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Abstract. The pace of the transition to a low-carbon economy — especially in the fuels sector — is not high enough to achieve
the 2°C target limit for global warming by only cutting emissions. Most political roadmaps to tackle global warming implicitly
rely on the timely availability of mature negative emission technologies, which actively invest energy to remove CO; from
the atmosphere and store it permanently. The models used as a basis for decarbonisation policies typically assume an imple-
mentation of such large-scale negative emission technologies starting around the year 2030, ramped up to cause net negative
emissions in the second half of the century and balancing earlier CO5 release. On average, a contribution of -10 Gt COy/year
is expected by 2050.(Anderson and Peters, 2016) A viable approach for negative emissions should (i) rely on an unlimited
source of energy (solar), (ii) result in a safely storable product (e.g. liquid or solid, not gaseous), (iii) be highly efficient in
terms of water and energy use, to reduce the required land area and competition with water and food demands of a growing

world population and (iv) be large-scale feasibility and affordability.

Processes for the extraction of COs from the atmosphere are energy-intensive. This energy has to be supplied by low- or
zero-carbon sources. At present, primarily direct air capture and biomass production are explored (Smith et al., 2016). Re-
newably driven direct air capture is believed to be expensive and has not yet demonstrated scalability. Therefore, the currently
most feasible option appears to be the use of natural photosynthesis to generate biomass through afforestation or ocean fertil-
ization. Grown plants are then permanently stored, building a new stock of fossil fuels. Alternatively, the plant material can
be combusted with carbon capture and storage to act as a low-carbon fuel. However, the efficiency of natural photosynthesis
drops at high light conditions and because a significant fraction of the energy is used for the metabolism (Melis, 2012), the
storage of solar energy in biomass is limited to 2-3% efficiency. Therefore large areas of agricultural land would be required
for the achievement of the negative emission goals: The removal of one Gt COy/year can demand more than 1 million km?,
the combined area of Germany and France (Smith et al., 2016). Scaling biomass production to the required 10 Gt COy/year is

hence unlikely to be compatible with planetary constraints (Heck et al., 2018).
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We suggest to employ photoelectrochemical CO5 reduction, also called artificial photosynthesis. As in its natural counterpart
occurring in plants, photons in the artificial photosynthesis process excite charge-carriers, which then reduce (and oxidise)
reactants in a liquid electrolyte to solar fuels. The photon energy is only briefly converted to electron energy, and then stored
in molecular bonds. Light is absorbed in synthetic materials such as semiconductors or dyes and the chemical conversion
typically takes place at (co)catalysts at the interface between electrolyte and light absorber. We primarily focus on tightly
integrated photoelectrochemical systems, where the absorber is immersed into the electrolyte. While this approach imposes
restrictions on the light absorber design, the tight integration also promises cost benefits (Kirner et al., 2016).

Artificial photosynthesis already delivers fivefold higher efficiencies than natural photosynthesis, as 13% for CO5 reduction
and 19% for solar water splitting have recently been demonstrated, (Schreier et al., 2017; Cheng et al., 2018) more than
half of the theoretical limits. Using solar fuels, either hydrogen or carbon-based from CO, reduction, would cut greenhouse
gas emissions. However, while the combustion product of hydrogen is water, using renewably generated carbon-based fuels
releases the captured greenhouse gas back into the atmosphere. Recapturing the CO5 from the atmosphere would be energy-
intensive and hereby lower the overall carbon reduction efficiency, which is why solar energy-driven water splitting may be the
preferable fuel, eliminating carbon completely from the energy system (Parkinson, 2016). Photoelectrochemical CO5 reduction
could, therefore, be better placed to generate carbon-rich products that can safely and permanently store carbon extracted from
the atmosphere. The electrochemical reactions have to be chosen to generate products that can be stored safely below-ground
over thousands of years. This leaves us with liquids or solids, since gases, such as COj, itself, can leak back into the atmosphere
(Damen et al., 2006). The handling of a solid product in an efficient flow-cell reactor is not practical. Therefore, the production
of carbon-rich liquids, such as alcohols or (fatty) acids, is most promising. These could be stored in underground reservoirs
such as depleted oil fields, but also used as precursors for organic construction materials.

Any competitive artificial approach should provide a significantly higher turnover than natural photosynthesis. To assess the
technologies, their efficiency for carbon removal has to be estimated and compared. The typically used solar-to-fuel efficiency
(May et al., 2017) is not suitable, as it only describes the relative fraction of incident solar radiation that is converted to
chemical energy. Instead, negative emission technologies based on solar energy are better assessed by the solar-to-carbon
(STC) efficiency, which we define as the ratio of converted CO5 molecules to the incoming photon flux (Appendix A).

Our calculations in the following were performed under the — highly idealised — assumption that the overpotential is domi-
nated by the oxygen evolution reaction for a very good catalyst, which can be justified for water splitting. CO5 reduction with
the currently available catalysts, on the other hand, is associated with significantly higher overpotentials. The direct impact of
catalysis performance on achievable efficiencies can be seen in Figure 1(a-b), where obtainable STC efficiencies and resulting
module areas are plotted as a function of Tafel slope and exchange current density.

Artificial solar energy conversion does — unlike natural photosynthesis — not suffer from an efficiency decrease due to
high light conditions, as beneficial effects of light concentration on the solar cell and higher temperatures on catalysis can
overcompensate the detrimental effect of temperature on the absorber. Hence, near-equatorial regions with high solar irradiation
are viable target areas for its deployment. Under the assumption of 3500 kWh/m? available per year for a 2-axis tracker in the

Sahara desert region (Amillo et al., 2014), we can estimate the required module area for the 2050 negative emission target of
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Figure 1. Theoretical efficiency limits and module area for the -10 Gt CO2/year scenario. (a) STC efficiency limit of a dual-junction absorber
for formic acid (without system loss) as a function of exchange current density and Tafel slope. (b) Resulting module area at Sahara irradiance
and 50% system loss. (c) STC efficiency and module area required under Sahara irradiance for different products at 50% system loss. Error
bars indicate 40 and 60% loss, respectively. (d) Module area for formic acid production over the yearly irradiance at 50% (solid line), as well

as 40 and 60% (dashed lines) system loss. Vertical lines mark typical irradiances accessible to a 2-axis tracker.

10 Gt CO»/year. At a maximum STC efficiency of ca. 19%, this would be approximately 13,500 km?. Under the conservative
assumption that for a mature technology the overall system efficiency is half of the theoretical efficiency, this translates to
an areal requirement of about 27,000 km? (Fig. 1a). The typical space factor for tracking photovoltaics of 0.2,(Araki et al.,
2016) finally leads to a land footprint of ca. 135,000 km?2. Other desert areas such as the Gobi desert, or the Thar desert in
north-western India, would also be interesting regions. In areas such as central Europe, a lower irradiance translates to larger
footprints (Fig. 1b). The scale of such an effort, if one tried to realize it in a single project, would considerable and about one
order of magnitude larger than the previously largest project for solar electricity production in the Sahara desert. However, it
could be realized alongside with biomass approaches in other world regions, as it does not rely on agriculturally usable land.
With the 2°C target, there is a truly global incentive to realise such an undertaking. Especially if spread over several projects,
the economic added value would be created in the regions that suffer most under global warming.

Carbon removal by artificial photosynthesis is water-efficient, compared to its natural counterpart, as water is only used

as chemical precursor and not evaporated from the closed system. Considering formic acid as product to be stored, and the
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target of 10 Gt COy/year to be removed, the water demand is about 4.1 Gt/year. This would be a substantial amount in dry
regions. Desalination of seawater would be possible, albeit energetically inconvenient. However, the direct use of seawater was
already demonstrated for electrochemical hydrogen production (Fukuzumi et al., 2017), and might therefore also be possible for
CO., reduction. Another challenge is that high-efficiency carbon sinks concentrated in large-scale facilities could, in principle,
suffer from mass transport limitations of dilute CO, in the atmosphere. This could be alleviated by selecting sites with high
atmospheric convection rates, by spacing facilities sufficiently widely apart, or to combine them with solar updraft towers for
electricity generation.

In principle, electrochemical reduction of CO, would also be possible using photovoltaics or wind power to first generate
electricity, and then drive electrolysis and the chemical conversion. This introduces the intermediate step of converting solar
to electrical energy. Unlike solar energy, however, large-scale mechanical wind extraction from the atmosphere might be lim-
ited.(Miller et al., 2011) Hybrid approaches, where inorganic solar cells are combined with bacteria, are also possible,(Liu et al.,
2015) but efficiencies are currently low and it is unclear how the drop in production rate under high illumination conditions
can be overcome.

Artificial photosynthesis in the form of CO5 reduction represents an interesting technological option for negative emissions
due to its high efficiency. This would greatly reduce land use for the anticipated 2050 negative emission target compared to
so far considered — mainly biomass-based — technologies. The installation of the required minimum module area of about
30,000 km? would, however, still be an enormous undertaking. While we estimate the costs for photoelectrochemical COq
removal to roughly 65 Eur per ton, we emphasize that the development stage of highly efficient photoelectrochemical COq
conversion does not yet allow a robust estimate of the costs, rendering this value rather speculative. Physical feasibility and
technological challenges can, however, already be anticipated. The greatest challenges to overcome towards the application
are, for now, to develop and implement systems that are stable under operating conditions, as well as the derivation of earth-

abundant, efficient catalysts (Schreier et al., 2017; Cheng et al., 2018).

Code availability. Calculations were performed with YaSoFo, the source code is available under https://bitbucket.org/YaSoFo/. The python

source code to reproduce the calculations will be made available online.

Appendix A: Solar-to-carbon efficiency measure

Given a PEC device and a target sink product, we define the STC efficiency by the ratio of carbon atoms, which are chemically
fixed, over the incoming photon flux, j,,, given by the integrated solar spectrum. The STC efficiency limit for an ideal photo-
electrochemical solar cell can then be calculated as follows: The Gibbs free energy difference per electron, AG, constitutes the
electrochemical load of the cell. It limits, together with the terrestrial solar spectrum, n(\), the electronic current density, je.
Tandem solar cells are required for high efficiencies in photoelectrochemical energy conversion as they provide high currents

and sufficient voltage to drive the reaction. The current density of an ideal tandem absorber with very good catalysts can be
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calculated in the detailed-balance-scheme.(May et al., 2017) The selected product then defines the electron efficiency, 7, i.e.
how many electrons are consumed for the formation of one product molecule from CO- and water. With the Faradaic efficiency

nr, describing the efficiency of the conversion from current to desired product, the STC can be formulated as:

Ait1 .
n(A)dX
STC = 7pn. min b, A MV G e
i fo n(A)dA Jph

For formic acid (HCOOH, AG = 1.4¢V, 1. = 0.5), these idealised assumptions result in a maximum electronic photocur-
rent density of j. ~ 26 mAcm~2. For unity Faradaic efficiency, we obtain a product current density equivalent of 7.j. =
13 mAcm™2. It follows that ideally ca. 19% of the incoming solar photons transform a CO5 molecule to the liquid — and hence
storable — product. The STC efficiency would therefore be 19%. Taking into account photoconversion, Faradaic, and system
losses, values of 10% STC or more appear feasible. This is high compared to the currently achieved energetic efficiencies for
natural photosynthesis of 2-3%, which translate to roughly 1.5-2% STC efficiency.

STC efficiencies are a function of the reaction path, similar to CO, reduction for fuel generation, where the obtainable
efficiency depends on the Gibbs free energy.(May et al., 2017) The distribution of energy over the chemical bonds varies for
different products, yet for CO5 removal, we are primarily interested in the number of converted CO5 molecules. Therefore,
the STC efficiencies can deviate significantly for products that have a similar energetic efficiency (Fig. 1a). Feasible products
are associated with distinct storage requirements, but also different catalysts. Acetic acid, for instance, could be an interesting
option for long-term storage because of its high melting point. Though the electronic photocurrent could be higher than for
formic acid due to a reduced electrochemical load, 4 electrons are required for the conversion of one CO5 molecule, which in
the end almost halves the efficiency. The theoretical efficiency limit, as shown in Figure 1a, largely varies based on the number
of electrons consumed per CO2 molecule, which is 2 for formic acid, 4 for acetic acid and formaldehyde, and 6 for methanol,
ethanol, and 1-propanol. Therefore, using the carbon conversion rate as the benchmark for negative emissions will result in a

different choice of product compared to solar fuels, where energetic considerations dominate.

Appendix B: Cost estimate

To roughly estimate the costs of negative emissions by photoelectrochemical CO5 reduction, we assume the module costs to be
twice the module costs (Chang et al., 2018) of current crystalline silicon photovoltaics. With a depreciation period of 20 years,
and running costs of 10% of the investment sum, this would translate to 55.60 Eur per ton CO,. Additional costs can arise from
the diffusion limitation due to the high conversion rate, which might necessitate to technically create convection by means
of mechanical fans. The energy costs of capturing atmospheric CO, are estimated to be about 30-88 kJ mol~!.(Goeppert
et al., 2012) With an average of 50kJ mol~! and a current photovoltaic electricity price of 30 Eur/MWh, this adds another
9.50 Eur/ton, finally totalling 65 Eur/ton.
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