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deforestation, and cement production, are 
becoming highly ambitious.[2,5] Once the 
remaining carbon budget is overstretched, 
it will be necessary to capture and store 
atmospheric CO2 to reduce the concentra-
tions of this trace gas in the atmosphere, 
hereby limiting global heating.[6,7] These 
negative emission approaches go beyond 
the creation of an anthropogenic carbon 
cycle. The latter aims at reducing green-
house gas emissions, where for instance 
solar fuels are created from atmospheric 
CO2, to be later released again during com-
bustion.[8] The use of negative emission 
technologies (NET) will, with a high like-
lihood, be more expensive than avoiding 
these emissions, but current policy sce-
narios already heavily rely on NET.[2,6,7] To 
remove CO2 in the order of 10 Gt CO2 per 
year from the year 2050 on, NETs have to be 

scaled up rapidly, hereby also creating a large, multi-billion-EUR 
market. Which approaches will be implemented most quickly and 
allow to provide substantial contributions at a minimum of costs 
and/or other negative impacts in this “race to remove CO2”,[9] 
is currently unclear. Most likely, employing only a single NET 
will not meet the carbon uptake rates assumed in the integrated 
assessment pathways.[10] In this perspective, we postulate that 
photoelectrochemical CO2 reduction is more suitable to generate 
storable carbon-rich products than solar fuels, and we show that  
photoelectrochemical carbon sinks could contribute to large-
scale, resource-efficient negative emissions.

2. Current Approaches for Negative Emissions

A number of negative emission approaches have been dis-
cussed in the literature over the last years, both of terrestrial 
and ocean-based nature. The focus of the discussion lies on 
techniques such as bioenergy with carbon capture and storage 
(BECCS), afforestation, biochar and soil sequestration, ocean 
fertilization, enhanced weathering, and direct air capture 
(DAC).[11–13] Only the latter two of these methods are not relying 
on natural photosynthesis. The DAC approach with subsequent 
underground storage in suitable geological reservoirs does, 
depending on the reservoir, promise safe long-term storage 
via mineralization,[14] but is energy-intensive and may be lim-
ited geographically, also due to safety concerns.[13,15] Enhanced 
weathering on the other hand, requires the processing and 
transport of large quantities of silicate rocks,[13] which can 
reduce its overall carbon-negativity. The remaining methods 
draw on natural photosynthesis to bind CO2. This allows for a 
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1. Introduction

Expected global warming above preindustrial temperature 
levels scales with cumulative carbon dioxide emissions.[1,2] The 
resulting impacts and the likelihood of crossing earth system 
thresholds increase with this warming.[3] However, current meas-
ures to limit anthropogenic greenhouse gas emissions do not yet 
suffice for achieving the targets of the Paris Agreement, limiting 
warming to 1.5 or 2 °C above the preindustrial levels.[2,4] Scenarios 
to limit global warming to 1.5 °C by only reducing emissions 
into the atmosphere for example, by reducing fossil fuel use, 
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variety of long-term storage options. On the other hand, these 
NETs are limited by the low overall efficiency of the photo-
synthesis process.[16,17] Low efficiency directly translates to large 
areas that would be required to achieve the anticipated carbon 
removal targets. This presents a direct conflict with food pro-
duction for arable land in the case of terrestrial NET.[18] For a 
typically assumed target of −10 Gt per year in the year 2050,[6] 
this would translate to about 10  Mio.  km2 land requirement  
in an optimistic scenario.[11,17] Further options to remove 
CO2 include the (electro)chemical production of value-added  
feedstock products,[19] but for those feedstocks, the market 
volume is typically too small to significantly contribute to 
−10 Gt per year. Consequently, a timely diversification, together 
with a critical evaluation, of the different NET approaches is 
required.[9]

3. Photoelectrochemical Carbon Sinks

Electrochemical routes to convert energy into fuels such as 
hydrogen are starting to play an important role in the transi-
tion to a defossilized energy system already.[20] Solar-driven or 
photoelectrochemical approaches show promising results, but 
are so far technologically less advanced.[21] Photoelectrochem-
ical CO2 reduction, where carbon-rich solar fuels are pro-
duced, has been intensively studied over the last years.[22–25] 
The aim here is to capture CO2 and convert it into an energy 
carrier by a photoelectrochemical reduction reaction. If not 
coupled to carbon capture and storage like in BECCS, the cap-
tured CO2 is, however, released again. While a wide number 
of products are feasible to this end,[26] they are typically 
chosen to maximize conversion efficiency and energy density. 
The discussion, whether photoelectrochemical CO2 reduc-
tion is preferable to hydrogen production in light of reduced 
overall—including continuous re-capture—conversion effi-
ciencies is ongoing.[23]

However, (photo)electrochemical approaches are also a prom-
ising approach for the direct or indirect realization of negative 
emissions.[17,28,29] In short, these approaches aim at realizing 
negative emissions by the use of an electrochemical process 
chain or (photo)electrochemical reduction of CO2 itself, driven 
by renewables or solar irradiation directly, leading to perma-
nent removal of CO2 from the atmosphere. Unlike in the case 
of sustainable fuel production, the energy density carried by the 
product is not relevant, but rather the carbon density. In addi-
tion, cost-efficient and safe long-term storage of the sink product 
must be feasible. Some electrogeochemical approaches discussed 
in the literature realize this by embedding water electrolysis for 
hydrogen production in a process chain that increases ocean 
alkalinity and enhancing CO2 trapping in sea water.[28,29] Terres-
trial photoelectrochemical approaches, as sketched in Figure 1, 
need to capture atmospheric CO2 and, potentially after con-
centration, dissolve it in an electrolyte. Then, a solar-driven 
electrochemical or photoelectrochemical process converts the 
CO2 molecules into the sink product. In the former approach, 
a photovoltaic solar cell drives an electrochemical process in 
the dark, similar to an electrolyzer, while the latter constitutes a 
higher level of integration with no external electric circuit. The 
process itself is solely driven by the solar irradiance harvested by 
the solar absorber. Depending on the product, it can be stored 
directly in above- or below-ground storage or needs to be post-
processed before. This post-processing, as well as capture itself, 
is likely to require energy, which will have to be provided by 
external renewables or the use of energy-rich side-products such 
as hydrogen, if present. Carbon flakes, which were demonstrated 
recently on liquid-metal catalysts,[30] would allow for direct, near-
surface storage. Other products such as oxalate could be post-
processed to organic minerals to achieve the same ease of safe 
long-term storage.[17] The resulting overall process chain of such 
an artificial photosynthesis-based NET must be carbon-negative 
and also avoid other sustainability conflicts such as a large foot-
print in terms of water consumption and land use.

Figure 1. Principle of terrestrial photoelectrochemical carbon sinks. Atmospheric CO2 is captured into an electrolyte and converted to carbon-rich 
products in a cell using directly absorbed solar radiation. While some products (e.g., oxalate) may require postprocessing, others could be directly 
extracted for long-term storage (e.g., carbon flakes). The local climatic environment impacts the efficiency and conversion rate of the system,[27] the 
storage potential depends on the product due to potential geochemical interactions between storage site and sink product.
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This leads us to the next issue after the storage potential, the 
conversion efficiency, which is directly related to the land foot-
print. The scale of the −10 Gt per year target led some authors 
to state that biomass-based NET approaches with their low 
conversion efficiency are “difficult to reconcile with planetary 
boundaries”.[18] This is why efficiency is a decisive factor for the 
feasibility of solar-driven approaches. Yet how can this conver-
sion efficiency be assessed? The solar-to-fuel efficiency used for 
the assessment of solar fuel devices relates the energy stored in 
the product to the integral of the solar power over time. How-
ever, the energy stored in a carbon sink is irrelevant, as it is 
meant to remain inaccessible for combustion. One could even 
argue that storage becomes safer with lower energy density. 
Therefore, we proposed an alternate, solar-to-carbon (STC) effi-
ciency definition,[17] that relates the flux of CO2 molecules con-
verted to the total impinging solar photon flux, jph

STC F e e

ph

η η
=

j

j
 (1)

Here, ηF is the Faradaic efficiency, je the internal current 
density, and ηe the electron efficiency, measuring how many 
electrons are consumed for the conversion of one CO2 mol-
ecule.[17] The achievable current density does, just like for 
solar fuels, depend on the solar spectrum, the properties of 
the solar absorbers, the overpotential of the catalysts, and the 
redox potential difference of the reaction, ΔG.[34] This can 
then be calculated in a photoelectrochemical detailed-balance 
scheme.[31] The resulting theoretical efficiency for the case of 
oxalate (ηe = 1, ΔG = 1.82 eV[26]) as a function of the catalyst per-
formance for a dual-junction absorber is shown in Figure 2a, 
assuming that one catalyst dominates the overall overpotential. 
Here, a high-performance catalyst IrOx was assumed to domi-
nate the reaction and hence the losses from overpotentials. For 
solar hydrogen production, this is a valid assumption. Yet other 
catalysts for PEC carbon sinks are likely to exhibit higher over-
potentials (larger required voltage) and/or a reduced selectivity 
(Faradaic efficiency), which could lead for instance to partial 
use of electrons for hydrogen evolution. Taking into account 

this idealization, we assume that only half of this theoretical 
STC limit can be practically achieved. Figure  2b shows these 
efficiencies as a function of the chosen product. One observes 
that these efficiencies also vary with the type of photoabsorber, 
that is  dual- or triple junction. Catalysts with large overpo-
tentials will benefit from the latter due to their higher photo-
voltage. One can then estimate the required module area for 
the −10  Gt target. Harvesting solar irradiance with a two-axis-
tracker in the Sahara desert (≈3500   kWh yr–1), and using the 
most efficient sink product we identified so far (oxalate), this 
goal could be reached with 17.000 km2 of modules. This is a vast 
area. Actual deployment at this scale would be a gigantic tech-
nological challenge. At least physically this appears to be more 
feasible than the 10 Mio. km2 (slightly more than the entire area 
of Canada, China, or the United States) that would be required 
to reach this drawdown-goal by terrestrial biomass-based NET. 
Interestingly, the typical products considered for solar fuels, 
such as methanol, ethanol, or 1-propanol, are not efficient as 
carbon sinks. This is due to the lower electron efficiency, as six 
electrons are required to reduce one CO2 molecule and a large  
fraction of the solar energy is stored in C–H bonds. Here, only 
in the case of oxalate with its high ΔG a—typically more expen-
sive—triple-junction absorber allows a slightly higher STC than 
a dual-junction. This is because the overall photo- and there-
fore product current is limited by the electrochemical load and 
not the short-circuit photocurrent, which is generally lower 
for triple-junctions. The efficiency difference will, however, 
increase in the case of an overpotential higher than for the ide-
alized IrOx catalyst for the oxygen evolution reaction that was 
used here.

As such photoelectrochemical carbon sinks have a low water 
footprint and do not suffer from efficiency degradation under 
high irradiance, they could also be erected in low-latitude desert 
regions, largely avoiding land-use conflicts with agriculture 
or biodiversity issues.[17] Due to the dilute nature of incident 
sunlight and to avoid CO2 mass transport issues, photoelec-
trochemical carbon sinks are likely to be deployed as small-
scale devices spread out over large areas. This means that the 
devices and their performance can be impacted by the local 

Figure 2. Theoretical solar-to-carbon efficiencies (Equation (1)) and resulting module area for the −10 Gt per year target calculated in a photoelec-
trochemical detailed-balance scheme.[31] a) Theoretical STC efficiencies for oxalate as a function of the catalyst parameters, assuming a dual-junction 
absorber under AM1.5G illumination. b) Theoretical efficiencies under the assumption of 50% system loss (error bars: 40–60% loss) for different 
products[26,32] for a catalyst performing like an IrOx anode for oxygen evolution, calculated with Equation (1). Red (blue) markers indicate dual-junction 
(triple-junction) absorbers. Resulting module area for the −10 Gt per year target under Sahara irradiance[33] with a 2-axis tracker.
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environment and the climate. The two major relevant factors 
depending on the local conditions are the shape of the solar 
spectrum and the ambient temperature. While the influence 
of solar spectra is a factor well-known from photovoltaics,[36] 
the dependence on ambient temperatures is more complex for 
photoelectrochemical solar cells.[27,37] As small-scale devices, 
their operating temperature will closely follow the ambient tem-
perature. This impacts solar absorber and catalyst performance, 
as well as the conductivity of the electrolyte. For solar hydrogen 
production, it has been shown that efficient operation at −20 °C 
ambient temperatures can be achieved with a suitable device 
design, using the waste-heat of the solar cell to boost ion trans-
port and catalysis.[27] Similar effects of the local climate, also 
including the solubility of CO2 in the electrolyte under varying 
conditions, will also be relevant for scaled-up photoelectrochem-
ical carbons sinks, depending on their geographical location.  
Figure 3 shows the required module area for the drawdown of 
1 Gt CO2 per year as a function of the geographical location. We 
use the surface solar downwelling irradiance here, which is a 
more conservative value than the 2-axis tracker assumption in 
Figure  2. Depending on the overall device design, the photo-
electrochemical carbon sink might be able to operate at temper-
atures significantly below the freezing point of water,[27] or not, 
which changes the geographical regions, where they could be 
erected. Consequently, also local climatic conditions will have to 
be considered for the design of efficient devices.

4. Discussion

The development of efficient and scalable photoelectrochem-
ical carbon sinks will require advances in the area of multi-
junction solar cells, but also catalysis. The former aspect is being 

addressed also by the photovoltaics and solar hydrogen commu-
nities with progress for instance in III–V semiconductor integra-
tion with silicon[38] or perovskite-silicon tandems[39] and results 
will be directly transferable. Device prices of photovoltaics and 
PEC carbon sinks are expected to mutually benefit from scale-up. 
Catalysts for carbon sinks will, on the other hand, target different 
products than those developed for solar fuels and therefore 
require new research directions. A critical assessment of feasible 
products and experimental validation of the associated catalysts 
will then allow more realistic STC efficiency predictions than 
those shown in Figure 2. Depending on the chosen product and 
storage reservoir, product separation and post-processing might 
be required, which impacts costs and feasibility. Solid products, 
such as carbon flakes, would only require a separation of solid 
and liquid phase. Aqueous oxalate brines could, depending on 
the storage reservoir, in principle be pumped directly into the 
reservoir. A large number of pathways is conceivable here and 
will require careful evaluation, also with respect to overall sus-
tainability. For the highly integrated, photoelectrochemical route, 
integration of catalysts with suitable solar absorbers requires the 
design of appropriate interfaces,[34] a field in itself. In terms of 
the technology-readiness level, catalysts and potential post-pro-
cessing chain are the limiting factors for photovoltaics-driven 
electrochemical approaches, which shifts toward absorbers and 
interfaces for highly integrated PEC carbon sinks.

Scale-up of NET is not required immediately, which still 
leaves time for the necessary developments, unlike in the case 
of photoelectrochemical CO2 reduction for solar fuels, where 
contributions to defossilization are urgently required. The rap-
idly accelerating electrification of the transport sector, also ena-
bled by improved batteries, will reduce the market for carbon-
based fuels in the long-term, and the overall still low conversion 
efficiency[23] will make it difficult for carbon-based solar fuels to 

Figure 3. Global potential for negative emissions based on artificial photosynthesis. Total annual solar insolation (left) and the module area AM required 
for the local drawdown of 1 GtCO2 per year following ref. [17], with oxalate as envisaged sink product. Based on the 2019 ERA5 global reanalysis dataset, 
from wich an average temperature, Tavg, is extracted.[35] White color in (b,d) denotes AM > 7.000 km2.
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contribute to the challenge of emission reductions in due time. 
Therefore, the future research focus of the photoelectrochem-
ical CO2 reduction research community might shift away from 
fuels and toward carbon sinks and feedstock products.

Estimating the associated costs is still very speculative at 
this point of the development, but they could lie in the order of 
100 EUR per ton CO2 or below.[17] Financing the global endeavor 
of negative emissions or the “Young people’s burden”, as Hansen 
et al.[7] put it, will most probably be a continuing and controversial 
discussion in our societies over the next decades. This leads us 
to the challenge regarding communication, the community faces. 
On the one hand, it currently appears a necessary safety measure 
to develop NET to a level where they could be employed at scale. 
On the other hand, we should at the same time communicate 
that cutting emissions, for instance by the large-scale roll-out of 
sustainable electricity and fuels, is the preferable and most likely 
less expensive approach, ideally avoiding NET altogether.[6,7]

5. Summary and Outlook

Photoelectrochemical carbon sinks are a high-potential, but 
with the current technological maturity still high-risk extension 
of the portfolio of negative emission technologies. Due to the 
high efficiency provided by artificial photosynthesis, required 
land areas are significantly lower than for its natural counter-
part. Sink product diversity, on the other hand, allows more 
storage options than direct air capture. As efficient carbon sink 
products are inefficient energy carriers and vice versa, catalysts 
will differ from those developed for solar fuels, leading to a new 
frontier in photoelectrochemical CO2 conversion.

Assessing the potential of photoelectrochemical carbon sinks 
reliably will require further research from the micro- to the 
macro-scale, as overall sustainability and feasibility will not only 
depend on electrochemical interfaces and catalysts, but also on 
geochemistry on long timescales. Such an exploration can be 
sped up by interdisciplinary cooperation, critically scrutinizing 
the whole process chain from the very beginning. First initia-
tives, such as the NETPEC project, are undertaking first steps 
in this direction.[40] Ideally, first prototypes could be imple-
mented in the early 2030s, scale-up start in the late 2030s. A 
major arising challenge on the way is—common to all nega-
tive emission approaches—the dilemma of attracting funding 
to explore future NET, while at the same time making clear 
that negative emissions can only accompany, but not replace a 
timely defossilization of human activities.
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