renewable
energy, only about 20% of the global energy consumption is in the form of electricity. According
to the most optimistic policy scenarios by the International Energy Agency, the electricity share
in the total final energy consumption is unlikely to be higher than 50% by 2050, but other
scenarios suggest that it could be up to 60-65%.>°

On our path to carbon neutrality, energy efficiency and electrification remain of utmost
importance, and they remain at the top when prioritizing actions to succeed. However, it is clear
that there is a need for sustainable fuels for applications that require high energy density, e.g.,
shipping, aviation, high-temperature processes, feedstock for chemistry, high-temperature
heat, among others, and for the transport and storage of renewable energy over longer
distances and time periods. What the share of the fuel part will be in the total energy
consumption is under debate, but scientists agree it will be significant and estimate a range of
30-50 %.”®

To completely turn the supply of energy and materials carbon-neutral, fossil-free fuels and
chemicals are needed. Our societies need to transcend into a cyclic energy system, where
carbon atoms as well as all other materials (such as the raw materials and metals used in our
renewable energy technologies e.g. Li, Co, Ni, Mn, etc.) are reused and recycled, to balance the
demand with the supply and provide the right amount of energy and chemical feedstock, at the
right time and location. This change is driven by the push from the increasing share of cost-
competitive distributed renewables, the pull from the need for energy resilience and security,
and a demand for novel solutions for maintaining the quality of life. The principle of circularity
must also be applied to other sectors such as construction, industry, transport and other
economic areas at all relevant scales. For such a total systems approach, the coupling between
power and other economic sectors is a critical step to provide continuity. Electricity needs to be
complemented by molecular energy carriers and chemical resources that are recycled, and not
used as disposables, to mitigate the accumulation of waste. CO, captured from the atmosphere

Funded by the European Union, Grant agreement
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must be charged by solar energy and used in a cycle. This falls in the scope of so-called Carbon
Capture and Utilization (CCU) approaches. It requires a resource-efficient, energetically uphill
conversion of abundant, low-exergy feedstock, including, but not restricted to CO,. We need to
learn how to manufacture renewable hydrogen, synthetic carbon-neutral hydrocarbons and
ammonia on a large scale by feeding in solar energy.

Among the developed economies, including European nations, energy security and
independence are also high on the agenda. Currently, a novel concern is emerging with respect
to the supply chain of the large amount of critical raw materials that are needed for our
renewable energy technologies. Many of these developed countries are poor in molecular
energy carriers and materials. They depend on imported fossil resources, materials and
biomass from other parts of the world, and energy independence, security and environmental
sustainability are difficult to uphold. Recently, imports of fossil resources to Europe have rapidly
shifted from the East to the West, in a costly effort to save time whilst in parallel speeding up
the implementation of the needed energy transition. To address some of these concerns, the
European Commission recently presented its Green Deal Industrial Plan, including the Critical
Raw Materials Act, aiming at diversifying supply chains of materials, and increasing European
production as well as recycling capacities.’

While most of humanity lives in the Global South which is rich in solar energy, this part of the
world is suffering from the adversities of energy poverty and is in dire need of a more resilient
and robust energy supply. The Global South also lacks a stable electricity grid, which
disincentives PV as a central solar energy solution, warranting solar fuels that are not
dependent on infrastructures that are hard to operate and maintain. The need is there, but the
development of new value chains for manufacturing fuel and feedstock at affordable cost is a
struggle for the private sector. Efficient development of the manufacturing of primary energy
carriers and chemical feedstock at a meaningful scale requires a clear vision of how to redesign
current technologies and processes while considering technology acceptance, digitalization,
industrial resilience, and equal opportunity. What are the drivers, the market pulls, and the
hurdles along the way? What are the gaps in knowledge that really matter for reducing cost and
developing new source-to-product value chains?

As we stand on the cusp of the energy transition, societal welfare and human well-being cannot
be sacrificed for the sake of technology. However, top-down, programmatic changes rarely take
into account the organic and self-evolving development of consumer-driven and other patterns
of change.’® An example is recently emerging regulatory frameworks to phase out the use of
molecules such as gas at home for heating purposes, which from a technology and energy
efficiency point of view makes perfect sense."’ However, this can only be a success if done
together with citizens and incentives need to be well targeted towards the most vulnerable
members of society who are not able to afford this rapid change. If we can tap into consumer
demands for solutions for ‘good living' by allowing early adaptors to be co-creators and co-
designers of new, high-quality technologies, where they can gain recognition and profit from

Funded by the European Union, Grant agreement
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manufacturing of molecular energy carriers and feedstock, we can nurture technology
acceptance, strengthen the role of the citizen, and make technological development part of a
democratic process for an environmentally and economically sustainable future. When
technology uptake, and the innovation of interfaces between technology and uptake, are based
on fulfilling demand rather than relying on coercive powers, we have no chance to turn the tide
and balance consumption against the planetary boundaries. With the identification of
renewables with distributed ownership at the source as the principal driver, and the demand
for ‘good living’ as the principle pull, the technology options and hurdles along the way can be
identified.

In recent years, the vision of the scientific community is to develop sustainable, high-volume
fossil-free energy carriers at an affordable cost, either indirectly from electricity with electrolysis
and CO; capture (e-fuel), or directly from sunlight in photosynthetic cell factories or artificial
photosynthesis (solar fuel) devices. Currently, their cost is still higher than their fossil
counterparts and thus further significant R&l efforts are needed to make the synthesis of such
fuel most cost-competitive and less energy-intensive. To define a path for further development,
a vision that derives from the societal context is needed. Renewables are by default dispersed
resources. Even if the manufacturing of renewable fuel will be performed from concentrated
renewable electricity, a circular energy system will require protecting and restoring biodiversity,
as well as the preservation of human dignity and well-functioning ecosystems, in the face of
massive ongoing industrialization of our habitat. On one hand, this is needed to avoid the neo-
colonialism and socio-spatial inequality that result from claiming surfaces that are already
occupied, owned, or serving other interests. On the other hand, if the deployment of new
technology can be focused to regions of high economic activity instead of rural areas, the new
development may be combined with high economic as well as spatial efficiency, which will be
essential to cut costs, develop viable value chains, and may help to minimize the environmental
burden.

Funded by the European Union, Grant agreement
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Figure 2. SUNER-C methodology for the structuring of the relevant communities for direct and indirect
conversion for solar to fuel and chemicals R&D.

Out of the two principal options, indirect energy conversion and direct energy conversion, the
indirect manufacturing of hydrogen from electricity by electrolysis is most advanced towards
implementation (Figure 2). For CO; capture, the time has come to carefully investigate which
options are most viable from the socio-economic perspective and what needs to be done to
improve them further. Improving the efficiency of energy conversion and storage beyond the
current thermodynamic practices of conversion cascades, for e.g., renewable electricity,
electrolysis, and CO. capture, by eliminating or integrating conversion steps and optimizing
interfaces to mimic the biological conversion with nonadiabatic nanotechnology, is a principal
enabler for indirect methods and will bring us to the sweet spot of direct photochemical
conversion. It will be shown that competitive source-to-product value chains will benefit from
integrating processes with direct methods, relative to indirect conversion, to reduce entropy
losses. Revolutionary energy conversion systems that are desirable from a socio-economic
perspective and offer the best options for success are processes that are independent of
centralized electricity grids that would otherwise disrupt the utilization of globally equally
available solar energy. Revolutionary artificial photosynthesis technologies, which are currently
at lower TRL, offer potential for use in large-scale implementation of solar energy closely
coupled to chemical synthesis and direct air capture (DAC).

While the ultimate goal of coupling solar energy and Direct Air Capture (DAC) as a source of
carbon to produce compounds is to be targeted, a clear vision is needed on which steps in the
transition of the industrial and other sectors towards climate neutrality have to be taken. These
steps will also comprise transitional technologies that will be based on indirect conversions
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providing hydrogen as a main energy vector, but also carbon capture from industrial point
sources. The latter should focus on unavoidable or hard to decarbonize sources such as cement
or steel plants. The transitional technologies will prepare the “drop-in” of solar fuel-based
technologies as soon as they are available on an industrial scale.

New energy technology requires 1.000 billion euros of public and private investment upfront,
to bring it to at least 10% of its full potential.’* In 2022, investments in new technologies for the
energy transition were on par with investments in fossil fuels for the first time).”*> However, to
reach the EU's net-zero target by 2050, investments need to triple in seven years,' and to meet
the required cost targets, a joint investment agenda is necessary based on studies outlining
favorable pathways. Additionally, necessary infrastructure requires intertwined investment
decisions. As the power to make sparse use of coercive measures lies with public authorities,
they have a responsibility and liability in setting up a timeline for deployment, aligning interests,
transformative innovation, market shaping and procurement. For a smooth energy transition,
and to overcome international competitiveness barriers, it is necessary to address proper
regulations, government land use, and international legal agreements. To scale up investments,
the development of infrastructure and the uptake of new technologies, the European
Commission proposed the Net-Zero Industry Act (NZIA). In the first draft, solar photovoltaic,
solar thermal technologies, electrolyzers and carbon capture and storage (CCS) technologies
are designated amongst the technologies which would benefit from the strategic net-zero
technologies status, granting easier access to funding and faster permitting. Additionally, the
Strategic Technologies for Europe Platform (STEP) ambitions to boost investments in critical
technologies by leveraging EU funds and mobilizing untapped sources of private capital for
many clean technologies, including renewable energy, electrolyzers and carbon capture and
storage.

The social challenge does not imply a specific concern in using solar energy alone, it involves
new technologies in general. In this perspective, digital supporting tools operating with the use
of solar energy usually determine further concerns. Mobile APPs for Android and iOS, as well
as web portals, sharing data and sharing behavior concepts, are examples of what information
technology in the domain of energy brings to the common users, hence raising their awareness.
Knowledge as well as a parallel education on what is used and why in these domains is a must.
The use of digital technologies then enters into scenarios, where optimizations, personalization
and individual-centric approaches are considered. In the case of optimization, in general, the
use of resources in a sustainable way implies the capability to not waste limited resources
whatever they are, energy assets, human beings' activities, end to end journeys, etc. The digital
artifacts (software, IT platforms, Mobile APPs., etc.) in place may concretely guarantee these
optimizations at a very large scale. In the case of personalization and individual-centric
approach, digital supporting tools can track the needs and requirements of each citizen,
satisfying them in a tailored way, one to one, guaranteeing, in the end, a global optimization of
the transition.

Funded by the European Union, Grant agreement
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3 \ Systems Approach
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Figure 3. How solar fuels and chemicals make synergies with other low-carbon technologies and energy
vectors'

A socio-technical systems approach will be necessary during the transition time needed for
displacing the fossil-based energy system by technologies that are currently emerging. This will
require  connecting distributed solar to concentrated fuel, energy carrier
storage/transport/infrastructure, integrating processes, sustainable total processes, and
autonomous standalone systems. Moving solar fuels and chemicals from technological
experimental phases at low TRL to societal integration, i.e.,, beyond Demonstration and
Deployment of TRL 7-9, will present new societal and institutional challenges. Socio-technical
innovation systems analysis provides an analytical lens to bring into focus both the
technological and the socio-institutional drivers and barriers to making solar fuels and
chemicals a societal success.
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An innovation system can be defined as a “dynamic network of agents [organizations]
interacting in a specific economic/industrial area, under a particular institutional infrastructure,
and involved in the development, diffusion and utilization of technology”.'® Innovation systems
thinking underlines that, different organizations influence the innovation process of a new (in
this case) set of technologies,!V"” including governments, the industrial value chain, end users,
intermediary organizations (e.g. industry associations like CO2ValueEurope), knowledge
institutes, NGOs and CSOs, investors, etc.’®' Innovation systems analyses aim to capture both
the social and the technological drivers and barriers to innovation, as these social and
technological factors tend to co-evolve and shape the innovation process® and even societal
transition pathways.?'

Energy system integration is crucial for achieving the goals of the Clean Energy Transition.
However, the current energy system in Europe is still organized in separate sectors, which is
hindering progress towards decarbonizing the economy. To address this issue, policies and
research roadmaps should be designed with stronger connections between different energy
carriers, infrastructure, and consumption sectors in mind. The main focus should be on
incorporating various existing and emerging technologies, processes, and business models,
such as ICT and digitalization, smart grids and meters, and flexibility markets. By linking these
sectors, we can optimize the energy system as a whole, rather than focusing on decarbonizing
and improving efficiency in each sector separately. #2324

Solar fuels have the potential to play a vital role in advancing the clean energy transition by
facilitating the broader utilization of solar energy. Unlike solar photovoltaic (PV) electricity
generation, which is subject to intermittency due to factors like location, weather changes, and
the diurnal cycle, solar thermal conversion and similar low-carbon renewable energy
technologies are less affected. Achieving widespread adoption of low-carbon renewables
necessitates strategies like grid integration, demand response, and energy storage to address
supply-demand imbalances caused by variations in renewable energy generation and
consumption. To effectively meet global CO, reduction targets, which require a high share of
renewable energy, solar fuels provide an alternative to electrical energy storage via batteries,
offering potential for long-term, sustainable energy storage. Solar fuels, derived from sunlight,
water, and carbon dioxide, hold promise for the transportation sector, especially heavy-duty
transport and aviation, as they offer energy-dense options. Additionally, the chemicals
produced through solar fuel processes can be compatible with existing industrial infrastructure
and serve as essential raw materials for chemical and materials industries. Furthermore, solar-
driven CO; conversion processes can be integrated with carbon capture methods, including
direct air capture, offering comprehensive solutions for emissions reduction.?

One of the obstacles to the implementation of solar fuel and molecule technologies is the need
to concentrate the diluted energy from sunlight. Therefore, the design of the process that
combines the functions of collecting photons and concentrating light energy into chemical

[] Sets of technologies are more complex and can be adequately studied from the perspective of multi-system interactions
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energy will be crucial in reducing the amount of materials used in the entire system. This
includes photon collectors, catalysts, distribution of charges, utilities, and connections with
existing and future networks and storage capacity such as water, gas, electricity, liquid fuel
pipes, and storage for hydrogen.

Solar fuel or solar molecules are an additional and complementary way to produce and store
energy. This helps to make the energy system more robust and cost-effective by diversifying
technologies. It also avoids putting strain on the power network in a post-2030 energy system
that is no longer reliant on fossil fuels.

Solar fuel and molecule systems require fewer infrastructure materials compared to mature
photovoltaic systems with electrolysis. In the post-2030 era, when materials may be under
greater strain, solar fuel technologies can serve as an additional and complementary method
for producing green hydrogen and fuels. This can leverage existing infrastructure and take
advantage of the benefits of solar fuel technology, such as its ability to store energy and meet
peak demand.

Integrated direct solar fuel systems offer several advantages. Firstly, they can achieve a higher
yield in converting solar energy into hydrogen and fuels. Additionally, these systems require
fewer steps, resulting in reduced energy losses and lower capital expenditure (capex).
Compared to mature systems that combine direct air capture (DAC), photovoltaics (PV), and
electrolysis, integrated direct solar fuel systems also have less capex stacking. Ultimately, this
translates to a competitive cost for the overall system.

One of the key factors in the development of solar fuel technologies is the combination of
surfaces that collect CO, and/or H.O with surfaces that collect photons. By integrating and
synchronizing these functions, we can move beyond separate systems. In addition to
integrating photoelectrochemical functions, the use of heat extracted from the overall process
(such as thermal regulation, absorption and desorption of CO; or H,0, or compression phase)
can contribute to optimizing the integrated process.

Carbon emissions can be classified into direct, indirect, and value-chain emissions. Direct
emissions come from mobile and stationary sources, while indirect emissions result from the
consumption of heat or electricity. Value-chain emissions refer to emissions from other
processes. Given the varying scales of emissions from different categories, it is necessary to
conduct proper mapping and analysis to determine the estimated amount of CO; absorbed in
different sectors. For example, the production of liquid fuels requires a significant amount of
carbon and therefore a substantial amount of CO,. However, it is important to note that using
CO. as a feedstock does not guarantee a sustainable process, as the conversion process
requires considerable energy and is associated with CO, emissions. The sustainability of the
process is assessed by considering the global warming impact of all emissions and feedstock.
Local supply chains and infrastructure also play important roles in ensuring sustainability. It is
worth noting that the CO; used is not the same as CO; avoided. Additionally, processes that
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transform CO; often require highly purified CO; streams, which adds to the energy usage and
must be considered. To improve the sustainability and effectiveness of CO, management,
future research should focus on integrating capture and simultaneous conversion. A productive
approach would be the selective capture of CO, using porous materials like metal organic
frameworks for valorization purposes.?® These capturing strategies could be coupled with CO;
desorption in a second step, followed by hydrogenation to produce either CO, methane, or
higher hydrocarbons.

In addition, high temperature solar fuels can be manufactured using concentrated solar energy
systems to produce chemical compounds that can react with oxygen and release energy. There
are two possible approaches to achieve this. One approach is called solar thermochemical
processes, where high-temperature heat is used to perform chemical reactions that produce
substances used in the chemical industry to synthesize liquid hydrocarbon fuels or ammonia.
These substances can also be stored, transported, and used to generate electricity when and
where needed. Another approach is electrochemical processes, where concentrated solar
energy systems can provide renewable electricity, along with other sources like photovoltaics
or wind power, for the electrolysis of steam.?

To address the widespread use of solar energy sources and distributed resources for storage,
transportation, and infrastructure, digital assets play a crucial role. Monitoring and optimizing
the production, storage, and distribution of energy are increasingly important and challenging.
Algorithms in the fields of Big Data and Al offer an innovative way to improve these processes.
It is essential to develop new autonomous intelligent systems that can operate independently,
and new digital paradigms are emerging in scientific literature to support this. One such
paradigm is Compute Continue, which brings computation from the Cloud to the Edge, and Al
at Edge, where intelligence is decentralized, and energy generation takes place.

A recent study by JRC (2022) concludes that the implementation rates of CCUS have not been
falling behind as expected and required. The study finds that the main challenges for CCUS
development are not related to the technology and technical implementation. Instead, the main
barriers that persist are institutional barriers, such as regulatory implementation, economics,
risk, uncertainties associated with projects, and public acceptance.®

(DA)CCS relies entirely on the carbon/CO: price, and regulation/EU ETS is often insufficient to
support a viable business model. A higher CO, price is necessary, along with reduced
uncertainty regarding future prices and (free) emission rights.?® CCUS is contingent upon the
price of CO; as a foundational chemical, which is highly unpredictable. The effectiveness of
CC(U)S hinges on the new EU certification for carbon removals.

Because the manufacturing of DAC infrastructure produces greenhouse gas emissions and
uses valuable materials, fully utilizing the captured CO: will not result in a net zero solution,
unless we capture or offset the emissions produced during the early stages of its life cycle. This
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implies that DAC also needs a certain percentage of storage to compensate for the emissions
generated during the production process.

Finally, solar fuels integrate many previous disintegrated and emerging technical processes,
which creates substantial coordination problems, in the form of chicken-and-egg problems.
Investments need to be coordinated along the value chain, to overcome this barrier. Vertical
integration of the value chain may overcome this problem, but likewise requires many financial
resources (and results in substantial market power); a slow and perhaps improbable solution
with a tremendous promise.

Other than barriers, there are also important institutional drivers to the development and
implementation of solar fuels and chemicals. First, solar fuels and particularly Artificial
Photosynthesis, have for some time now, been positioned, much like nuclear fusion, as the Holy
Grail of chemistry and the energy transition.3%3'3233 pyblic and private capital continue to be
attracted by this promise, although EU investments are lagging behind.*

Particularly the promise of negative emissions provided by DAC is an alluring option to policy
makers in setting sector-specific emission reduction goals. The risk however is that
overestimating DAC and CCS as a silver bullet justifies lower emission-reducing ambitions in
other sectors of society. The 2017 Dutch Coalition Agreement for example, attributed 18
megatons of emission reduction to CCS in industry by 2030, resulting in lower diffusion goals
and associated policy support for other sustainable solutions. In the 2022 Dutch Climate Nota,
the CCS goal had been reduced to below 10 megatons CO, emission reduction®. These
profound emission reductions for CCS will not be realized when the CO, captured is utilized for
solar fuels and chemicals, and it is clear that CCS and CCUS compete for limited Research,
Development, and Deployment investments.

Other than the CO; benefits, solar fuels can be seen as a more equal alterative fuel, with the
potential for distributing rents more equally, as solar energy - as opposed to fossil fuels - are
distributed more equally around the globe and are available in a decentralized way. Popa et al.
note that this global equality will be impaired for solar fuels that rely on electricity for the
chemical reactions/bonds' formation, as developing countries likely do not have the electricity
grid infrastructure to enable such solar fuel production. Global accessibility may also be
restrained by the mass transport needs of reactions and products, which may favor some form
of centralization. As opposed to PV, solar fuels are both a solution for harvesting and storing
solar energy, meaning they do not require expensive electric storage solutions that are
challenging for developing countries.?
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4 | Efficiency / Distributed / Cost

The question of energy efficiency of Artificial Photosynthesis (AP) is important for producing
solar fuels, while the question of the photochemical quantum yields is different and equally
critical. The chemical yield is defined as the ratio of moles of product obtained per mole of
reagent introduced (expressed as a percentage), while a quantum yield is defined as the
number of products obtained per mole of photons absorbed.

The question of cost is much more challenging to incorporate, as it relies on the value that
society places on generating fuel without fossil resources, which is highly subjective. When new
combustion engine vehicles are phased out in 2035, electric cars, despite their initial higher
cost, will become more socially accepted and eventually the primary option in cities. Increased
demand will drive prices down over the course of a few decades. It is difficult to account for
these developments in a purely scientific approach to AP.

Aligning the pace of technological advancements with socio-economic conditions is a complex
undertaking. Simultaneously developing a technically functional solution for AP and a viable
business model is particularly challenging. For instance, prior to the war in Ukraine, low prices
of CHa incentivized AP research to focus on producing higher-value C2 products like ethylene.
However, with the recent increase in CHs prices, C1 products have become a more appealing
alternative.

When considering any translational approach to AP three main questions should be asked:

1) What product will be commercialized?

2) for which concentration of solar energy will it be optimized (with or without solar
concentrator)? and

3) forwhich final distribution of the solar fuel the new technology will work, i.e., do we need
to collect the solar fuel/chemicals into a larger tank via tubing, or is local delivery of the
product enough, for example to the ground for a nitrogen-based fertilizing
photoproduct?

The PV + electrolysis solution for solar fuels converts solar radiation into electrons using
conducting wires. These electrons are then concentrated in larger wires to power an
electrolyzer, which produces energetic products like CH4 quickly. In other words, solar fuel
production is faster in the electrolyzer compared to other methods. However, each electron in
the electrolyzer comes from a photon absorbed by a PV panel, so the production of solar fuels
is limited by the area covered by the panels, the solar photon flux, and the panel's light
absorption. Additionally, electrolysis occurs at the surface of an electrode. Translational
electrochemists working on solar fuel development need to demonstrate that their solution is
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fast enough and economically competitive with traditional catalytic processes that use fossil
fuels in thermal reactors.

On the other hand, standalone devices for AP circumvent the need for wiring, allowing for the
generation of products across the entire area where photons are received. While the energetic
yield, which is defined as the ratio of Joules stored in the solar fuel obtained per Joule of solar
light reaching the Earth, is an important parameter for an AP system, other types of yields can
also be defined. One such yield is the quantum yield, which is defined as the ratio of moles of
solar fuel obtained in a given time to moles of photons absorbed. The energetic yield is
thermodynamic in essence as it does not say anything about the kinetic of the process, i.e., how
fast we obtain a given amount of solar fuel. By contrast, the quantum yield is a kinetic parameter
that should be considered more seriously in discussions on the business model of AP. Natural
photosynthesis, for instance, is energetically inefficient (typically around 1%), and we generally
aim to achieve higher efficiency with artificial systems. However, the quantum efficiency of
natural photosynthesis in low-light conditions is close to 100%, which will be challenging to
enhance. In fact, natural photosynthesis produces a variety of photoproducts, such as organic
matter, that are not concentrated sources of energy. Nevertheless, it requires a significant
amount of time and surface area to grow a tree, and the energy density of gasoline is more
than twice that of wood.

The use of photosynthetic microorganisms to capture CO; and convert it to complex products
is a promising approach. It is impressive that 1 kg of algae can capture approximately 1.8 kg of
CO,. Advances in synthetic biology have allowed the development of photosynthetic cell
factories that function similarly to natural Direct Air Capture (DAC) systems. These engineered
systems not only capture CO; but also produce specific solar chemicals and fuels. The potential
of photosynthetic microorganisms in CO- capture is remarkable. Certain species of microalgae
can effectively capture between 40% and 60% of CO,. This presents an opportunity to connect
DAC systems with the concentration of atmospheric CO; to supply photosynthetic algal
production systems.

Recent research is focused on improving the capacity of photosynthetic organisms to capture
CO; and utilize light more efficiently. This is being done by integrating material science into the
field. Researchers are working on creating artificial leaves by immobilizing photosynthetic
microbes in transparent and biocompatible hydrogels. These hydrogels have vein-like
structures that enhance CO; absorption and help in the production and release of solar
chemicals. These hydrogels, made of optical biopolymers, act as a framework for the
photosynthetic microbes and also provide a system for monitoring and managing them. This
research aims to create living biohybrid materials that can capture and utilize carbon.
Additionally, nanotechnology is being explored as a way to enhance photosynthesis. This
involves incorporating nanomaterials into living organisms to improve photosynthesis and
increase CO. capture. This innovative approach is a significant advancement in utilizing
photosynthesis to efficiently capture CO, and produce sustainable energy.
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We can aspire for AP to achieve 20% energy efficiency by enhancing the absorption of the solar
spectrum, by minimizing charge recombination processes that lower the quantum yield of
current AP, and by obtaining products that are more chemically reduced than biomass.
However, achieving 20% energy efficiency will not have a significant impact in terms of kinetics.
Fossil fuels have enabled us to utilize the solar energy that has been stored over millions of
years across a vast area of the earth. We now convert this concentrated energy into chemical
energy in bulk chemical reactors, and bulk systems are significantly faster compared to the
surface-based electro- or photo-catalytic processes that are used in AP. When utilizing direct
photocatalytic conversion, it will be impossible to produce solar fuel molecules at a faster rate
than the number of photons that reach the Earth's surface. The kinetic limit to AP is a 100%
quantum yield, meaning that AP processes are inherently slow. Rather than focusing solely on
the energetic or chemical yield of CO2 conversion, this limit should be considered fundamental
in any translational approach to AP.

The question of lowering costs will be essential for maximizing the impact of both AP and
advanced microbial fuels. The extraction and burning of fossil fuels will for long remain less
expensive than developing the advanced photocatalytic technologies for AP and extracting the
scarce elements necessary for catalysis (e.g., metals) and light absorption (e.g.,
semiconductors). In fact, the costs of AP systems will primarily depend on the added value that
society gives to the generation of low-emission fuels, and hence to the societal and financial
costs of COz-emissions by fossil fuel-based technologies. As fossil fuel-powered cars are
gradually being banned from large cities, we are realizing that electric cars can become smaller
and more affordable, despite their initial high cost and large size. The increase in market size is
causing prices to decrease, primarily due to political and social factors. It is challenging to
incorporate these developments into a technological approach to AP, at least as long as CO;
emissions by fossil-based technologies are not subjected to more significant taxation, and
thermal fossil fuel-based bulk processes will not be prohibited until scientists present a
technically viable solution for AP. Aviable solution will not only need to involve the development
of a solar fuel that can be commercially competitive, but it will also require the implementation
of low-emission technologies for the production and recycling of the AP system itself. Finally,
any approach to AP should prioritize life-cycle analysis over considerations of cost,
thermodynamics, or kinetics.
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5 | The Energy Society of the Future
Needs Solar Closely Coupled to
Chemistry and DAC

In 2050 scenarios, decarbonization of our economy will be achieved and only few points
sources such as cement plants will remain. Most of the CO, feedstock will have to be sourced
from the atmosphere - it is estimated that residual CO, emissions will be 18% of our current
total, i.e., 7 billion tons of CO, per year globally.> By that time direct air capture cost (DAC) will
be at parity with today’s CO- capture from point source.*® State-of-the-art CO, capture materials
consume a large part of the energy gained from burning the fuel, and the majority of the costs
of CCS at point sources is for the capture process. New materials and principles are being
developed that will substantially reduce both economic and energy costs.*’ This will enable DAC
technologies to enter into a successful strategy to maintain a zero-emission economy. The
vision will be the installation of 7000 DAC plants, each being able to remove 1 Mt CO; per year.*
In addition, Direct Ocean Carbon capture plants (DOC) should be installed to fight against ocean
acidification.*> These DAC (and DOC) plants will be powered by green electrons. Our vision is
that these plants should be used for carbon utilization (DAC-U) rather than for carbon storage
(DAC-S). The DAC-U approach includes the downstream valorization of CO; thanks to thermal
catalysis (with green H, for example), electrocatalysis (Power-to-X) technologies, sunlight-to-X
technologies (see above) as well as novel combined carbon capture and conversion (C4)
technologies under development. Conversion of 1 Mt CO./year to fuel requires ca. 0.7 Mt
water/year, which is only ca. 20 liters/s for one of the above DAC plants, and technologies will
be developed to use non-purified natural or wastewater. DAC systems can also capture water
from the air, which is important in arid land areas.*®* This will allow to produce high-energy-
dense molecules such as methane, methanol, jet fuels...** to power long-distance terrestrial,
marine and aviation transport (4 billion t CO,removed in total)* and chemical industry (4 billion
t CO2removed in total)* in a decentralized manner allowing for better energy independence of
the individual countries.

By 2050, the European Union, and potentially the entire world, will have achieved climate
neutrality. This means that the economy will have successfully transitioned to a circular model,
eliminating the use of fossil carbon resources. Instead of disposing of waste streams, they will
be used as raw materials for other processes, creating new valuable products.

The entire economy will be powered by renewable energy. Specifically, technologies have been
developed to utilize CO; as a carbon source, producing a wide range of chemicals and fuels.
These sustainable resources will be used in the chemical industry and as energy sources for
parts of the transportation sector that cannot rely solely on electricity.
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The technology mix will vary depending on local conditions such as availability of feedstock,
energy, and geography. For example, areas with abundant solar energy may use direct
conversion approaches like artificial photosynthesis to meet local demand for chemicals and
energy. In rural areas with favorable conditions for low-cost renewable energy, large-scale
indirect technologies will be used to supply industrial sectors with high product volumes.

These technologies have gained social acceptance and provide economic opportunities for local
communities. Additionally, they offer attractive commercial potential for the companies
implementing them.

The development of renewable, non-fossil fuels and chemicals from CO,, H>O, and direct solar
radiation can facilitate a genuine transition to a sustainable future. This involves preserving the
value of previous investments and current infrastructures, as well as avoiding social upheaval
caused by the sudden removal of highly trained and skilled workers in key industrial sectors
like automotive, petrochemical processing, steel, cement, and mining due to the rapid shift
towards electrification.

Scientific progress is being made in various ways to harness solar energy and develop
technologies that are highly efficient in converting solar energy into fuel. This is crucial in order
to achieve a level of efficiency comparable to fossil fuels. It is expected that significant
advancements in this area will occur in the coming years.

However, the successful implementation of these technologies on a commercial scale depends
on overcoming several non-technical barriers and challenges. These challenges arise from the
need for an adequate supply of solar radiation, as well as streams of water and carbon dioxide
with acceptable levels of impurities. Additionally, proximity to end-use markets and
commercially viable transport networks is also important.

To determine the most suitable locations within the European Union, various performance
metrics such as cost, efficiency, reliability, and scalability need to be considered. This mapping
exercise is necessary to rank locations based on their ability to meet the aforementioned co-
existence constraints. Ultimately, the goal is to establish a circular carbon economy driven by
renewable energy sources.
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Conclusion

This document presents the shared vision of SUNER-C on how to redesign current technologies
and processes for the resource-efficient conversion and storage of renewable (solar) energies
and abundant feedstocks into fuels and chemicals, considering technology acceptance
digitalization, industrial resilience and equal opportunity. The shared vision acts as a starting
point for the roadmap in WP3, and this document will lead to a scientific peer-reviewed
publication in open scientific literature.

6

This document will be updated and adapted based on the comments of the partners, authors,
and the project office.
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