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Abstract

Power-to-food technologies could transform food systems by reducing CO2, land, and water
footprints while enhancing food security and global resilience. CO2-to-food pathways span
chemical synthesis (fats, sugars, starches) and fermentation routes using electrochemical
feedstocks (acetate, sugars) or gases (e.g. hydrogen). Cost and environmental impacts are
dominated by energy demands, making prioritization critical, yet comparisons are convoluted by
inconsistent methods and assumptions across studies.

We develop a framework comparing energy efficiency, land productivity, and cost across twelve
CO2-to-food pathways, while providing future projections. Power-to-food efficiencies vary by ~10x,
with synthetic fats and hydrogen microbial protein dominating: ~90% less land than conventional
crops and ~99% less than animal products, ~5x more efficient than competing pathways (vertical
farming, photobioreactors, heterotrophs), and considerable economic potential (~$2-8/kg
dry)—against butter (~$4-7/kg), egg (~$5-32/kg), milk proteins (~$5-14/kg), or plant protein
isolates (~$2—9/kg)—potentially unlocking massive sustainability, security, and animal welfare
gains.


https://orcid.org/0000-0002-8761-7470
http://orcid.org/0000-0002-6773-6405
mailto:juan@allfed.info

1 Introduction

The global food system is a major driver of adverse environmental changes, accounting for a large
share of worsening trends in climate change, land degradation, water scarcity, deforestation, and
biodiversity loss'. Reducing consumption of resource-intensive foods, especially animal-based
products? and developing new approaches to food production® are now increasingly recognized as
critical. While industrial agriculture has boosted yields to feed a global population of over eight
billion, its heavy reliance on fertilizers, pesticides, liquid fuels, animals, and expanding land has led
to massive increases in greenhouse gas emissions, eutrophication, freshwater depletion,
biodiversity decline, animal suffering and antibiotics use’. With limited prospects to expand
agricultural land and climate change threatening future yields*3, feeding a rapidly increasing and
wealthier population without further environmental harm demands radically different methods.

A growing number of academics and for-profit businesses are now turning their attention to an
understudied, next-generation approach to address the downsides of modern food systems: using
industrial technologies to make food directly from CO:, bypassing the notorious inefficiencies of
photosynthetic food production*®2°. We call these “power-to-food”, in some cases also known as
artificial photosynthesis®®, or food without agriculture'. There are myriad possible ways to
synthesize food from inorganic carbon, other than photosynthetic growth of plants and
microalgae. All three macronutrients (proteins, fats, and carbohydrates) can be synthesized using
COz2 as the main input. To name some examples: carbohydrates can be obtained via bioenzymatic
catalysis® or non-biological synthesis®. Proteins can be obtained biologically from cultivating
microorganisms via electrosynthesized intermediates such as hydrogen®?4, carbon monoxide®,
methanol®®, or acetate'®”. Reduction of CO: to syngas® enables a wealth of chemical and biological
synthesis routes*®, including but not limited to: syngas—paraffins—>fatty acids—triglycerides
(abiotic); syngas—amino acids—proteins (abiotic) or microorganism cultivation. These
technologies provide food without needing arable land, potentially unlocking massive
sustainability, biodiversity, security, and animal welfare gains.

The main unsolved challenges to scaling these approaches are their high capital requirement and
high energy consumption. To bring about their promised societal benefits, it is imperative to
prioritize investment to those power-to-food technologies best suited to the task, such as those
most efficient at converting renewable energy into edible calories. Unfortunately, comparisons are
made hard by methodological differences in studies: different definitions of energy efficiency and
use, different assumptions of CO:2 capture, conversion efficiency, post-processing, etc., different
system boundaries, different units, key performance indicators, framings, and more.

Here we developed a harmonized framework to compare electricity-to-food efficiency, cost floors,
and land use efficiency across multiple CO2-to-food pathways. Then, we compared energy
efficiency, land productivity, and cost to agricultural product benchmarks, both animal- and
plant-based. We find that the top approaches—hydrogen single cell protein, and chemical
synthesis of fat—provide food one to two orders of magnitude more efficiently than conventional
agricultural products. In addition, we estimate that power-to-food production at scale could
already compete on cost with target agricultural ingredients of interest such as milk whey, egg
powder, plant protein isolates, or butter. This combination of results demonstrates a promising
opportunity to free up vast amounts of land from agricultural production to other uses, such as
rewilding for biodiversity recovery and carbon storage. Extended Data Figure 1 shows the
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maximum possible extent of this potential, indicating that using power-to-food systems to
produce a modest share of global food could have outsized positive impact.

The goal of this study is to help researchers, policymakers, and entrepreneurs understand the
value of these technologies and strategically decide which ones hold the most potential for the
needs of society. Identifying the best-performing systems can help guide where time, capital and
policy attention are most effectively directed. Given renewable energy projections of increasing
capacity and decreasing cost in the coming years®, now is a key time to understand which
approaches are best suited to displace agricultural products as low-cost renewable energy
increases. Capital investment now would make power-to-food technology ready for mass scale
deployment, and help realize its societal benefits: food sovereignty®®, consistent supply®*?
production in constrained environments—desert, arctic, space, underwater, etc.***—resilience to
food system shocks®®, low land and water use'®"*3*%, replacing imported strategic commodities,
etc. Application niches that capitalize on the above strengths are of particular interest for early
development of power-to-food; for example, its ability to produce food in extreme environments
from little more than widespread CO2, water, and electricity has already brought it to the attention
of government agencies like NASA and DARPA®. For more information, see the supplementary
section on "Applications of CO2 power-to-food production”.

2 Results

2.1 Power-to-food efficiency

The comprehensive but not exhaustive selection of candidate food production pathways
considered in the study is summarized in Figure 1. Starting from COz, water, hydrogen, energy, and
sometimes a modest amount of minerals (when microorganisms are involved), a rich set of
pathways emerges: electrified controlled-environment crop production (e.g., artificial-light lettuce
and wheat); photosynthetic microalgae systems (e.g., Spirulina photobioreactors); microbial food
routes fed either by hydrogen and CO: (hydrogen oxidizing bacteria, HOB SCP) or via
electrolytically-derived COz-based intermediates such as acetate, methanol, formate, carbon
monoxide, or synthetic carbohydrates (including yeast and microalgae); chemical synthesis of fats
from CO2-derived intermediates; synthesis of products that can be consumed directly or used as
platform intermediates such as carbohydrates or acetate, through chemical and/or electrochemical
routes; or acetate via microbial electrosynthesis (MES). Prior comparative analyses indicate that
electricity-to-SCP energy use is very similar for H2 gas fermentation and for Hz-derived methanol-
and formate-mediated bacterial SCP routes, all within a variation of ~10%". For simplicity, we
therefore focus on HOB SCP (H: gas fermentation) as a characteristic example that extends to
other similar such approaches.
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Figure 1. Pathways for food production from CO: considered in the analysis, their energy use, and their Technology Readiness Level (TRL). The
upper-bound values given for electricity use represent values achievable with current technology based on published systems (“base case”), while
the lower-bound value represents a reasonably optimistic scenario for the potential of current or conceivable future systems (“optimistic case”).
The "optimistic case” does not represent the maximum possible thermodynamic efficiency of these processes; future developments may therefore
exceed the optimistic case value in some cases. Acetate can only be consumed as a food in very limited amounts in the form of dilute acetic acid
(vinegar), and is shown here primarily as an intermediate. TRL estimates are taken from Supplementary Table S7. The items highlighted in bold
and yellow indicate the three most energy-efficient routes by a notable margin.



A summary of the power-to-food energy use results (i.e. electricity-to-food efficiency) for the
current state of the technology is given in Figure 2. Each pathway's particular synthetic and
metabolic mechanisms result in significant variations in energy consumption. For example, H2SCP,
synthetic fat and synthetic carbohydrates are 10+ times more efficient in electricity use per unit of
protein/fat/kcal produced compared to vertical farming; and several times more efficient than
fermentation pathways based on acetate or sugar intermediates. Full methodological details and
additional results can be found in the Extended Data Table 1, Extended Data Figure 2,
supplementary  spreadsheet, and supplementary document, including “optimistic”
electricity-to-food conversion values that represent reasonable upper bounds of the potential of
future developments.
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Figure 2. Power-to-food conversion efficiency of existing COz2-based power-to-food production methods,
based on values reported for existing systems. Results are given in percentage of how many units of food
energy are obtained per unit of electricity invested. Specific energy consumption values (kWh/kg food) can
be found in Extended Data Table 1, while a comparison of energy efficiency vs TRL for all routes can be
found in Extended Data Figure 2.



2.2 Cost of CO:zfoods

A coarse-grained initial assessment of the broader economic viability of CO2-based foods can be
obtained through comparing their expected average energy cost and the commodity cost of
comparable agriculture-based benchmark products. The energy cost is a robust, lower bound value
that can be readily quantified to illustrate an initial order-of-magnitude product cost, and can be
easily updated to reflect future developments. This thereby provides an initial, simple and
transparent check for the economic viability of production. It would be very challenging for a
CO2-based-food production process to compete economically if the cost of electricity alone
(without additional operational and capital expenses) was higher than the wholesale price of a
comparable competitor product. To estimate the cost of electricity per unit of CO2 food product,
the energy requirements estimated in the above section are combined with a base case electricity
cost of $0.06/kWh—representative of values for large industrial customers in energy-intensive
industries in the USA and China*®—and an optimistic electricity cost of $0.03/kWh, which is
approximately the expected lower end of levelized cost of electricity for solar energy with battery
by 2040%. This is conservative compared to the levelized cost of solar photovoltaic electricity
without batteries, which is projected to be lower than $0.02/kWh by 2040%.

The results are shown in Extended Data Table 2. While the electricity costs alone suggest many
power-to-food systems have, on average, limited economic viability at the current TRL, the
"Optimistic case” results are promising for many technologies. The optimistic values represent
future projected reductions in global electricity costs and improvements in process efficiency,
indicating that electricity costs may cease to be a hard barrier for most power-to-food systems.
Notably, production of H2SCP and synthetic fat at scale does not appear to be limited by electricity
costs even today, with electricity cost values around $3 and $6 per kg (dry) compared with
benchmarks worth over $6/kg (dry). On the other hand, we see that even under the most optimistic
assumptions used here, the electricity cost of synthetic carbohydrates alone ($1-3/kg dry) would
make it unable to compete with average sugar costs ($0.4/kg dry), and yeast made with synthetic
carbohydrates would similarly be unable to compete with yeast made using conventional sugar.

We can derive additional insights on total production costs based on known capital costs for some
CO2-based food production processes and the expectation that all CO2 foods are similarly capital
intensive. This assumption is reasonable across non-photosynthetic food production methods as
all of them are similarly based on water electrolysis or other electrosynthetic intermediates, most
also involve fermentation, and when using renewables, they would probably also require feedstock
balancing—equipment used to smooth variable renewable-electricity operation (e.g. batteries) and
maintain stable input flows of hydrogen, CO2, intermediates, and nutrients. The
amortized/levelized CAPEX would be estimated at ~$1.9/kg of dry matter (DM) for 2030 and
~3$1.0/kg (DM) for 2050 at large scale with continuous deployment, based on an H2SCP model
informed by pilot plant data and learning rates™. Other capital cost estimates exist in literature for
H2SCP* and synthetic fat*’, but they are notably lower than the aforementioned comprehensive
end-to-end assessment that even includes power and feedstock balancing technologies. The results
are summarized in Figure 3 and Supplementary Table S1, and they further suggest that H2SCP and
synthetic fats are poised to eventually compete with their benchmarks’ current prices.
Acetate-mediated SCPs may also be able to compete with benchmarks, but within the harmonized
assumptions and literature bounds used in this study, acetate-mediated SCP never surpasses
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H>SCP. The rest of the approaches have more limited potential, even under the most optimistic
assumptions used in this study.

Future research should evaluate these technologies comprehensively via techno-economic
analyses including full capital costs and operational cost assessments to better characterize the
potential of CO: foods.

Base case Optimistic end Actual commodity
(current efficiency, (future efficiency, cost of benchmark
$0.06/kWh, $0.03/kWh, product ($/kg food,
$1.9/kg CAPEX) $1.0/kg CAPEX) dry) Benchmark product
SCP Yeast via acetate $13 $2 $2-3 Yeast (agricultural sugar)
SCP Microalgae via acetate  $11 $2 $4-6 Spirulina (open pond)
SCP Yeast via artificial sugars $9 $3 $2-3 Yeast (agricultural sugar)
Synthetic fats $8 $2 $4-7 Butter
Synthetic carbohydrates $5 $2 $0.2-0.6 Table sugar
Fat-rich engineered H,SCP ~ $5 $2 $4-7 Butter
, , , $5-14 Whey protein concentrate
hM;Z:EZ:r: ?;":tse(':"pf)mm $5 $2 $5-32 Dried egq yolk
$2-9 Plant protein isolates
CJ = Far from benchmark costs |:| = Significant improvement needed |:| = Close to benchmark

Figure 3. Comparison between the estimated cost of electricity for CO2-based power-to-food products
and the actual wholesale cost of benchmark products of agricultural origin and fermentation based on
agricultural inputs. The large-scale production cost ranges were based on the estimated ranges of 1)
energy consumption for current vs potential future developments (see Extended Data Table 1 and
supplementary information), 2) electricity costs between $0.06/kWh (current price for electricity-intensive
industries, "Base case”) and $0.03/kWh (price of future solar photovoltaic with batteries, “Optimistic
case”), and 3) CAPEX cost contribution at different states of the technology, based on the same value as
for H2SCP. All values are given in 2025 USD. Power-to-food product cost estimates represent a dried, raw
bulk product; they do not account for downstream extraction, purification, or upgrading, which can be
significant when targeting refined animal or plant product substitutes. Supply chain costs are also not
included, which typically increase retail prices several-fold for foods produced by conventional
agriculture. Colors indicate the estimated degree of cost competitiveness relative to the benchmark:
"Close to benchmark” indicates pathways that may already be able to approach benchmark costs at scale.
"Significant improvement needed” indicates pathways that are currently much more expensive but could
become competitive with major process improvements and lower electricity prices. “Far from benchmark
costs” indicates pathways that remain far from competitiveness even under highly optimistic
assumptions. An expanded version of this visualization can be found in the supplementary document.

2.3 Land productivity of PV-driven COz-to-food technologies

The land productivity of CO:z-to-food technologies was estimated for solar photovoltaic (PV) driven
systems as PV is projected to dominate future electricity supply and mirror the reliance of
conventional food production on incoming sunlight. We define land productivity as the amount of
food that can be produced per unit of land occupied by the infrastructure needed to produce the



energy inputs and the factory floor, presented here in terms of food energy supply (kcal/m?/year),
protein supply (g protein/m2/y), and fat supply (g fat/m2/y). We present the results in Figure 4.

|
| Conventional agriculture: wheat (dashed line)
|

Animal agriculture: grain-fed poultry (dotted line)
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Figure 4. Power-to-food systems produce much more food per unit of land than conventional agriculture.
Land productivity (kcal/m®/year) of power-to-food production pathways driven by solar photovoltaic
energy and CO:z capture—for both current capabilities (base case) and future improvements (optimistic
case); the multipliers on the right show how many times as land-efficient as wheat the optimistic case of
each technology is. All comparisons with agricultural products here are based on current global average
land productivity values*. These have significant variation worldwide; for comparison the highest
measured crop yields can be found in Supplementary Figure S9 versus H2SCP and synthetic fat.

The most efficient systems are H2SCP, synthetic fats, and synthetic carbohydrates, in terms of food
energy per unit of land and food energy per unit of electricity used. These technologies are
expected to be about one order of magnitude more land-efficient than wheat production, and about
two orders of magnitude more efficient than animal production. The comparison is particularly
dramatic between current PV-driven power-to-food systems and animal sources of protein and fat:
the amount of land currently used for providing milk fat (e.g. butter) to one person could instead
provide fat for =300 people using synthetic fat, see Figure 5. The amount of land that provides the
protein requirement of a person with chicken meat can provide protein for ~100 people if using
H2SCP. This difference is only expected to widen in the future, as power-to-food systems and solar
PV increase in efficiency.
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Figure 5. Land productivity in terms of protein and fat supply per unit of land, comparing power-to-food
systems (base case) with the most efficient plant-based and animal-based agricultural benchmarks; every
dot represents 10 people. The protein requirement considered is 80 g/person/day, and the fat requirement
is 35 g/person/day, both at 15% of dietary energy**“°.

Not only are power-to-food systems much more land-efficient than agricultural systems on
average, they do not require any arable land. Most or all of their land requirement could be
obtained from renewable energy located on marginal or barren land. This could potentially free up
significant arable land for rewilding or other uses when displacing agricultural products. Extended
Data Figure 3 illustrates this contrast by comparing the land productivity of power-to-food
systems with that of wheat and grain-fed poultry, alongside each pathway's electricity-to-calories
efficiency.

To better illustrate how the energy efficiency, land productivity, and production cost results were
derived, we show an in-depth analysis of hydrogen oxidizing bacteria (perhaps the most
well-studied power-to-food system) in the methods section “Case study: hydrogen oxidizing
bacteria versus photosynthesis”. Figure 6 summarizes the analysis as a comparison between HOB
SCP and conventional wheat grain cultivation ("biological photosynthesis”). We estimated the
H2SCP to be nearly one order of magnitude more efficient at converting sunlight to digestible food
energy than wheat, and almost two orders of magnitude more efficient than poultry. To illustrate
the mechanisms behind this difference, we use energy flow diagrams comparing PV-driven H.SCP
versus conventional photosynthetic wheat cultivation in figure 6. The losses shown for each step of
sunlight to edible food illustrate where improvements in each approach would make the biggest
difference, as shown by Extended Data Figure 4.

We note that the efficiency of converting sunlight to food for HOB is one order of magnitude lower
than the electricity to food efficiency value reported above for HOB. This is because the sunlight
conversion efficiency additionally includes the efficiency of PVs for converting sunlight to
electricity. We also emphasize that the efficiency of real-world solar farms is several-fold less
efficient at converting incoming light to electricity than PVs measured under standard laboratory
conditions. This is due to spacing between solar panels, dust and debris on the solar panels, and
other inefficiencies ™.
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Figure 6. Side-by-side energy flow comparison of PV-driven H2SCP “artificial photosynthesis” versus
biological photosynthesis of wheat. Sankey diagrams trace the conversion of incoming sunlight (100%
solar energy) into food via plant-based and H2SCP pathways. Conversion losses are shown as arrows with
their width scaled to the energy lost, indicating as well the share of energy lost in each step. Green color
denotes the biological photosynthesis process, while grey denotes the power-to-food H2SCP process. The
arrows reaching the bottom represent the fraction of solar energy retained in the final biomass; arrow
widths are proportional to energy flow. For methodological details and references, see the supplementary
section "Comparison between power-to-food systems and conventional photosynthesis”
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3 Discussion

Three of the processes studied have been estimated to have notably higher base case efficiencies
than the rest: synthetic carbohydrates, H.SCP, and chemical fat synthesis, all with an
electricity-to-food efficiency around 10%. The rest of processes have notably lower efficiencies
currently, all below a few %. The energy needed for producing the feedstock is the major driver of
the energy cost, with CO, capture, drying and other supporting processes contributing minor
additional energy demands. This makes the conclusions of the analysis robust to changes in CO,
capture accounting and dewatering—see Extended Data Figure 5.

Combined with the economic assessment, we find that H2SCP and synthetic fats are promising
candidates for consumer market development, while synthetic carbohydrates are uneconomical. Of
these, the H2SCP options have the most interesting nutritional properties—with particularly
significant amounts of protein and B vitamins*®*—while the synthetic fat process produces only
saturated fat, but does have a higher ceiling of potential for highly integrated processes, estimated
at =30% compared to the optimistic case of H2SCP at =20%. Overall, the genetically modified
H2SCP seems to provide the most valuable nutrition per unit of energy invested for most
applications.

Analyses of H2SCP unit cost broadly agree with the current analysis, projecting that total
production costs per kg of protein-rich H2SCP could decline from ~$6 in the near future to ~$2 or
less in 2050 (~$3-9/kg protein at 65% protein content), comparing favorably in price to soy and pea
protein isolates (~$2—9 and ~$4-10 per kg of protein content, respectively)*. Techno-economic
analyses of electro-microbial production of biomass (such as H2SCP)* concur with this work in at
least $1/kg in electricity costs, making these routes potentially viable for high value-added food
production within a decade, but far from parity with lower cost commodities such as staple foods
and fuels.

While both synthetic fat and fat-rich H.SCP show promise for competing with dairy fat, the H.SCP
is not 100% fat, unlike the synthetic fat. Other oleaginous organisms contain around 60% fat*. The
cost per unit of fat contained in the H2SCP if it was 60% fat would be $4-8/kg fat, compared to
$2-8/kg synthetic fat. However, other components of the H2SCP (proteins, carbohydrates, vitamins,
etc.) are also valuable, and it could potentially be modified to produce higher value unsaturated fats
(e.g. EPA and/or DHA), while the synthetic fats are completely saturated. On the other hand, if a
COz-based diesel Fischer-Tropsch industry existed, the synthetic fat cost could be lower by
purchasing the by-product wax fraction of the Fischer-Tropsch process, which is cheaper and
avoids the need to recycle the Fischer-Tropsch diesel products at additional hydrogen cost. This is
consistent with molecular-complexity heuristics, which suggest that simple, non-chiral fats are
generally more efficiently produced by thermochemical routes than by biomanufacturing
synthesis®.

In addition to low land use, power-to-food technologies have very low water use*®*"3*%, They could
reduce food-system CO: emissions, ease pressure on freshwater resources, and free agricultural
land for reforestation or other uses. They enable production of the proteins and fats we need with
much lower environmental impacts than meat, butter, and oil palm, without the need to clear
forests for palm oil plantations or livestock rearing, and without the animal suffering involved in
factory farming. They could even help curb overfishing by displacing the use of wild-caught fish as
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fishmeal. Lastly, they provide access to virtually limitless resources for food production, for
example: using about a quarter of the current global electricity capacity for H2SCP production
would cover the entire global protein requirement of the human population®, requiring <1% of
global land for solar farms* and no arable land at all. However, the benefits to society are
conditional on the displacement of unsustainable foods and products. To succeed, these
technologies will need sufficiently good food functionality and consistently cheap, low-CO2 energy.
See the supplementary section “Applications of CO2 food production” for illustrative estimates and
discussion on sustainability.

On crewed space missions, the key promise of efficient power-to-food systems is integration with
existing life support systems to curb food resupply needs. The three most promising
pathways—H,SCP, synthetic fat, and synthetic carbohydrates—are a particularly good fit, because
the energy use of in-situ food production systems would be a pivotal contributor to launch mass
and mission cost*®**, Given the high cost of moon launches at $1 million per kg of mass,
power-to-food systems could result in billions of dollars in savings for large-scale space
missions—see supplementary information. However, in order to take a central role in space food
production they will have to prove capable of efficient byproduct recycling and production of the
wide range of micronutrients that humans need to survive.

Finally, power-to-food systems are much more resilient to climate variability, environmental
degradation and pollution, pests, pathogens, and trade restrictions®. Such processes could also be
independent of sunlight (e.g. nuclear, geothermal, or fuel-based), making them resilient even to
extreme food disruption scenarios, as long as the systems could be properly maintained. Such
scenarios include abrupt sunlight reduction scenarios (volcanic winter, nuclear winter,
asteroid/comet impact winter), severe climate shifts (e.g. abrupt changes in climate, even extreme
change increasing global temperature over 10°C)*¥, among others—more details in the
supplement. Overall, market penetration of power-to-food technologies could provide a more
sustainable and resilient mode of production, helping to feed humanity in the face of instability
and uncertainty from changing agricultural and climatic conditions.

4 Methods

4.1 Selection of COz-based food systems

A literature review was undertaken to find candidate processes for food production from CO2 with
high efficiency for which enough public information is available to enable estimation of the energy
consumption based on empirical data; full details are in the supplementary material. The
comprehensive but not exhaustive selection of candidate food production pathways considered in
the study is summarized in Figure 1. Then, the values taken from the literature are modified to
allow for a fair, systematic comparison on the basis of how many units of electrical energy are
required to produce a unit of chemical energy digestible by humans.

Energy conversion efficiency is relevant to all three applications (sustainable food production,
space mission, and food resilience). Though it is not the only relevant metric, it is generally the
highest contributor to greenhouse gas emissions on Earth and to launch costs in space missions.

12


https://www.zotero.org/google-docs/?b7eXiP
https://www.zotero.org/google-docs/?YAmTmn
https://www.zotero.org/google-docs/?7r5SBB
https://www.zotero.org/google-docs/?m8Wq0I
https://www.zotero.org/google-docs/?uFxA4J
https://www.zotero.org/google-docs/?HMxn8H

Out of the foods found in the literature, those with a power-to-food efficiency potentially higher
than 5% are selected for the analysis as high-efficiency food (in terms of electricity to digestible
calories). This cutoff is relevant to both food affordability and space applications: it is roughly equal
to a cost of just under $5 for fulfilling a person’s energy intake of 2,500 kcal/person/day under base
case assumptions ($0.06/kWh, $1.9), very close to the value for affording a healthy diet by FAO, at
$4.46/person/day”?; it is also roughly equal to the minimum energy efficiency needed to be able to
compete in launch cost with prepackaged food in near-Earth orbit space missions?*%.

4.2 Energy efficiency of COz-based food systems

Only existing technologies are included in the list, for which two values are estimated: a "base
case” aiming to represent the current state of the art technology, and an "optimistic case” aiming
to represent values that might be reasonably achievable with future development of the
technologies involved over the coming decades, with upper bounds chosen below
theoretical/thermodynamic maxima. The calculations performed to make the diversity of reported
energy use values comparable on a common basis are described in depth in the supplementary
spreadsheet and document. To make the comparison as balanced as possible, several variables are
identical for the different food production processes. All of the processes—except for artificial
light-based plants—require CO:z capture to obtain a concentrated stream that can be converted to
food. This is estimated at 2.17 kWh/kg COz2, consistent with the capture costs in large-scale direct
air CO:2 capture facilities on Earth* and CO:2 capture costs in the International Space Station®.
Many of the processes involve H2 generation via electrolysis, an energy-intensive step estimated at
49.25 kWh/kg H2 (80% of thermodynamic efficiency) corresponding to values expected for
large-scale electrolyzers in 2030% and for the systems in the International Space Station. These
two are further specified in Extended data Table 3, and are comparable to the values obtained in
state-of-the-art industrial systems®*5% Equation 3 summarizes the estimation of energy efficiency
for all pathways:

kWhdigestible

E
_r] _ food, digestible _ kg product (3)
) : - ™ kWhCO2 capture kg CO2 kWh process
electricity—calories e r.+E pture | kg P
Y €02, capture ~ CO2 process kg CO2 kg product kg product

Where: Neecuricity-catlories 15 the  electricity-to-calories conversion efficiency of the power-to-food
production pathway, Es,.q gigestivie 1S the energy of the food product in terms of digestible energy for
the human body (kWh/kg product), eco,, capture iS the energy required for CO:z capture per unit of CO:
(kWh/kg COz2), 10, is the amount of CO2 required to produce one unit of product (kg CO2/kg
product), and E,. is the total energy required to process the CO: into food per unit of product
obtained (kWh/kg product). All values are used on a basis of dry matter. We can break this equation
down further into a version specific to the biological SCP processes, where E,.; is decomposed
into: the energy requirement of fermentation Epencation (KWh fermentation/kg product), the energy
requirement of drying Eg,,, (kWh drying/kg product), the specific energy requirement of
producing a unit of feedstock epqsi0c (KWh/kg feedstock), and the amount of feedstock required to
produce one unit of product Iy, (kg feedstock/kg product). See Equation 4:

_r] _ Efoud, digestible (4)

ici i - ‘T T E E
ElectTlley—>C(llOT'l€S (SCP) eCOZ, capture €02 + efeedstock feedstock + fermentation + drying
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Extended Data Table 4 summarizes the CO: requirements for all processes and scenarios,
estimated based on mass balances as per the descriptions in the below subsections and the energy
consumption in Extended data Table 3. A summary of the estimated drying requirements per step
and production process is given in Extended data Table 5. The full details, including the
estimations and sources specific to each process, can be found in the supplementary material, in
particular section 2 of the supplementary document and in the supplementary spreadsheet.

The base case for artificial light lettuce was based on a state-of-the-art lettuce vertical farm,
requiring 14.8 kWh/kg (wet)*>. Other values for artificial light were derived from the maximum
values of photosynthetic efficiency from sunlight observed for C3 plants of 3.5%%. For artificial
light microalgae, the base case is based on a state-of-the-art spirulina factory requiring 140
kWh/kg (DM)¥, whereas the optimistic case was derived starting from the theoretical maximum
value of sunlight to microalgae biomass of 9%%.

The electrochemical synthesis of acetate reportedly requires 17.0 kWh/kg acetate® for the base
case, and for the optimistic case we selected a value of 9.5 kWh/kg acetate from C2 electrolyzer
projections® as a reasonable ceiling. The values estimated for hybrid inorganic-biological artificial
photosynthesis processes using the aforementioned acetate as an intermediate to produce
microalgae and yeast were based on recent empirical data reporting yields of 28.3 and 18.9 g
biomass/g acetate respectively®, for the base case. The optimistic case was instead derived from a
value of 3.14 g biomass (DM) per electron from electron carriers for aerobic processes’, as a
reasonable ceiling for acetate-based processes.

The energy efficiency of synthetic carbohydrates is taken from a previous analysis of various
pathways, resulting in a specific energy use range of 26.0-52.6 kWh/kg?®*. The efficiency of yeast
from synthetic carbohydrates is estimated based on those and a well-established biomass yield of
0.51 g yeast/g glucose®. The energy efficiency of microbial protein from hydrogen is taken from a
previous analysis resulting in a specific energy use range of 33.7-44.2 kWh/kg SCP?. For synthetic
fats the optimistic case is based on a published estimate of 37.2 kWh/kg fat!, while the base case
was derived using transparent lower bound calculations from basic principles. The energy
efficiency of microbial electrosynthesis of acetate is taken from a previous analysis resulting in a
specific energy use range of 15.4—25.1 kWh/kg*°.

4.3 Land productivity of CO2z-based food systems

Using the electricity-to-calories efficiency, we can derive the land use of these technologies as well
by incorporating the land use of the energy source. We select solar photovoltaic as the energy
source, which after including module efficiency, land spacing, panels, dust and debris, and all other
inefficiencies, results in a land footprint of =0.01 m2-year/kWh for utility-scale PV farms™4?. This
representative value corresponds to just under 90,000 kcal electricity/m*year, which we can
simply multiply by the electricity-to-calories efficiency values obtained previously to estimate the
food yield per unit of module-occupied land for each pathway in (kcal/m?®/year). The analysis is
analogous to Leger et al. 2021". In addition, the optimistic case estimates of land productivity
account for projected improvements in PV module efficiency by 2050, going 27% higher from
current values®, which would improve the footprint value to ~110,000 kcal electricity/m?year.
Then, we add the comparatively very small land use of factory floor, which for this kind of system
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has been estimated at 0.003 m*year/kg product based on representative values of the chemical
industry.

Finally, using the protein and fat content values of each food source, we can estimate the protein
and fat production potential per unit of land, and compare them to a series of representative plant
and animal products and their reported land use values. Supplementary Table S2 shows the values
for conventional foods—representative of global averages—whereas Supplementary Tables S3 and
S4 show the protein and fat production potential per unit of land for the power-to-food systems,
for the base case and optimistic case values respectively. By dividing the land use of benchmarks
with the land use results for power-to-food systems, we can estimate how much more
land-efficient power-to-food systems are than agricultural products, as summarized in
Supplementary Tables S5 and S6. For example, H2SCP provides 13 times as much protein per unit
of land as soybeans and 6 times as much food energy per unit of land as conventional wheat, for the
base case representing the current state of the technology. Supplementary Figure S9 shows
selected comparisons between H2SCP and synthetic fats (the most land-efficient power-to-food
pathways studied in this analysis) and relevant plant- and animal-based agricultural products.
Supplementary Figure S9a and S9c compare the food energy supply of each food source, including
to plant sources generally considered very high yielding in terms of food energy such as corn, oil
palm, and sugar beets. Supplementary Figure S9b compares the protein supply of H2SCP with the
highest protein-yielding crop (soybeans) and animal protein sources.

4.4 Case study: hydrogen oxidizing bacteria versus photosynthesis

The electricity-to-calorie efficiency of HOB SCP has been estimated based on the method described
in Alvarado et al. 2021 with minimal changes. Additional details are present in the supplementary
spreadsheet and document, with Figure Sq showing a flow diagram of the production process. The
water electrolysis, CO2 capture, and drying energy requirements are adjusted upwards, as per the
values in Extended Data Tables 3 and 4. The electrolysis energy consumption is the same (49.25
kWh/kg H.) for the base case and optimistic case, since this value is already reasonably close to the
theoretical maximum efficiency for this process (80%). This translates to 22.3 kWh/kg SCP based
on a Hz requirement of 0.45 kg H2/kg SCP obtained from a model informed by pilot plant data**.

The CO2 energy requirement of 2.17 kWh/kg CO:2 used for all pathways®** multiplied by a 2.4 kg
CO2/kg SCP requirement for HOB translates to 5.2 kWh CO2 capture/kg HOB SCP. The Hz and CO2
mass requirements are the same for the base case and optimistic case. They are considered the
lowest reasonable values, since the model considers ~100% gas utilization from continuous
recycling of unreacted gas at the bioreactor outlet. Other pathways achieve considerably lower CO2
gas utilization values, leading to many times higher CO:z capture energy requirements per unit of
product, such as the ~36 kWh CO: capture/kg SCP of yeast from synthetic acetate or the ~17 kWh
CO:2 capture/kg SCP of yeast from synthetic sugars—see Extended data Table 4 and
supplementary spreadsheet.

A fermentation energy requirement range of 1.5-4.5 kWh/kg SCP is used, somewhat higher than
for a typical liquid fermentation process to account for the uncertainty of gas fermentation
scale-up®. Adding the drying requirements from Extended data Table 5—which are more
conservative than those of other analyses'*—the resulting total requirement is 33.7-44.2 kWh/kg
SCP. At a digestible energy content of 3,850 kcal/kg (DM) based on compositional data®* and typical
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Atwater factors®—4.5 kWh/kg (DM)—the electricity to calories efficiency is 10.1% for the base case
and 13.3% for the optimistic case. Combining this 10.1% energy efficiency with =0.01
m?-year/kWh"** results in a land productivity of ~10 kWh food energy/m?vyear, or ~8700
kcal/m?-year. This is equivalent to ~2.2 kg SCP/m?-year, or ~1.5 kg protein/m?>-year at a 65% protein
content. We can summarize the electricity-to-calories estimation for the HOB base case as per
equation 1 (based on equation 4):

E
_r] _ food, digestible .

ici i - ‘T T E E
ElectTlley—>C(llOT'l€S (SCP) eCOZ, capture €02 + efeedstock feedstock + fermentation + drying

4.48 kWh digestible

kg product _ 1 0 10/ (1)
2.17 kWh CO2 capture = 2.41kg CO2 49.25 kWh H2 production = 045 kg H2 4.5 kWh fermentation 12.1 kWhdrying — " 0

kg CO2 kg product + kg H2 kg product kg product + kg product

Utility-scale solar PV systems overall capture ~4.9% of the sunlight reaching the solar farm area®,
resulting in a sunlight-to-calories efficiency of 0.5-0.7%, about an order of magnitude more efficient
than that of wheat, and nearly two orders more than poultry (see Figure 4). To further illustrate the
mechanisms behind this difference, we show energy flow diagrams comparing PV-driven H2SCP
versus conventional photosynthetic wheat cultivation in Figure 6 and Extended Data Figure 4. The
estimate for wheat is summarized in equation 1, where: Npag iy sunign: T€fers to the fraction of light
reaching a cropfield that is photosynthetically active, Npag absorved €fers to the fraction of that light
which the plants absorb, Myoosyntnesis Tefers to the fraction of that light which translates into
biomass growth through photosynthesis, 1g,.;, refers to the fraction of that biomass that is edible
grain, and Mggesnle TefErs to the energy content of the grains that humans can digest. There is
variation on these factors depending on the exact conditions, but these are illustrative of modern
wheat cultivation worldwide. Crop losses to weeds, pests, disasters and other factors are not
included. See the supplementary material for full details on this comparison. We can add one more
step to represent animal products: chicken converts digestible grain energy into meat calories at
an approximate ratio of 1:10%, resulting in ~0.01% sunlight to food efficiency for poultry meat, as
shown in figure S11.

n =1

wheat

PAR in sunlight ' nPAR absorbed ' nphotosynthesis ' ngrain ' T]digestible

= 45% - 25% - 3% - 40% - 86% ~0.1% (2)
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Extended Data Figure 1. Land productivity of photovoltaic-based power-to-food systems wvastly
outperforms conventional agricultural production. Even a 10% displacement of global agricultural land
use would spare nearly 5 million km? of land—an area roughly comparable to the European Union.
Details of the analysis can be found in methods and the supplementary material.
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Extended Data Table 1. Energy consumption of power-to-food pathways included in this work in terms of
energy consumed per kg of target product.

Energy consumption per unit of food (kWh/kg)

Food production pathway Base case Optimistic case

Artificial light farming (wheat) 901 222
Artificial light farming (lettuce) 328 178
Microalgae SCP via photosynthesis (Spirulina

photobioreactor) 154 51
SCP Yeast via artificial sugars 117 56
SCP Yeast via acetate 183 39
SCP Microalgae via acetate 144 39
Microbial protein from hydrogen (H2SCP) a4 34
Fat-rich engineered H2SCP (~60% fat) 55 a4
Synthetic carbohydrates 53 26
Synthetic fats 96 37
Microbial electrosynthesis of acetate (for comparison) 22 12
Electrochemical synthesis of acetate (for comparison) 31 14
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Extended Data Figure 2. Power-to-food conversion efficiency of existing CO2z-based closed environment
food production methods. The lower end of the range ("base case”) represents values achievable with
current technology based on published systems, while the “optimistic case” represents reasonable upper
bounds of the potential of current or conceivable future developments. The “optimistic case” does not
represent the maximum possible thermodynamic efficiency of these processes in any case, future
developments may exceed the optimistic case value in some cases.
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Extended Data Table 2. Comparison between the estimated cost of electricity for COz foods and the
wholesale cost of benchmark products of agricultural origin or traditional fermentation. The electricity
cost range considered is $0.03 ("Optimistic case”) and $0.06/kWh (“Base case”). All benchmarks updated
to 2025 USD. Note that benchmark costs do not include supply chain costs, which typically increase retail
prices several-fold for foods produced by conventional agriculture.

Optimistic
Base case: case: with Actual
future commodity cost

Energy efficiency technology improvements ey oo
Electricity cost ($ electricity/kg product ($/kg
food, dry) $0.06/kWh $0.03/kWh food, dry) Benchmark product

Wheat grain (open field,
Artificial light farming (wheat) $54 $7 $0.2-0.4 USA)

Fresh Lettuce Leaf
Artificial light farming (lettuce) $20 $5 $13-20 (open field, USA)
Microalgae SCP via
photosynthesis (Spirulina Spirulina (open pond
photobioreactor) $9 $2 $4-6 production)

Yeast (from agricultural
SCP Yeast via artificial sugars $7 $2 $2-3 sugar)

Yeast (from agricultural
SCP Yeast via acetate $11 $1 $2-3 sugar)

Spirulina (open pond
SCP Microalgae via acetate $9 $1 $4-6 production)

Whey protein

concentrate, USA, 80%

(2020-2025)

$5-14 Dried egg yolk, USA

Microbial protein from hydrogen $5-32 (2020-2025)
(H2SCP) $3 $1 $2-9 Plant protein isolates
Fat-rich engineered H2SCP (~60% Butterfat/milkfat, USA
fat) $3 $1 $4-7 (2020-2025)

Table sugar,
Synthetic carbohydrates $3 $1 $0.2-0.6 (2020-2025)

Butterfat/milkfat, USA
Synthetic fats $6 $1 $4-7 (2020-2025)
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Extended Data Figure 3. a) Land productivity (kcal/m?®/year) of power-to-food production pathways
driven by solar photovoltaic energy and CO, capture—for both current capabilities (base case) and future
improvements (optimistic case)—including comparisons to wheat and grain-fed poultry as agricultural
benchmarks; b) Land productivity in terms of protein and fat supply per unit of land, comparing
power-to-food systems (base case) with the most efficient plant-based and animal-based agricultural
benchmarks. All comparisons with agricultural products here are based on current global average land
productivity values*.
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Extended Data Figure 4. Solar energy use comparison of PV-driven H2SCP production versus
conventional wheat cultivation, focusing on the energy losses between each step. The most inefficient
step in photosynthetic production is the conversion of absorbed photons to plant biomass (~3% efficient).
In comparison, the most inefficient step in power-to-food systems are the losses involved in obtaining
electrical energy from incident photons (~5% efficient). PV-driven SCP systems have significant room for
advancement in land productivity by improving the PV electricity generation and biomass growth steps.
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Extended data Table 3. Energy consumption of carbon capture and hydrogen generation per unit of COz
or Hz mass for all processes.

Thermodynamic energy Energy efficiency (% of Energy consumption
Unit (kWh/kg product) thermodynamic value) (kWh/kg product)
Electrolysis (H2) 39.4 80% 49.25
CO2 capture 0.13 6% 2.17

Extended data Table 4. Summary of the CO:z requirements of all processes, in terms of the units of CO:
required per unit of food produced and in kWh of CO- capture energy per unit of food, for both the base
case and optimistic case values. Notes: (*) Assumes unreacted CO: in bioreactor outlet can be perfectly
recycled with no losses requiring additional capture; (t) Assumes CO2 conversion byproducts are
combusted and recycled, and the recycled CO: has to be recaptured at the same original energy cost; (S)
Assumes crop growth is performed at ambient CO:z concentration; (1) base case assumes recycling of
non-wax FT byproducts, while other byproducts are combusted and recycled, and the recycled CO:2 has to
be recaptured at the same original energy cost—optimistic case assumes near-total recycling of organic
byproducts through additional steps, reducing CO:z capture requirements. Full details can be found in the
supplementary spreadsheet.

CO2 capture requirement Energy required for CO2 capture
oo, (kg CO2/kg food product) Ecp, (kWh/kg food product)

Process Optimistic case Basecase  Optimistic case Base case

Microalgae SCP via photosynthesis

(Spirulina photobioreactor)* 1.9 1.9 4.1 4.1
Microbial protein from hydrogen (H2SCP)* 2.4 2.4 5.2 5.2
Fat-rich engineered H.SCP* 3.0 3.0 6.6 6.6
Electrochemical synthesis of acetate (for

comparison)t 1.8 3.1 3.9 6.7
SCP Yeast via acetatet 4.2 16.4 9.1 35.7
SCP Microalgae via acetatet 4.2 11.0 9.1 23.8
Synthetic carbohydratest 1.9 4.1 4.1 8.8
SCP Yeast via artificial sugarst 3.7 8.0 8.1 17.3
Microbial electrosynthesis of acetate (for

comparison)* 15 1.5 3.4 3.4
Synthetic fatst 4.5 8.1 9.9 17.7
Artificial light farming$ N/A N/A N/A N/A
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Extended data Table 5. Drying requirements for single cell protein products, given per step and

production process. Full details can be found in the supplementary spreadsheet.

H2SCP

Microalgae
(PBR)

Microalgae
(via acetate)

Yeast (via
acetate)

Yeast (via
sugar)

Base case

Optimistic case

Base case

Optimistic case

Base case

Optimistic case

Base case

Optimistic case

Base case

Optimistic case

Fermenter outlet
solid
concentration (kg
dry biomass/kg
liquid medium)

1%

3%

0.5%

3%

0.035%

3%

0.090%

10%

5%

10%

Water to be

on energy

Centrifugati Spray drying

removed (kg requirement requirement

water/kg dry (kWh/kg

biomass)

95
29

195
29

2,853
29

1,107

15

0.8

0.2

1.6

0.2

22.8

0.2

8.9

0.0

0.1

0.0

11.3

4.4

11.3

4.4

11.3

4.4

11.3

4.4

11.3

4.4

Total drying
requirement
(kWh/kg
biomass)

12.1

4.7

12.9

47

34.1
4.7

20.2

4.5

11.4

4.5
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Energy Breakdown per Food Production Pathway (Base Case)
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1. Literature review of CO2-based food systems

Crop production is an important benchmark for comparisons with CO2 food systems using
non-photosynthetic routes, and could be important in space missions for the production of
phytonutrients and positive crew morale [1]. However, artificial light-based controlled environment
agriculture was previously estimated to have very low energy efficiency, estimated at ~0.4% [1].
Here a range of efficiencies is estimated for two crops with very different suitability to artificial
lighting: wheat, which is an agricultural staple but is not typically produced via artificial lighting;
and vertically farmed lettuce, which is already being sold. Lettuce is a particularly good fit for
production with artificial lighting thanks to its short growth cycle and moderate light
requirements which imply a relatively small amount of artificial lighting compared to other plants,
as well as a high percentage of edible biomass and favorable market value. On the other hand,
vertical farming of wheat has been explored by companies but is not performed at industrial scale
due to lower market prices and longer growth cycles, requiring intense lighting over a longer time
to support seed production and associated biomass.

Recently developed hybrid inorganic-biological artificial photosynthesis processes using acetate as
an intermediate have been used to generate a variety of food products, including microalgae SCP
(Chlamydomonas), yeast SCP, mushroom-producing fungus, and even plant crops [2]. We estimated
the power-to-food efficiency of this system for the microalgae SCP and the yeast SCP. These
systems might be able to obtain the same benefits of crop cultivation with higher efficiency than
artificial light photosynthesis, but not enough data were found to test this. A different hybrid
inorganic-biological system has biosynthesized glucose and fatty acids via acetate-digesting
genetically modified organisms, with self-declared efficiencies of 0.7-1.2% [3].

Microalgae SCP cultivation in artificial light photobioreactors was previously estimated to have an
efficiency between 1-9% [4], when comparing current vs expected high-end values. Direct sunlight
photosynthesis systems might have the potential to reach higher electricity-to-calories values in
space applications, but this remains challenging due to damaging space radiation [5], and may not
be efficient due to insufficient photons [1].

Microbial protein from bacteria was included due to high power-to-food conversion efficiency,
which was previously estimated at approximately 12-17% for hydrogen oxidizing bacteria (HOB) [4],
and others have also estimated high values for a similar process based on methanotrophic bacteria
[1]. Genetic modification of these organisms could improve their efficiency, for example companies
like Circe are using this to produce fat-rich H2SCP, which was selected for study in the current
work. Another interesting biological route to food production from CO:z and Hz is the biosynthesis
of amino acids excreted by archaebacteria [6], but not enough data on this route was found to
incorporate it into the current study.

The value for synthetic carbohydrates was estimated by the authors to be approximately 10-20%
[7], while others have argued it could become even higher [8], [9]. The efficiency of converting these
carbohydrates into SCP products of higher nutritional value was also selected for study, using
yeast as a reference organism. Air Company has demonstrated the production of yeast via
COz-derived ethanol [10], using a proprietary COz conversion process [11], but not enough publicly
available data were found to make a robust estimation in this study.
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Fatty acids can be synthesized nonbiologically from CO:z via several steps: briefly, CO2 can be
reduced into syngas, then converted into paraffin wax via the Fischer-Tropsch or Ziegler processes,
which, followed by paraffin oxidation, results in fatty acids. These free fatty acids can be esterified
with glycerol into triglycerides like those found in natural fats. The energy consumption of this
process has been estimated at 142 MJ/kg, or a power-to-food efficiency of 26.5% [12].

Microbial electrosynthesis has a high power-to-food efficiency (estimated previously at 15-20% for
acetic acid production) [13] but only short chain fatty acids have been produced in significant
quantities so far [13], [14]. These are mostly acetic acid, which provides no micronutrients and
limited energy, because it is unlikely to be healthy for humans when consumed in quantities large
enough to make a meaningful caloric contribution to a diet [15]. There could be potential for future
MES technologies to produce more nutritionally valuable molecules such as medium chain and
long chain fatty acids [14] or SCP [13]. However, this possibility was not included due to uncertainty
in the energy efficiency values and speculative nature of these processes. Acetic acid can also be
efficiently produced through non-biological methods [2].

2. Energy efficiency of CO2-based power-to-food systems

This section describes the calculations done to estimate the electricity-to-calories efficiency of the
selected CO:2 to food processes. The full calculations performed to estimate electricity-to-calories
values can be reviewed in the supplementary spreadsheet. For the processes in which the CO: is
converted in one step and no significant volatile byproducts are generated (microalgae and H.SCP),
any unreacted inputs are assumed to be directly recycled with negligible losses—in practice, a
small purge (and corresponding makeup CO:2) would probably be needed to remove trace
accumulations (e.g., water vapor, inert gases, or minor off-gases), maintain the correct ratios and/or
avoid explosive mixtures. For the processes where significant amounts of CO2 conversion
byproducts are obtained, it is assumed that the byproducts are combusted and recycled, and the
recycled CO:2 has to be recaptured at the same original energy cost, as in a previous study [7]. In
terms of energy consumption this is a conservative simplification, since the mixture obtained from
complete combustion would have higher CO2 concentration than the ambient air in the ship and
thus would likely have a lower energy requirement per unit of CO2 captured. To illustrate: for the
base case, this would mean the energetic equivalent in a regular factory of disposing of or selling
the byproducts and capturing new CO: for food production. In comparison, due to higher mass
conversion efficiencies, the optimistic case values have much lower CO2 mass requirements,
leading to low values of total CO2 energy capture per unit of food, comparable to what would be
obtained if recycling the CO: from byproducts took no energy.

Finally, the processes involving SCP production includes drying of the final product, for
preservation and palatability purposes. A closed loop food system would require some amount of
shelf-stable, dry storage of food as a security measure and to deal with maintenance periods.
Drying also makes the product easier to store and transport when produced industrially on Earth.
The values of efficiency not including drying are given as well since technically the suspension of
food in water can also be consumed with limited drying, analogous to a shake or soup (which
typically contain around 90% water [16], compared to the 90-99.965% water content of the
bioreactor outlets). All SCP drying energy requirements are conservatively estimated for a
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compact centrifuge (between 0.7 to 8 kWh per m® of water removed [17], [18]) and spray drying
(1.3-3.2 kWh/kg water [19]) system. More energy-efficient dewatering systems are possible such as
membrane-based processes (e.g. rotational sieves, microfiltration, ultrafiltration) but are
conservatively not included.

1.1.1  Artificial light (lettuce)

Base case: Figure S1 shows a flow diagram of the process. The reported energy consumption on a
state-of-the-art lettuce farm based on artificial light was 14.8 kWh/kg (wet), reportedly covering all
of the energy use of the production system (lighting, heating, ventilation, pumping, controls) [20].
At a 95.5% water content [21], this is equivalent to 328 kWh/kg dry matter (DM). The reference farm
does not report the share of energy consumed in non-lighting applications; a vertical farm
industry survey reported an average of 45%, and a study with a comparable setup and reference
reported it was 43.9%, so this latter value—144 kWh/kg (DM)—is used as the value for energy use
in non-lighting applications. The energy content of lettuce is 140 kcal/kg (wet) [21], equivalent to
3.62 kWh/kg (DM). Therefore the electricity to calories efficiency of the process is 3.62/324 = 1.1%.

The energy required for carbon capture, if any, is assumed to be negligible since it would be a tiny
fraction of the total energy, and if the plants shared the same atmosphere as the crew, they would
take the CO2 directly from the air without the need to concentrate it.

Optimistic case: Values of 3.5% have been observed in C3 plants, which is not far from the
maximum possible sunlight conversion efficiency (4.6%) for C3 plants like wheat [22], but only
during the rapid growth phase—overall they do not typically exceed 1% [23]. Considering that
about 50% of sunlight is photosynthetically active radiation (PAR) [24], the corresponding
maximum efficiency of PAR to biomass is 7%. Modern LED lamps could reach a higher share of PAR
than sunlight, at 90-95% PAR [25], meaning that a light to biomass efficiency of 6.7% would
correspond to the maximum observed in C3 plants if this lamp was used, instead of sunlight's 3.5%.
State-of-the-art red LED lamps have shown electricity to light conversion, commonly known as
wall-plug efficiency, of 81% [26], [27]—at least in special conditions such as low
temperatures—resulting in an overall electricity to biomass efficiency of 5.4% (other spectra are
needed for good plant growth, but this demonstrates it is plausible). When accounting for the fact
that ~90% of the lettuce biomass generated is edible (e.g. the roots are not consumed), the result is
a 4.8% overall electricity to digestible biomass efficiency, or 87.5 kWh/kg (DM). For the rest of the
energy consumption it is assumed that with future developments it could be reduced to the same
value as the average energy use in a typical greenhouse for processes other than lighting, resulting
in 5.4 kWh/kg (wet) [28], or 104 kWh/kg (DM). The total consumption of 178 kWh/kg (DM) converts
to an electricity to calories efficiency of 3.62/178.3 = 2.0%

In summary, for artificial light lettuce the base case value is 1.1% and the optimistic case is 2.0%.
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Fig S1. Process flow diagram for artificial light-based vertical farming including inputs and outputs.
Material reprinted from: Michael Martin, Maria J. Bustamante, Ilaria Zauli, Francesco Orsini,

Environmental life cycle assessment of an on-site modular cabinet vertical farm, Frontiers in Sustainable
Food Systems, published 2024 by Frontiers (CC BY 4.0 license, no changes made).

1.1.2  Artificial light (wheat)

The values for wheat are estimated analogously to the optimistic case of lettuce described above.
The selected values are: 1) a sunlight to biomass conversion efficiency of between 1.9% (mean for
wheat) and 3.5% (maximum for C3 nonlegumes observed in special conditions) [22], 2) a PAR value
of LEDs between 90-95% [25], and 3) a wall-plug efficiency between 50% [29] and 81% [26], [27].
Putting this together results in a light-to-biomass range of 1.7-5.4%. Out of the biomass obtained,
the best wheat cultivars today obtain 47% in the form of grain, while the rest is mostly stems,
leaves, roots, and chaff. Breakthroughs to optimize wheat for artificial light farming, such as
genetic modification or artificial selection, might push this fraction higher. We consider 70% to be
a generous assumption. This lowers the range to 0.2—-3.8% light-to-edible-biomass, for a lighting
requirement between 118-556 kWh/kg (DM). Adding the additional energy requirements of
104-346 kWh/kg (DM) [28], and comparing to a digestible energy content of 3,821 kcal/kg (dry)
[30]—4.44 kWh/kg—results in an electricity to calories efficiency of 0.5-2.0%.
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Note that the indigestible parts of the plant (e.g. leaves, stems, roots) can also be converted into
food through enzymatic or thermochemical processes [31], but this was not included in the
analysis.

1.1.3  Microalgae SCP via photosynthesis (Spirulina photobioreactor)

Figure S2 shows a flow diagram of the process. In the base case, the reported energy consumption
on a state-of-the-art spirulina factory based on artificial light was 140 kWh/kg (DM), of which 122 is
lighting electricity, 6 is from pumps (used in both cultivation and downstream processing), 8 from
blowers, and 3.7 from harvesters, water treatment, pasteurization and packaging [29]. The base
case process considered here calculates downstream processing differently as per the drying
energy in Extended Data Table 5, but includes this energy requirement value from lighting and
blowers, and assumes that half the energy from pumps is applied upstream for cultivation, for a
total 133 kWh/kg [29]. After adding drying and CO:z capture costs (see Extended Data Table 4) this
results in 150 kWh/kg (DM). At a digestible energy content of 3,042 kcal/kg (DM) [32]—3.54
kWh/kg—the resulting electricity to calories efficiency is 3.54/150 = 2.4%.

The optimistic case is estimated analogously to the artificial light crops. In this case we start with
a value of PAR to biomass of 12.5% [33], not far from the theoretical maximum of ~19%. This is one
of the highest values reported for cyanobacteria, in carefully controlled lab conditions. Then from a
95% PAR from LEDs and a wall-plug efficiency of 81%, an overall electricity to biomass efficiency of
9.6% results, corresponding to a lighting electricity requirement of 36.8 kWh/kg (DM). We then
assume that the energy consumption of the rest of the steps to obtain edible spirulina biomass can
be halved (pumps, blowers,) from 11.0 kWh/kg (DM) to 5.5 kWh/kg (DM). After adding the drying
and CO: capture energy (see Extended Data Table 5) the total energy is 51.0 kWh/kg (DM),
corresponding to 6.9% electricity to calories efficiency.

In summary, the electricity to calories efficiency of microalgae (via artificial photosynthesis) is
estimated to be 2.4% for the base case and 6.9% for the optimistic case. If drying were not required,
the corresponding values would be 2.6%—7.6%.
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Fig. S2. Process flow diagram for photobioreactor-based Spirulina production including inputs and
outputs. Material reprinted from: Asaf Tzachor, Asger Smidt-Jensen, Alfons Ramel & Margrét Geirsdottir,
Environmental Impacts of Large-Scale Spirulina (Arthrospira platensis) Production in Hellisheidi

Geothermal Park Iceland: Life Cycle Assessment, Marine Biotechnology, published 2022 by Springer

Nature (CC BY 4.0 license, no changes made).

1.1.4  Microalgae SCP via acetate

Figure S3 shows a block diagram of the process. Hann et al. [2] reported the energy consumption of
producing microalgae, yeast, and certain crops using acetate instead of CO: as the carbon source.
The first step is converting the CO: to acetate, which can be done at an energy cost of 14.4—-30.5
kWh/kg acetate, including the cost of capturing CO: (see section on Electrochemical synthesis of

acetate).

Base case: The biomass yield of microalgae from acetate was reported at 23.81% [2], which at 30.5
kWh/kg acetate implies a need of 107.9 kWh of electricity to produce the acetate required to obtain
a kg of dry microalgae biomass. Incorporating a conservative fermentation energy requirement
(e.g. pumping and mixing) of 1.5 kWh/kg (DM) [34] and the drying requirement (see Extended data
Table 5), the resulting overall requirement is 143.5 kWh/kg (DM). At a digestible energy content of
3,042 kcal/kg (DM) [32]—3.54 kWh/kg—the resulting electricity to calories efficiency is 3.54/143.5 =
2.5%.

Optimistic case: the maximum reasonable yield of biomass from acetate is estimated at 42.5%
based on a relatively efficient value of biomass growth yield per electron of 3.14 g biomass per mole
of electrons for aerobic processes like this one [35], [36]. Acetate can be a source of up to 8 electrons
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when oxidized to COz, and furthermore has a molar mass of 59.0 g/mol, this results in 8*3.14/59.0 =
0.425 g biomass/g acetate. Coupled with the aforementioned 14.4 kWh/kg acetate, the energy
requirement of the electrochemical acetate production is 33.8 kWh/kg biomass (DM). Finally, we
add a more optimistic requirement for the fermentation process of 0.8 kWh/kg [34] and the CO2
capture requirement (see Extended data Table 4) to obtain an overall energy requirement of 39.2
kWh/kg microalgae (DM), or 9.0% electricity to calories efficiency. Note that the high selectivity
implicit in the optimistic case acetate synthesis results in efficiency values similar to what would
be obtained if system byproducts (ethylene, propionate, and alcohols) were used as carbon sources
for SCP as well.

In summary, the electricity to calories efficiency of microalgae (via nonbiologically
electrosynthesized acetate) is estimated to be 2.5% for the base case and 9.0% for the optimistic
case. If drying was not required, the corresponding values would be 3.2%—10.2%.
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Fig. S3. Simple block flow diagram for food production using electrochemical synthesis of acetate as an
intermediate. Material reprinted from: Elizabeth C. Hann, Sean Overa, Marcus Harland-Dunaway, Andrés
F. Narvaez, Dang N. Le, Martha L. Orozco-Cdrdenas, Feng Jiao & Robert E. Jinkerson, A hybrid
inorganic—biological artificial photosynthesis system for energy-efficient food production, Nature Food,
published 2022 by Springer Nature (CC BY 4.0 license, no changes made).

1.1.5  Nutritional yeast SCP via acetate

The energy use for production of yeast obtained via nonbiologically electrosynthesized acetate is
estimated analogously to that of the microalgae in the previous section. Starting from acetate to
yeast biomass values between 18.89% (as reported by Hann et al. [2]) and 42.5%, the requirement is
33.8-161.7 kWh electricity/kg yeast biomass (DM). After adding the 0.8-1.5 kWh fermentation
energy requirements and the drying energy (see Extended data Table 5), the resulting total energy
requirements are 39.0-183.4 kWh electricity/kg yeast (DM). At a digestible energy content of 3,430
kcal/kg (DM) [37]—4 kWh/kg—the resulting electricity to calories efficiency is 1.9% for the base
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case and 9.1% for the optimistic case. Disregarding the drying energy, the corresponding values
would be 2.2%-10.2%.

1.1.6  Nutritional yeast SCP via synthetic carbohydrates

Carbohydrates such as sugars are a more traditional feedstock for biomass production in industry,
allowing for the production of more nutritionally rich foods than plain sugar. In this case, synthetic
carbohydrates are considered as the feedstock, in order to allow for in-situ production of SCP
biomass from CO:. The energy cost of glucose production from CO: is estimated as 52.6 kWh/kg
glucose for the base case and 26.0 for the high efficiency end, including the cost of capturing CO-
(see section on synthetic carbohydrate synthesis). The expected biomass yield from glucose is 51%,
which although very close to the theoretical maximum has been demonstrated empirically and
obtained in industrial scale operation, as it is one of the most developed bioprocesses in industry
[2], [38]. Thus, it is considered both achievable and hard to improve upon, and is used here for both
the base case and optimistic case estimates. The resulting energy cost of glucose production from
CO2 per unit of SCP is 51-104 kWh/kg yeast (DM). After adding the 0.8-1.5 kWh fermentation
energy requirements and the drying energy (see Extended data Table 5), the resulting total energy
requirements are 56-117 kWh/kg yeast (DM). Considering a digestible energy content of yeast of 4
kWh/kg, this makes for an electricity to calories efficiency range of 3.4—7.1%, or 3.8—7.7% without
drying.

1.1.7  Microbial protein from hydrogen (H2SCP)

Figure S4 shows a flow diagram of the process. The energy efficiency of H2SCP, in particular HOB
SCP, has been estimated based on the method described in Alvarado et al. 2021 [4] with minimal
changes. The water electrolysis, CO2 capture, and drying energy requirements are adjusted
upwards, as per the values in Tables 1 and 3. The electrolysis energy consumption is the same
(49.25 kWh/kg H2) for the base case and optimistic case, since this value is already reasonably close
to the theoretical maximum efficiency for this process (80%). This translates to 22.3 kWh/kg SCP
based on a H2 requirement of 0.45 kg Ha2/kg SCP obtained from a model informed by pilot plant
data [39]. The CO2 requirement of 2.4 kg CO2/kg SCP [40] translates to 5.2 kWh/kg SCP based on
Extended data Table 4. The H2 and CO2 mass requirements are the same for the base case and
optimistic case. They are considered the lowest reasonable values, since the model considers 100%
gas utilization from continuous recycling of unused gas at the bioreactor outlet. A fermentation
energy requirement range of 1.5-4.5 kWh/kg SCP is used, somewhat higher than for the liquid
fermentation processes to account for the uncertainty of gas fermentation scale-up [4]. Adding the
drying requirements from Extended data Table 5, the resulting total requirement is 33.7-44.2
kWh/kg SCP. At a digestible energy content of 3,850 kcal/kg (DM) based on compositional data [41]
and typical Atwater factors [42]—4.5 kWh/kg—the electricity to calories efficiency is 10.1% for the
base case and 13.3% for the optimistic case, or 14.0-15.4% if drying is not included.

Genetically engineered HOB can achieve higher energy efficiency values by increasing the fat
content. An HOB containing 60% fat (comparable to oleaginous yeasts [43]) would make for an
estimated energy content of 640 kcal per 100 grams (7.44 kWh/kg SCP). Since fats have a higher
content of hydrogen than other components of the cell, the hydrogen and carbon requirements per
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unit product of the process is necessarily higher, around 37% more than the previously discussed
HOB (see supplementary spreadsheet) for hydrogen, or 31.7 kWh/kg HOB, as well as 6.6 kWh/kg
HOB for carbon capture (up 25%). All else equal, a simple extrapolation based on these values
results in an overall energy requirement of 44.4-54.9 kWh/kg SCP, or 13.6—16.7% electricity to
calories. Despite the higher energy requirement compared to normal protein-rich HOB, the
efficiency is higher thanks to the higher dietary energy content of fats compared to proteins.
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Fig. S4. Power-to-SCP flow diagram for a proposed full-scale e-SCP plant in 2030, including mass flows.
Material reprinted from: Mahdi Fasihi, Fatemeh Jouzi, Petri Tervasmdki, Pasi Vainikka & Christian
Breyer, Global potential of sustainable single-cell protein based on variable renewable electricity, Nature
Communications, published 2025 by Springer Nature (CC BY 4.0 license, no changes made).

1.1.8 Carbohydrate synthesis

The energy efficiency of synthetic carbohydrates has been estimated based on the method
described in Garcia Martinez et al. 2021 [7] with minimal changes, only the CO2 capture has been
increased as per Extended data Table 4 to an energy requirement of 2.17 kWh/kg COs.

Base case: Figure S5 (route C) shows a flow diagram representative of the process steps. The
synthesis route of CO2 to glycerol is selected as the base case representative of synthetic
carbohydrate synthesis. It can be achieved at a 35% carbon yield based on established technologies,
resulting in a CO:2 capture requirement of 4.1 kg CO2/kg glycerol, or 8.8 kWh/kg glycerol in terms
of energy. Then we add the value of energy required for each step to convert the captured CO: to
glycerol, for a total of 52.6 kWh/kg glycerol (of which: 20.7 from converting COz2 to formic acid, 5.3
from converting that to formaldehyde, and 17.8 to convert that to glycerol) [7]. At an energy content
of 4.31 kcal/g [44]—5 kWh/kg—the corresponding electricity to calories efficiency is 8.8%.
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Optimistic case: Figure S5 (route A) shows a flow diagram representative of the process steps. The
selective synthesis route of CO: to digestible sugars, as achieved by Air Company [7], is selected as
the optimistic case representative of synthetic carbohydrate synthesis. A carbon yield of 77% is
proposed as a reasonable optimistic case potentially achievable in future developments [7],
resulting in a CO2 capture requirement of 1.9 kg CO2/kg sugar, or 4.1 kWh/kg sugar in terms of
energy. Then we add the value of energy required for each step to convert the captured CO: to
glycerol, for a total of 26.0 kWh/kg sugar (of which: 10.8 from converting CO: to formic acid, 4.3
from converting that to formaldehyde, and 6.8 to convert that to sugar) [7]. At an energy content of
4 kcal/g [44]—4.7 kWh/kg—the corresponding electricity to calories efficiency is 17.9%.

The overall energy efficiency is thus estimated here at 8.8-17.9%. It is worth noting that the
theoretical limit of efficiency is closer to 31-73% [8].

Non-digestible sugars w
Byproducts
(35-100%)  ;
Formose Formose sugars (FS)
reaction
(60-96%)
Route B)
0, 0,, byproducts Hydroget_nation
1 1 N
i - Glycerol (G)
C0, Electroch'emlcal Formic acid (FA) Electroch'emmal Formaldehyde (F)
conversion 1 conversion 2
(90-100%) (51-80%)
Byproducts Byproducts Route C
Glycerol (G)

Catalytic Dihydroxyacetone (DHA) Hydrogenation

conversion reaction

(85-95%) (90%)

l Catalyst Ha I
(thiazolium salt)

Fig. Ss. Simplified block diagram of the proposed NBS routes for food production from COz. Separation
steps, recycles and reaction media are not shown. The percentage values inside the blocks express the
expected carbon yields. The bolded words indicate target food products. The dashed grey lines represent
currently unproven process steps. Material reprinted from: Juan B. Garcia Martinez, Kyle A. Alvarado,
Xenia Christodoulou, David C. Denkenberger, Chemical synthesis of food from CO: for space missions
and food resilience, Journal of CO2 Utilization, published 2021 by Elsevier (reprinted with permission, no
changes made).

1.1.9  Chemical fat synthesis

Base case: The first step of this process is converting CO2 and H2 to syngas (~90% overall carbon
yield [45]). This is then converted to hydrocarbons through the Fischer-Tropsch (FT) process, at a
corresponding 3.50 kg COz/kg FT products (the latter represented as CHz2) as per equation 1 and
the abovementioned yield. However, not all FT products are wax; a pilot system optimized for wax
production obtains about 35% of the FT products as paraffin wax [46] (see supplementary
spreadsheet). Then, the FT products which are not suitable for fat synthesis (C1-C19 hydrocarbons)
can be partially oxidized back to CO and H:, and recycled to the FT reactor, pushing the overall
yield significantly—only 10% is assumed to be lost due to recycling inefficiencies, for an overall
90% FT mass yield of FT product obtained as C20+ paraffins. The overall chemical equation 2 is
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then proposed to describe the CO: to paraffins process instead, obtained by combining the
stoichiometry of CO:2 to FT products (represented by equation 2) with a conservatively high H-
makeup of 1 unit per unit of input CO: to account for recycling.

n-C0, + 3n-H, —> (CH;)'n + 2n-H,0 (1)
n-C0, + 4n-H, + 1/202 —> (CH,)n + 3n-H,0 (2)

Using proven technologies, the paraffin wax can be converted to fatty acids at a mass yield of 80%,
and of those 63% can be obtained as a fraction of the target fatty acids most relevant for food use,
which can be esterified into triglycerides at a mass yield of 95% [47]. All together, the CO:
requirement is 8.1 kg CO2/kg triglyceride (34% of the stoichiometric theoretical minimum even
with FT byproduct recycling), and the energy required to capture that CO: is 17.7 kWh/kg fat
(Extended data Table 4). However, the most energy consuming part is Hz generation, which based
on a 0.43 kg Hz/kg fat minimum stoichiometric requirement and assuming the same conversion
yields for H2 as for CO2, we can roughly estimate a requirement of 1.49 kg Ha/kg fat (95.7 kWh/kg
fat). For simplicity, the final values assume that either the free fatty acids are consumed directly or
the glycerol needed for esterifying them into triglycerides is produced at the same value of
electricity-to-calories efficiency. At an energy content of 9 kcal/g [44]—10.5 kWh/kg—the
corresponding electricity to calories efficiency is 10.9%. Figure S6 shows a process flow diagram of
the process (except for CO2 to wax).

Optimistic case: The optimistic case value is based on the model of Davis et al. [12], whose results
translate to a 26.7% electricity to calories efficiency (see supplementary spreadsheet). They
projected a CO2 requirement as low as 4.55 kg CO2/kg fat was feasible (corresponding to 60% yield
compared to the minimum stoichiometric value of 2.75 kg CO2/kg fat based on palmitic acid),
which results in a CO2 capture requirement of 9.9 kWh/kg fat as per Extended data Table 4. Note
that these high yields would require recycling of byproducts, such as non-wax Fischer-Tropsch
byproducts and low-quality fatty acids back to the FT chain growth step, through conversion
processes such as partial oxidation, cracking, hydrotreating, and/or reforming. Further, they
estimated a Hz energy requirement of 83 MJ/kg fat at an energy cost of 171.4 MJ/kg Hz, implying a
requirement of 0.48 kg H2/kg fat (just over the minimum stoichiometric value of 0.38 kg Ha/kg fat
based on palmitic acid), which updated to the H2 requirement of Extended data Table 3 results in
23.8 kWh/kg fat. Finally, the utilities required could potentially be brought down from the original
4.7 kWh/kg fat to 3.4 kWh/kg fat'. The resulting total is 37.2 kWh/kg fat for an electricity to calories
efficiency of 28.2%—just slightly higher than Davis et al. estimated. Comparing this to the base
case shows how large of a difference byproduct recycling would make in this process.

The overall energy efficiency is thus estimated here at around 10.9-28.2%.

! Personal communication with Kathleen Alexander from Savor (a company developing edible fats from CO3),
regarding the 4.7 kWh/kg fat value: "30+% of this energy is for a distillation system to separate all the fatty
acids into different cuts; you could neglect about 90% of this if you don't need premium fats”, therefore by
subtracting 30% of 90% of the total, the value can be brought down to 4.7%(1-30%*90%)=3.4 kWh/kg AA.
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Fig. S6. Process flow diagram of the synthetic fat production process from paraffin wax; the process for
converting COz to wax is not shown here. Material reprinted from: Juan B. Garcia Martinez, Kyle A.
Alvarado, David C. Denkenberger, Synthetic fat from petroleum as a resilient food for global catastrophes:
Preliminary techno-economic assessment and technology roadmap, Chemical Engineering Research and
Design, published 2022 by Elsevier (reprinted with permission, no changes made).

1.1.10 Electrochemical synthesis of acetate

Figure S7 shows a process flow diagram of the process. Hann et al. [2] reported an energy
requirement of 61.36 kJ/g C2 products to synthesize acetate from CO2 gas at 0.716 g acetate/g C2,
resulting in 85.7 kJ/g acetate or 23.8 kWh/kg acetate (we explicitly allocate all energy use to acetate
and consider the rest as waste). For the optimistic case value, it is considered that this
electrochemical process could reach a thermodynamic energy efficiency of 39%, based on 2050
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projections for another challenging C2 molecule, ethylene [48]. This combined with a higher
selectivity to acetate (0.9 g acetate/g C2) reduces the energy requirement of acetate synthesis to 34
kJ/g acetate. This would result in an electrochemical conversion step requirement of 10.5 kWh/kg
acetate. The energy cost of the potassium salt scrubbing step is assumed negligible.

The carbon selectivity of CO2 to acetate was reported as 57% [2], and for the optimistic case it is
estimated that 90% selectivity is achievable. The alcohol byproducts and propionate generated on
the side could in theory be converted into food as well through different processes, but here they
are not, for comparison. Instead, they are assumed to undergo complete combustion, with the
resulting CO:z having to be recaptured at the same cost as it was originally captured, and recycled
back to the CO: electrolyzer. The overall carbon conversion efficiency is reported as 90.5% [2], and
for the optimistic case 100% conversion is assumed, by assuming that in an improved version of
the system the CO:z is fully converted or does not need to be scrubbed to be recycled. From these
values we obtain a carbon yield of CO2 to acetate between 51.6—90.0%, resulting in a CO:2
requirement of 1.78-3.10 kg CO2/kg acetate.

In summary, the energy requirement of capturing the necessary CO: to generate this acetate as
per Extended data Table 4 is between 3.9-6.7 kWh/kg acetate, making for a total energy between
14.4-30.5 kWh/kg acetate. Since acetate contains 3.49 kcal/g (4.1 kWh/kg) [44], the result is an
electricity to calories efficiency of CO:2 to acetate between 13.3-28.3%. Drying is not necessary for
human consumption, since the acetate solution is obtained at a concentration of 0.75 M, which is
equivalent to an acetic acid solution of 4.5% acetic acid in water, a common concentration for table
vinegar.

CO, electrolyzer CO electrolyzer

CO, CO, H; CO, H,. CH, CHCH,OH, CH,CH,CH,OH CO, Hy, C:H,

Gas byproducts

CH,COQ,
CHyCH,COO

DI H,0
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CH3CH,CH,OH

Cold trap
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CH;CH,COO
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Fig. S7. Process flow diagram for electrochemical synthesis of acetate including inputs and outputs.
Material reprinted from: Elizabeth C. Hann, Sean Overa, Marcus Harland-Dunaway, Andrés F. Narvaez,
Dang N. Le, Martha L. Orozco-Cdrdenas, Feng Jiao & Robert E. Jinkerson, A hybrid inorganic—biological
artificial photosynthesis system for energy-efficient food production, Nature Food, published 2022 by
Springer Nature (CC BY 4.0 license, no changes made).

1.1.11  Microbial electrosynthesis of acetate

Figure S8 shows a process flow diagram of the process. The energy efficiency of microbial
electrosynthesis of acetate has been estimated based on the method described in Alvarado et al.
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2023 [13] with minimal changes, only the CO: capture has been increased as per Extended data
Table 4 to an energy requirement of 3.4 kWh/kg AA, and the acetate concentration is not
considered necessary (the minimum expected outlet concentration is 1.8% [49], not far from
vinegar's 4-6%). The range of coulombic efficiency considered is 50-90% [13], resulting in an
energy requirement for the acetate bioelectrosynthesis step of 21.7 kWh/kg AA for the base case
and 12.1 kWh/kg AA for the optimistic case. The corresponding total energy consumption is
15.4—25.1 kWh/kg AA, resulting in an electricity to calories efficiency of 16.2% for the base case and
26.3% for the optimistic case.
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Fig. S8. Process flow diagram for microbial electrosynthesis of acetic acid. Material reprinted from: Juan
B. Garcia Martinez, Michael M. Brown, Xenia Christodoulou, Kyle A. Alvarado, David C. Denkenberger,
Potential of microbial electrosynthesis for contributing to food production using CO2 during global
agriculture-inhibiting disasters, Cleaner Engineering and Technology, published 2021 by Elsevier (CC BY
4.0 license, no changes made).

3. Energy efficiency estimation: comparison with literature and key

uncertainties

The optimistic case efficiency of microalgae is derived from an electricity-to-light-to-biomass value
of 13.9%, whereas the photosynthetic conversion efficiency of a microalgae bioreactor using
sunlight is typically considered to have a theoretical limit of 12.6% (current photobioreactors often
operate between 1-3%) [50]. The difference stems from the photosynthetically active radiation (PAR)
value proposed for the LEDs at 95%, whereas the photosynthetic conversion efficiency is limited by
natural sunlight, where only ~50% of the spectrum is usable. The corresponding power-to-food
value of 8.9% is not far from the maximum achievable for microalgae photosynthesis, assuming no
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fundamental genetic modification breakthroughs on the organism's biological ATP/NADPH
synthesis and carbon fixation systems. One interesting implication is that photosynthetic systems
cannot surpass the power-to-food efficiency of H2SCP without fundamental breakthroughs. The
base case energy consumption is almost identical to that estimated by a pilot plant-informed
model, at ~46 kWh/kg [39].

Current systems for artificial light vertical farming of lettuce have reportedly achieved energy
consumption values equivalent to a 1.1% power-to-food, and an optimistic case value is estimated at
2.0%, indicating that current systems for lettuce are reaching values close to the efficiency ceiling
that can be expected without new fundamental scientific breakthroughs, such as genetic
modification to increase photosynthetic efficiencies [51].

The acetate intermediate hybrid inorganic-biological artificial photosynthesis systems have
achieved efficiencies at small laboratory scale that surpass state-of-the-art photosynthetic systems
for microalgae. This indicates potential for competing with modern microalgae photobioreactors,
as long as the non-electricity costs of acetate-mediated microalgae production at scale (e.g.
equipment) are not considerably larger than those of microalgae photobioreactor processes, and
sufficiently long equipment lifetime is achieved.

One key uncertainty in the power to food efficiencies of photosynthetic options is the wall-plug
efficiency of lighting. While 81% has been achieved in measurements, it could be very challenging
to maintain during 24/7 operation due to various factors such as thermal degradation, LED
aging/decay, power supply degradation, dust, etc. For example, if long-term operation wall-plug
lighting efficiency was cut in half, the optimistic case power to food efficiency of microalgae would
go down from 8.9% to 5.4%.

Two major uncertainties are present in the optimistic case power to food values of hybrid
inorganic-biological food production systems mediated by acetate. The optimistic case of efficiency
would be much lower if future work could not significantly improve the energy requirement of
electrochemical acetate synthesis (from the experimental 61 kJ/g acetate to the proposed
optimistic case for efficiency of 19 kJ/g) or the amount of biomass growth per unit of acetate (algae
and yeast respectively obtained 28.3 and 18.9 g biomass/g acetate, and 42.5 is considered
achievable). Combined, these two values would lower the achievable optimistic case power to food
efficiency significantly: from 44.5% to 19.4% for electrosynthetic acetate, from 13.1% to 4.5% for
algae, and from 13.2% to 3.1% for yeast. Another major uncertainty that may yet push the overall
efficiency lower is the challenge of maintaining high acetate yields over time. Reported lifetimes
for COz2 to acetate tandem electrolyzer systems go as high as 125 hours of stable operation [52] but
most applications require 1-3 orders of magnitude longer lifetimes.

For the synthetic fat process, the major uncertainty is probably the possibility of recycling the
undesirable side products effectively, without requiring much additional energy. If that was not
feasible, the base case of efficiency could not be significantly improved.
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4. Production cost of COz2-based power-to-food systems

Table S1. Large-scale production cost ranges for non-photosynthetic CO:z foods based on the estimated
ranges of 1) energy consumption for current vs potential future developments, 2) electricity cost (current
price for electricity-intensive industries vs price of future solar photovoltaic with batteries), and 3) CAPEX
cost contribution at different states of the technology, based on the same value as for H2SCP. Note that
costs here do not include downstream processing other than drying and supply chain costs.

CAPEX: $1.9/kg (2030) $1.0/kg (2050)
Optimi.stic Actual
Base case: case: with commodity cost
current future of benchmark
Energy efficiency: technology = improvements product ($/kg
Electricity cost: $0.06/kWh  $0.03/kWh food, dry) Benchmark product
Yeast (from agricultural
SCP Yeast via artificial sugars $9 $3 $2-3 sugar)
Yeast (from agricultural
SCP Yeast via acetate $13 $2 $2-3 sugar)
Spirulina (open pond
SCP Microalgae via acetate $11 $2 $4-6 production)
Whey protein concentrate,
USA, 80% (2020-2025)
$5-14 Dried egg yolk, USA
Microbial protein from $5-32 (2020-2025)
hydrogen (H2SCP) $5 $2 $2-9 Plant protein isolates
Fat-rich engineered H2SCP Butterfat/milkfat, USA
(~60% fat) $5 $2 $4-7 (2020-2025)
Synthetic carbohydrates $5 $2 $0.2-0.6 Table sugar, (2020-2025)
Butterfat/milkfat, USA
Synthetic fats $8 $2 $4-7 (2020-2025)

The cost of growing wheat through artificial lighting is compared to open field wheat grain costs
[53], indicating that it cannot compete even with the most optimistic assumptions. The cost of
growing lettuce through vertical farming is compared to open field agriculture lettuce [53],
suggesting that competition is possible with low enough electricity prices, in agreement with the
fact that vertically farmed lettuce is already sold in some regions. The result agrees with other
analyses of vertical farming [54], estimating that current best-practice vertical farms convert
purchased electricity to edible plant matter at only ~1-2% efficiency, implying an electricity-only
lower bound cost of =$10/kg dry plant matter—1-2 orders of magnitude above typical producer
prices for staple crops like wheat (<$1/kg).
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When the cost of synthetic carbohydrates is compared to normal table sugar [55], the ability of
synthetic carbohydrates to compete can be completely ruled out unless sugar prices see a massive
increase; a different study with a more optimistic energy efficiency (14 kWh/kg) estimated an
electricity cost between $0.7-3/kg carbohydrate [9], which would still not be enough to compete.
The cost of yeast made from COz-derived sugar or acetate is compared to nutritional yeast
obtained industrially via traditional sugar fermentation [38] finding that current technologies are
far from competing with the traditional process, and would require significant future
developments to change this.

The cost of spirulina from photobioreactors and from CO2-derived acetate is compared to that of
open pond spirulina production [56] which is the major production method for the food market due
to its lower costs, finding that competition is not out of the question if the technologies could be
massively improved. Some authors have also called for practicing electro-agriculture, in which the
COz-derived acetate is used to grow plants such as lettuce [36]. If electro-agriculture of
acetate-grown lettuce reached an efficiency comparable to acetate-grown SCP—corresponding to
electricity costs <$10/kg (DM)—it would have a chance at economically competing with vertically
farmed lettuce, though not necessarily with conventional lettuce.

However, lettuce has a particularly high price, and competing with agricultural staples with much
lower price per calorie would be extremely challenging. For example, even the most optimistic
values expected for the electricity cost of acetate-derived SCP do not get close to current wheat
prices. It appears very unlikely for electro-agriculture to replace anything but a minority of
agricultural production in the mid-term future.

The cost of genetically modified fat-rich H2SCP is compared to milkfat [57], since this is one of the
applications explored for the technology by existing companies [58]. The cost of protein-rich
H2SCP is similarly [59], [60] compared to egg powder [61] and whey protein concentrate [62]. Finally
the price of synthetic fat is compared to dairy butterfat [63]. For these products we find the same
pattern: electricity costs are a much smaller barrier to competition since they are considerably
lower than the benchmarks, indicating a potential opportunity in market viability. If the capital
costs and other operational expenses are not too high, these products could compete with
agricultural sources in the near future—especially if prices of dairy and eggs continue to rise.

5. Land productivity of COz-based power-to-food systems

Table S2. Global average food energy (kcal/m2/y), protein (g protein/m2/y), and fat (g fat/m2/y) supply
values per unit of land for plant and animal product benchmarks relevant for comparison to
power-to-food systems. The values for plant sources were obtained from Leger et al. [64] combined with
the FAO nutritional composition tables [65]. For animal products, the land use values estimated by Poore
and Nemecek [66] were used instead.

Energy (kcal/m2/y) Protein (g/m2/y) Fat (g/m2/y)

Soybeans 1010 115 54

Oil palm 2650 5 300
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Sugar beets 4520 84 6

Wheat 1390 51 10
Eggs (chicken) 222 17 16
Meat (chicken, fat and bone-free) 175 14 N/A

Milk (cow) 68 3.7 3.7
Beef (beef herd) 5 0.6 0.2
All animal products (world average) 41 2.6 not calculated

Table S3. Baseline food energy (kcal/m2/y), protein (g/m2/y), and fat (g/m2/y) production values per unit
of land for power-to-food systems, derived from the energy efficiency analysis and the land footprint of
solar photovoltaic energy and factory floor required. Cells marked with (-) indicate that the value is not of
interest for the target comparison.

Calorie yield Protein yield
per unit of per unit of Fat yield per
land Protein land (g unit of land
Food production pathway (kcal/m®/year) content Fat content  protein/m2/y) (g/m2/y)
Artificial light farming (wheat) 424 15% - 17 -
Artificial light farming (lettuce) 948 - - - -
Microalgae SCP via
photosynthesis (Spirulina
photobioreactor) 2,024 60% - 401 -
SCP Yeast via artificial sugars 2,932 55% - 470 -
SCP Yeast via acetate 1,656 55% - 266 -
SCP Microalgae via acetate 2,115 60% - 419 -
Microbial protein from
hydrogen (H2SCP) 8,651 65% - 1,461 -
Fat-rich engineered H2SCP
(~60% fat) 11,588 - 60% - 773
Synthetic carbohydrates 7.547 - - - -
Synthetic fats 9,374 - 100% - 1,042

Table S4. Optimistic case food energy (kcal/m2/y), protein (g/m2/y), and fat (g/m2/y) production values
per unit of land for power-to-food systems, derived from the energy efficiency analysis and the land
footprint of solar photovoltaic energy and factory floor required. Cells marked with (-) indicate that the
value is not of interest for the target comparison.
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Calorie yield

per unit of Protein yield Fat yield per
land Protein per unit of unit of land
Food production pathway (kcal/m®/year) content Fat content land (g/m2/y) (g/m2/y)
Artificial light farming (wheat) 2,186 15% - 86 -
Artificial light farming (lettuce) 2,210 - - -
Microalgae SCP via
photosynthesis (Spirulina
photobioreactor) 7.508 60% - 1,489 -
SCP Yeast via artificial sugars 7,676 55% - 1,231 -
SCP Yeast via acetate 9,802 55% - 1,572 -
SCP Microalgae via acetate 9,756 60% - 1,934 -
Microbial protein from
hydrogen (H2SCP) 14,309 65% - 2,416 -
Fat-rich engineered H2SCP
(~60% fat) 18,106 - 60% - 1,207
Synthetic carbohydrates 19,186 - - - -
Synthetic fats 30,409 - 100% - 3,379

Table S5. Comparison of power-to-food technologies

benchmarks.

versus relevant plant-based

agricultural

Base case Optimistic case

Yeast SCP from CO2 via acetate vs
soybeans

Microalgae SCP from CO2 via acetate
vs soybeans

Microalgae SCP from CO2 via
photosynthesis vs soybeans

Yeast SCP from CO2 via synthetic
carbohydrate vs soybeans

H>SCP from CO2 and H2 vs soybeans

Synthetic carbohydrates from CO2 vs
sugar beets

Synthetic fats from CO2 vs palm oil

Fat from engineered H2SCP vs palm oil

Vertical farming wheat vs

2X

4x

3X

ax

13

2x
4x
4%

0.3

14x

17X

13x

11x

21x

4%
11x
4%

2X

as much protein per unit of land as
soybeans

as much protein per unit of land as
soybeans

as much protein per unit of land as
soybeans

as much protein per unit of land as
soybeans

as much protein per unit of land as
soybeans

as much sugar per unit of land as
sugar beets

as much fat per unit of land as palm oil
as much fat per unit of land as palm oil

as much wheat per unit of land as
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conventional wheat conventional agriculture

Table S6. Comparison of power-to-food technologies versus wheat.

Base Optimistic
case case

Microalgae SCP from

CO2 via photosynthesis 1x 5% as much food energy per unit of land as conventional wheat
Microalgae SCP from

CO2 via acetate 2X 7x as much food energy per unit of land as conventional wheat
Yeast SCP from CO2 via

acetate 1x 7x as much food energy per unit of land as conventional wheat
Yeast SCP from CO2 via

synthetic carbohydrate 2x 6x as much food energy per unit of land as conventional wheat
H>SCP from CO2 and H2 6% 10x as much food energy per unit of land as conventional wheat

Synthetic carbohydrates
from CO2 5x 14x as much food energy per unit of land as conventional wheat

Synthetic fats from CO2 7x 22X as much food energy per unit of land as conventional wheat

Fat-rich engineered
H2SCP (~60% fat) 8x 13x as much food energy per unit of land as conventional wheat

Vertical farming wheat  0.3x 2% as much food energy per unit of land as conventional wheat

Figure S9 compares the highest measured crop yields versus H2SCP and synthetic fat. The values
of highest yields ever obtained by any agricultural products were derived as follows: the highest
yield of corn is ~624 bushels per acre in Virginia (USA) [67] at 15.5% moisture content, whereas
corn has a calorie content of 3,650 kcal/kg [68] at 10.4% moisture, resulting in 13,478 kcal/m?/y. The
highest yield of sugar beets is 196.7 metric tons per hectare in Chile [69], which using a 17.2% sugar
content (fresh mass basis) and an 80% sugar recovery [70] results in 10,826 kcal/m2/y. The highest
yield of palm oil is ~10 tons per hectare in genetic field trials in South Asia [71] with a calorie
content of 8,840 kcal/kg [72], resulting in 8,840 kcal/m?/y.
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Figure S9. Land productivity of the top performing power-to-food pathways studied in this analysis in comparison with relevant plant- and
animal-based agricultural products. a) compares them in terms of food energy per m* and year; b) shows them in terms of protein supply per m?
and year for H2SCP in comparison with key plant- and animal-based protein-containing agricultural products; c) shows the base case and
optimistic case values of food energy supply per m* and year of H2SCP and synthetic fats as well as agricultural benchmarks and their highest
recorded yields in optimized conditions. All agricultural values are based on global averages [73] (see Table S2 and supplementary document for
details).
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6. Comparison between power-to-food systems and conventional

photosynthesis

To better illustrate why the power-to-food technologies are more efficient than conventional
agricultural photosynthetic systems, an energy flow analysis was performed, summarized in the
Sankey diagrams in Figures S10 through Si12. Sunlight-to-food conversions and losses are shown
for the H,SCP power-to-food pathway in S10, and for agricultural products like wheat in S11 and
poultry meat in S12. Wheat and chicken are chosen as particularly efficient examples of
agricultural products within their respective categories (plant products for wheat, meat products
for chicken). Most other products within each category would be even further away from
power-to-food systems in terms of land use and sunlight-to-food efficiency.

The energy flow diagram for HOB in figure S10 was derived starting from the sunlight to
electricity efficiency of solar PV. A typical value is ~5%, whereby only about 5 out of every 100 units
of sunlight hitting a solar PV plant are converted to electricity [54], [64]. Breaking that down even
further: current PV module efficiency is famously above 20% (here we selected a value of 21.7%
based on commercial cells [2]), on top of that the ~50% ground coverage due to panel spacing,
imperfect solar tracking, cover by dust/debris, etc. causes further losses down to ~4.9%. Using the
previously derived electricity requirement of 44.2 kWh/kg HOB SCP and a digestible energy
content of 4.5 kWh/kg HOB SCP, the efficiency of solar to biomass energy is 4.9%*4.5/44.2 = 0.5%.
Sequentially, these losses can be attributed:

e The electrolysis efficiency of 80% results in 1% losses (sunlight to H2 efficiency of ~3.9%).

e Biomass cultivation causes a loss of 2.5% out of the 3.9%, losing about two thirds of the
energy contained in the H2. The required 0.45 kg H2/kg SCP imply a thermodynamic H2
need of 17.9 kWh (H2)/kg biomass, resulting in a solar to biomass theoretical efficiency of
3.9%*6.3/17.9=1.4%.

e In practice, the ancillary processing required to achieve this causes a further energy loss of
~0.7%, since this cost is roughly as large as the energy cost of electrolysis. This results in an
actual solar to biomass efficiency of ~0.7%, with another ~0.7% lost as processing energy.
Note that this is accounting for an ancillary energy loss starting from a total pool of
captured sunlight, not contained in the biomass.

e A final loss of ~0.2% is due to the inefficiency of human digestive systems. Out of the gross
biomass energy content of 6.3 kWh/kg for HOB SCP [41], we can digest the previously
mentioned 4.5 kWh/kg, for a total solar to digestible energy conversion of 0.7%*4.5/6.3 ~
0.5%.

This value corresponds perfectly with the previously derived land productivity of 8,716 kcal/m?/y.

At a typical solar irradiance of ~2,000 kWh/m?/year and a conversion factor of 860 kcal/kWh, we
estimate 8,716 kcal/m?*/y + (2,000 kWh/m?/year * 860 kcal/kWh) = 0.5%.
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Figure S10. Sankey diagram of the sunlight-to-food energy flows and losses at each step of the H2
SCP power-to-food pathway, specifically the HOB variant (gas fermentation).

The energy flow diagrams for agriculture were derived from a simple back-of-the-envelope
calculation, using wheat as a representative example. Agronomic data indicates that wheat
production systems currently convert sunlight to food energy at a share of about ~0.1% of the
sunlight reaching wheat croplands around the world [64], with examples including 0.074% in the
USA, 0.101% in Russia, 0.081%, and 0.169% in China [74], to show a few regional measures. To
illustrate how this value is often obtained, we start from the well-known fact that only about ~45%
of sunlight reaching Earth is photosynthetically active radiation (PAR) [24]. Then out of this
sunlight, only a small portion is typically absorbed by the plants for biomass growth, due to
multiple phenomena, such as incomplete canopy cover, winter/dry season, and optical losses?®. For
example, in the Argentine Pampa wheat absorbs only 20-36% of annual incident PAR [75]. Then the
vast majority of that absorbed PAR is lost in photosynthetic conversion losses; we choose a round
value of ~3% not lost, just under the values reported in agronomic studies [22] (which typically
focus on varieties more efficient than the global average). Then we use a typical wheat harvest ratio
of ~40% [76] (grain mass divided by total plant biomass, including underground biomass such as
roots). Finally, we used a digestibility ratio of ~86% based on a gross energy content of 4,419
kcal/kg (DM) [77] compared to a digestible energy content of 3,821 kcal/kg (DM) [30]. Putting it all
together results in: 0.45 * 0.25 * 0.03 * 0.4* 0.86 = 0.1% (See figure S11). We can add one more step to
represent animal products: chicken converts digestible grain energy into meat calories at an

% (i) canopy cover is incomplete for much of the season and the field may be bare or have low leaf area index
(the one-sided green leaf area per unit ground area) during sowing-establishment, senescence, and
post-harvest/fallow periods, so much PAR reaches soil rather than vegetation; (ii) even when the canopy is
present, geometric gaps and non-uniform leaf distribution reduce interception; and (iii) part of the
intercepted radiation is not absorbed by green tissue due to optical losses—reflection from leaves/soil and
transmission through the canopy—so the fraction of absorbed photosynthetically active radiation remains
below unity.
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approximate ratio of 1:10 [78], resulting in ~0.01% sunlight to food efficiency for poultry meat, as
shown in figure S12.
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Figure S11. Sankey diagram of the sunlight-to-food energy flows and losses at each step of conventional
agriculture using wheat cultivation as a representative example.
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Figure S12. Sankey diagram of the sunlight-to-food energy flows and losses at each step of conventional
agriculture using grain-fed poultry as a representative example.
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7. Technology readiness Level (TRL) of CO2z-based power-to-food systems

Table S7. TRL of power-to-food pathways and rationale. The technologies studied in the current work
span a wide range of technology readiness levels (TRLs). We analyze them based on the definitions of TRL
put forth by the European Commission [79] and by Buchner et al. [80], extensions of the original scale
from NASA modified to apply to any type of technology and to chemical technologies, respectively.

Food production
pathway TRL Rationale

Large scale prototype tested in intended environment: Infarm
Artificial light conducted trials that produced 117 kg of wheat per hectare
farming (wheat) 5 equivalent per year (in a vertical stack) [81].

First of a kind commercial system: Companies such as Bustanica and

Ljusgarda already produce limited amounts of lettuce that can be
Artificial light purchased by consumers in local grocery stores. Bustanica has the
farming (lettuce) 8 capacity to produce over 1,000 tons of produce per year [82].
Microalgae SCP via System prototype demonstration in operational environment: the
photosynthesis Helliseidi spirulina photobioreactor plant has an installed production
(Spirulina capacity of 150 tons of edible wet biomass per year, fulfilling Buchner
photobioreactor) 7 et al's requirement for a TRL of 7 [29].

SCP Yeast via
artificial sugars 3

SCP Yeast via acetate 3

SCP Microalgae via

acetate 3
Microbial protein
from hydrogen
(H2SCP) 7

Fat-rich engineered

H>SCP 6
Synthetic
carbohydrates 3

Laboratory tests demonstrate proof of concept: synthesis of edible
yeast from COz-derived sugars has been achieved at a laboratory
scale by Air Company for NASA's Deep Space Food Challenge [83].

Laboratory tests demonstrate proof of concept: Hann et al
demonstrated the small scale synthesis of acetate from CO: using a
tandem electrolyzer system, and successfully grew yeast, microalgae,
and some plants from the acetate [2].

Laboratory tests demonstrate proof of concept: Hann et al
demonstrated the small scale synthesis of acetate from CO:2 using a
tandem electrolyzer system, and successfully grew yeast, microalgae,
and some plants from the acetate [2].

Demonstration system: Solar Foods has constructed factory 01, with
a reported production capacity of 160 tons of protein annually,
fulfilling Buchner et al's requirement for a TRL of 7 [84].

Large scale prototype: Circe Bioscience have demonstrated
biomanufacturing of fats from CO: on their pilot plant facility, and
they intend to build a demonstration facility with a 150 ton capacity
that would take them to TRL 7 [85].

Laboratory tests demonstrate proof of concept: synthesis of
digestible sugars from CO:2 has been achieved at a laboratory scale by
Air Company for NASA's CO2 Conversion Challenge [86].
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Large scale prototype: Savor Inc. have demonstrated
thermochemical production of fats from CO: at their pilot plant with

Synthetic fats 6 a goal to achieve 5 tons/year [87].

Microbial

electrosynthesis  of Small scale prototype: Cabau-Peinado et al. have achieved relatively
acetate 4 efficient microbial electrosynthesis of acetate at small scale [88].

Small scale prototype: Crandall et al. demonstrated the small scale
Electrochemical synthesis of acetate from CO: using a tandem electrolyzer system at
synthesis of acetate 4 a laboratory scale for 125 hours [52].

8. Applications of CO2z power-to-food production

8.1 Combating climate change, land degradation, and water depletion

One major advantage industrial CO:z food technologies have in common is their very low land and
water use [9], [12], [64], [89]. [90], [91], [92]. Thus, large-scale deployment of these technologies could
facilitate reduction of CO2 emissions, reforestation of agricultural land, and curbed freshwater
depletion. However, the benefits to society are conditional on the displacement of unsustainable
foods and products [12]. For example, some of these processes can provide quality proteins and fats
with much lower CO: emissions than meat and some oil crops respectively, such as single cell
proteins from CO:z. They enable us to produce the oils and fats we need without destroying forests
for palm oil plantations or livestock rearing. Fermentation processes can reduce overfishing in the
ocean by replacing the fish-based feed needed to farm salmon with SCP. When displacing animal
products, they also reduce animal suffering from factory farming.

Let us consider the requirement of consistently cheap, low-CO2 energy with an example. If the
energy was not low-CO:z (not from e.g. renewables, nuclear, or fossil fuels with carbon capture), the
amount of CO2 emitted could surpass the amount used to make the food many times over.
Consider H2SCP, which is among the most efficient foods studied: if it were made with U.S. grid
energy, which in 2023 had a CO:2 intensity of ~0.37 kg CO2/kWh electricity [93], at an estimated
34-44 kWh/kg H2SCP that would release 12-16 kg CO2/kg H2SCP biomass or 18-23 kg CO2eq/kg
protein. This is lower than the greenhouse gas emissions per protein of animal products like eggs
at ~42 kg CO2eq/kg protein [73], milk at ~95 [73], and whey solids at ~100 [94], but higher than
other comparable products such as soy protein isolate at ~6 [95], mycoprotein at ~5 [96], or natural
gas-based SCP at ~8 [97]. Low-CO:2 energy is the only way to beat the latter, potentially going as
low as ~1 COzeq/kg protein for H2SCP [89).

It is worth clarifying that CO:2 food technologies do not permanently remove carbon from the
atmosphere because we breathe out the CO:z again after eating the product [89]. While it is possible
to capture significant amounts of CO2 through direct air capture and reforestation of agricultural
areas—enabling the process to become carbon-negative—most environmental benefits come from
agricultural displacement. For example: if Indonesian and Malaysian palm oil were replaced with
net-zero CO: fats made exclusively with cheap renewable energy [12], ~400 million metric tons of
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CO:z2 per year could be avoided (~1% of global CO2 emissions). Significantly reduced CO2 emissions
could be achieved even if the carbon to make these synthetic fats came from natural gas instead
[12]. However, if the product was made with electricity coming from the U.S. energy mix, it would
not be any better than the palm oil in terms of greenhouse gas emissions.

Consistency in energy supply is also important because capital-intensive factories such as those
required to produce CO: foods at scale suffer economic penalties from periods of downtime. This
normally makes it hard to use intermittent renewable power, even if it became virtually free and
widely available in the near future, as some have theorized [98]. However, there are promising
methods to address this such as a hybrid solar and wind power supply, flexible operation of
subunits, and the integration of various energy and feedstock balancing technologies such as
batteries, Hz storage, and H2 gas turbines [39]. These can be used to optimize unit cost by
operating at maximum capacity at times of low electricity cost and at partial capacity the rest of
the time, potentially enabling levelized costs of electricity just under the value of $0.03/kWh (for
solar with batteries) used as a floor in the economic comparison here [39].

Lastly, technologies for conversion of CO2 and water provide access to virtually limitless resources
for food production. As an example, if one employed about a quarter of the current global
electricity capacity into H2SCP production, we could cover the entire global protein requirement of
the human population [40], using <1% of global land with solar farms [39] and no arable land at all.
As shown by Extended Data Table 2, CO2 foods are currently disadvantaged in terms of cost due to
the very high energy requirements of the process, but this could change in the future. They would
be much more likely to be cost-competitive if the devastating environmental externalities of
traditional agricultural products were incorporated in their price, such as deforestation and water
pollution from animal products or palm oil.

8.2.  Crewed space missions

Food production in space is also a compelling arena in which to apply these systems. Producing
food on location is the only viable way to expand space travel into deep space, addressing
challenges such as food quality degradation [99], nutritional degradation [100], and the large mass
requirement of sustaining a crew in the long term [101]. One key advantage of CO:-based food
production systems is how they integrate with existing life support systems: they can use the
hydrogen generated in-situ as part of oxygen generating systems to reclaim water for the crew,
much like the Sabatier-based systems of today, but with the added benefit of food production. This
results in considerable overall launch mass savings in the long term thanks to lower food resupply
needs [4], [7], [13].

Let us consider the case of a moon base: suppose a prototype H2SCP system weighed around 7,500
kg and produced 8,000-10,000 kg of food per year (enough for roughly a few dozen people,
depending on ration size). If delivering cargo to the lunar surface costs on the order of $1,000,000
per kg, then producing food locally avoids transporting ~80,000-100,000 kg of food over a 10-year
mission—an avoided delivery bill of ~$80-$100 billion on food mass alone, before counting
packaging, safety stock, and food-system hardware that typically accompanies resupply. Even if
delivered costs fell dramatically to $25,000/kg, the same avoided food shipments would still be
worth ~$2.0-$2.5 billion over a decade. In short, because the marginal cost of imported mass is so
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extreme in large-scale space missions, closing the food loop with power-to-food can plausibly save
billions to tens of billions of dollars, even after paying for a multi-ton production system upfront.

Additionally, intermediate or final products of these novel food production processes can serve as
material for the synthesis of more complex molecules. Sugars can be converted into fuels or used
as a substrate for precision fermentation, lubricants and butter substitutes can be produced from
esterified glycerol and fatty acids, and the technology and bacterial strains used for fermentation
can be used for bioplastics. Developing these technologies to fulfill basic human survival needs in
space could also serve as the foundation on top of which a biotechnology-based circular industrial
system can be built on any planet [102].

Despite achieving high power-to-food efficiencies, the lower selectivities often achieved for
nonbiological synthesis systems (synthesis of acetate, fats, and carbohydrates) and their inability
to produce fundamental micronutrients limit their applicability in closed environments such as
space missions. Efficient byproduct recycling systems, as envisioned throughout the study, would
need to be developed in order for them to make significant contributions to food production in
space. Moreover, if nonbiological systems remain unable to produce the wide range of
micronutrients that humans need to survive, it could be hard for them to take a central role in
space food production. Future research should study the suitability of both biological and
nonbiological CO2 food production systems to contribute to or even become the basis of
nutritionally complete diets for long-term deep space missions and off-world bases.

8.3.  Preventing a global catastrophic food failure

This work has studied closed environment, modular, polycentric food production systems, which
minimize or even remove key risks affecting modern food systems. When established in a location,
they are nearly or completely immune to climate variability, environmental degradation and
pollution, pests, pathogens, and trade restrictions [103]. If the energy source does not depend on
sunlight (e.g. nuclear, geothermal, or fuel-based), they would not even need sunlight to work. These
characteristics make the CO:2 food systems resilient even to extreme food disruption scenarios, at
least as long as the systems could be properly maintained. For example: abrupt sunlight reduction
scenarios (volcanic winter, nuclear winter, asteroid/comet impact winter), severe climate shifts (e.g.
abrupt changes in climate, even extreme change increasing global temperature over 10°C), and
other potential future threats that could lead to widespread plant collapse, perhaps through
engineered plant diseases [104] or mirror biology [105].

A large set of life-preserving food solutions has been proposed in response to these catastrophes
[106], including high-tech industrial food production systems similar to those described here but
based on feedstocks other than COz2, such as SCP from natural gas, synthetic fat from petroleum
wax, or sugar from lignocellulosic biomass, which would currently have lower costs [104].
Considerable uncertainty remains about the possibility of producing CO: foods at costs
comparable to these unless consistently cheap energy is widely available, but options like the
H>SCP or synthetic fats could make significant contributions to food catastrophe response in
locations that have this [40], [47], [104]. Overall, market penetration of CO2 foods would increase the
resilience of the global food system to tail risks, keeping a stable supply of food in the face of
instability and uncertainty from changing agricultural and climatic conditions.
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The extreme degree of resilience of these technologies against adverse conditions, being able to
produce food even in space, has led to their being proposed as food provision methods in isolated
refuges (underground, underwater, or extraplanetary), in order to prevent an existential
catastrophe from ending civilization or humanity itself [4], [7], [13], [107].

62


https://www.zotero.org/google-docs/?C19beA

References

[1] M. Nord and S. Bryson, "Dark Food: Feeding People in Space Without Photosynthesis,” New
Space, vol. 10, no. 2, pp. 187-192, Jun. 2022, doi: 10.1089/space.2021.0048.

[2] E.C.Hann et al, "A hybrid inorganic—biological artificial photosynthesis system for
energy-efficient food production,” Nat. Food, vol. 3, no. 6, Art. no. 6, Jun. 2022, doi:
10.1038/543016-022-00530-X.

[3] T.Zheng et al., "Upcycling CO2 into energy-rich long-chain compounds via electrochemical
and metabolic engineering,” Nat. Catal., vol. 5, no. 5, Art. no. 5, May 2022, doi:
10.1038/541929-022-00775-6.

[4] K.A.Alvarado, J. B. Garcia Martinez, S. Matassa, J. Egbejimba, and D. Denkenberger, “Food in
space from hydrogen-oxidizing bacteria,” Acta Astronaut., vol. 180, pp. 260—265, Mar. 2021, doi:
10.1016/j.actaastro.2020.12.009.

[5] P.Carillo, B. Morrone, G. M. Fusco, S. De Pascale, and Y. Rouphael, “Challenges for a Sustainable
Food Production System on Board of the International Space Station: A Technical Review,"
Agronomy, vol. 10, no. 5, Art. no. 5, May 2020, doi: 10.3390/agronomyl10050687.

[6] R.-S.Taubner et al., "Lipidomics and Comparative Metabolite Excretion Analysis of
Methanogenic Archaea Reveal Organism-Specific Adaptations to Varying Temperatures and
Substrate Concentrations,” mSystems, vol. 8, no. 2, pp. €01159-22, Mar. 2023, doi:
10.1128/msystems.01159-22.

[7] J.B.Garcia Martinez, K. A. Alvarado, X. Christodoulou, and D. Denkenberger, “Chemical
synthesis of food from CO2 for space missions and food resilience,” J. CO2 Util, vol. 53, no.
101726, Nov. 2021, doi: 10.1016/j.jcou.2021.101726.

[8] E. Dinger and U. Platt, “Towards an Artificial Carbohydrates Supply on Earth,” Front. Sustain.
Food Syst., vol. 4, 2020, doi: 10.3389/fsufs.2020.00090.

[9] C.P.O'Brien, M. J. Watson, and A. W. Dowling, “Challenges and Opportunities in Converting
COz2 to Carbohydrates,” ACS Energy Lett., vol. 7, no. 10, pp. 3509—3523, Oct. 2022, doi:
10.1021/acsenergylett.2c01550.

[10] J. Kim, "The special ingredient for Mars travel meal prep? Astronaut breath,” NPR, Jun. 12,
2023. Accessed: Jun. 13, 2023. [Online]. Available:
https:/www.npr.org/2023/06/12/1181383470/mars-astronaut-food-space

[11] C.Chen, M. Garedew, and S. W. Sheehan, "Single-Step Production of Alcohols and Paraffins
from CO2 and H2 at Metric Ton Scale,” ACS Energy Lett., vol. 7, no. 3, pp. 988—992, Mar. 2022,
doi: 10.1021/acsenergylett.2c00214.

[12] S. J. Davis et al., "Food without agriculture,” Nat. Sustain., pp. 1-6, Nov. 2023, doi:
10.1038/541893-023-01241-2.

[13] K. A. Alvarado, J. B. Garcia Martinez, M. M. Brown, X. Christodoulou, S. Bryson, and D.
Denkenberger, "Food production in space from CO2 using microbial electrosynthesis,”
Bioelectrochemistry, vol. 149, p. 108320, Feb. 2023, doi: 10.1016/j.bioelechem.2022.108320.

[14] J. B. Garcia Martinez, M. M. Brown, X. Christodoulou, K. A. Alvarado, and D. Denkenberger,
"Potential of microbial electrosynthesis for contributing to food production using CO2 during
global agriculture-inhibiting disasters,” Clean. Eng. Technol., vol. 4, Oct. 2021, doi:
10.1016/j.clet.2021.100139.

[15] L. B. E. Shields, C. M. Rolf, and J. C. Hunsaker, "Sudden death due to forced ingestion of
vinegar,” Forensic Sci. Int., vol. 266, pp. e23—e26, Sep. 2016, doi: 10.1016/j.forsciint.2016.06.031.

[16] M. Murakami, K. Mizuma, Y. Nakamura, and R. Watanabe, "Estimation of water intake from

63


https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB

"

food moisture in the Japanese diet using a cooking-based conversion factor for water content,
J. Food Sci., vol. 86, no. 2, pp. 266—275, 2021, doi: 10.1111/1750-3841.15579.

[17] S. Szepessy and P. Thorwid, “"Low Energy Consumption of High-Speed Centrifuges,” Chem. Eng.
Technol., vol. 41, no. 12, pp. 2375—-2384, 2018, doi: 10.1002/ceat.201800292.

[18] K. Gayen, T. K. Bhowmick, and S. K. Maity, Sustainable Downstream Processing of Microalgae for
Industrial Application. CRC Press, 2019.

[19] C. Baker and K. McKenzie, "Energy consumption of industrial spray dryers,” Dry. Technol., vol.
23, no. 1-2, pp. 365-386, 2005, doi: 10.1081/drt-200047665.

[20] M. Martin, M. J. Bustamante, I. Zauli, and F. Orsini, "Environmental life cycle assessment of an
on-site modular cabinet vertical farm,” Front. Sustain. Food Syst., vol. 8, Aug. 2024, doi:
10.3389/fsufs.2024.1403580.

[21] USDA, “Lettuce, iceberg, raw,” FoodData Central. U.S. Department of Agriculture, Agricultural
Research Service. [Online]. Available: https:/fdc.nal.usda.gov/food-details/2346388/nutrients

[22] R. A. Slattery and D. R. Ort, "Photosynthetic Energy Conversion Efficiency: Setting a Baseline
for Gauging Future Improvements in Important Food and Biofuel Crops,” Plant Physiol., vol.
168, no. 2, pp. 383—392, Jun. 2015, doi: 10.1104/pp.15.00066.

[23] R. E. Blankenship et al., "Comparing Photosynthetic and Photovoltaic Efficiencies and
Recognizing the Potential for Improvement,” Science, vol. 332, no. 6031, pp. 805-809, May 2011,
doi: 10.1126/science.1200165.

[24] K. J. McCree, "Photosynthetically Active Radiation,” in Physiological Plant Ecology I: Responses to
the Physical Environment, O. L. Lange, P. S. Nobel, C. B. Osmond, and H. Ziegler, Eds., Berlin,
Heidelberg: Springer, 1981, pp. 41-55. doi: 10.1007/978-3-642-68090-8_3.

[25] E. Hallikainen, "Life cycle assessment on vertical farming,” Aalto University, 2018. [Online].
Available:
https:/aaltodoc.aalto.fi/server/api/core/bitstreams/cb017d38-a7ce-4a00-bbc4-6961d2a3302c/co
ntent

[26] P. Kusuma, P. M. Pattison, and B. Bugbee, "From physics to fixtures to food: current and
potential LED efficacy,” Hortic. Res., vol. 7, no. 1, pp. 1-9, Mar. 2020, doi:
10.1038/541438-020-0283-7.

[27] Cree, Inc, "Industry’s Brightest, Most Efficient Royal Blue LED By Cree,” LED professional - LED
Lighting Technology, Application Magazine. Accessed: Jan. 15, 2025. [Online]. Available:
https:/www.led-professional.com/products/leds_led_modules/industry2019s-brightest-most-e
fficient-royal-blue-led-by-cree

[28] K. Horomia and H. Gordon-Smith, "Global CEA Census Report,” WayBeyond Ltd and
Agritecture LLC, 2021. [Online]. Available:
https:/engage.farmroad.io/hubfs/2021%20Global%20CEA%20Census%20Report.pdf

[29] A. Tzachor, A. Smidt-Jensen, A. Ramel, and M. Geirsdéttir, “Environmental Impacts of
Large-Scale Spirulina (Arthrospira platensis) Production in Hellisheidi Geothermal Park
Iceland: Life Cycle Assessment,” Mar. Biotechnol., vol. 24, no. 5, pp. 991-1001, Oct. 2022, doi:
10.1007/s10126-022-10162-8.

[30] USDA, "Flour, whole wheat, unenriched - Nutrients - Foundation | USDA FoodData Central.”
Accessed: Feb. 20, 2026. [Online]. Available:
https:/fdc.nal.usda.gov/food-details/790085/nutrients

[31] J. Throup, J. B. Garcia Martinez, B. Bals, J. Cates, J. Pearce, and D. Denkenberger, “Rapid
repurposing of pulp and paper mills, biorefineries, and breweries for lignocellulosic sugar
production in global food catastrophes,” Food Bioprod. Process., vol. 131, pp. 22—39, Jan. 2022,
doi: 10.1016/j.fbp.2021.10.012.

[32] USDA, "Nutritional values of Seaweed, spirulina, dried.” Accessed: Nov. 07, 2022. [Online].

64


https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB

Available: https:/fdc.nal.usda.gov/fdc-app.html#/food-details/170495/nutrients

[33] E. Touloupakis, B. Cicchi, and G. Torzillo, "A bioenergetic assessment of photosynthetic growth
of Synechocystis sp. PCC 6803 in continuous cultures,” Biotechnol. Biofuels, vol. 8, no. 1, p. 133,
Sep. 2015, doi: 10.1186/s13068-015-0319-7.

[34] I. Pikaar et al., "Decoupling Livestock from Land Use through Industrial Feed Production
Pathways,” Environ. Sci. Technol., vol. 52, no. 13, pp. 7351-7359, Jul. 2018, doi:
10.1021/acs.est.8b00216.

[35] M. L. Shuler and F. Kargi, "STOICHIOMETRY OF MICROBIAL GROWTH AND PRODUCT
FORMATION;," in Bioprocess engineering: basic concepts, 2. ed., 14. print., in Prentice Hall PTR
international series in the physical and chemical engineering sciences. , Upper Saddle River,
NJ: Prentice Hall PTR, 2002.

[36] B. S. Crandall, M. Harland-Dunaway, R. E. Jinkerson, and F. Jiao, "Electro-agriculture:
Revolutionizing farming for a sustainable future,” Joule, vol. 8, no. 11, pp. 2974—2991, Nov. 2024,
doi: 10.1016/j.joule.2024.09.011.

[37] USDA, "Nutritional values of yeast, 5% water." Accessed: Jul. 26, 2023. [Online]. Available:
https:/fdc.nal.usda.gov/fdc-app.html#/food-details/2345532/nutrients

[38] D. Humbird, “Scale-Up Economics for Cultured Meat: Techno-Economic Analysis and Due
Diligence,” Dec. 29, 2020, Engineering Archive. doi: 10.31224/0sf.io/795su.

[39] M. Fasihi, F. Jouzi, P. Tervasmaki, P. Vainikka, and C. Breyer, "Global potential of sustainable
single-cell protein based on variable renewable electricity,” Nat. Commun., vol. 16, no. 1, p. 1496,
Feb. 2025, doi: 10.1038/541467-025-56364-1.

[40] J. B. Garcia Martinez, J. Egbejimba, J. Throup, S. Matassa, J. Pearce, and D. Denkenberger,
"Potential of microbial protein from hydrogen for preventing mass starvation in catastrophic
scenarios,” Sustain. Prod. Consum., vol. 25, pp. 234—247, Jan. 2021, doi:
https:/doi.org/10.1016/j.spc.2020.08.011.

[41] Solar Foods, "Open EFSA," European Food Safety Authority. Accessed: Feb. 20, 2026. [Online].
Available: https:/open.efsa.europa.eu

[42] W. Atwater and A. Bryant, “The availability and fuel value of food materials. Conn Agr Expt Sta
12th Ann Rpt,” Proceedings, 1900.

[43] D. Lamers et al., “Selection of oleaginous yeasts for fatty acid production,” BMC Biotechnol., vol.
16, no. 1, p. 45, May 2016, doi: 10.1186/s12896-016-0276-7.

[44] H. Greenfield and D. A. T. Southgate, Food Composition Data: Production, Management, and Use -
p. 146. Rome: FAQ, 2003. [Online|. Available: https:/books.google.es/books?id=KQRzKDrgbgcC

[45] S.-A. Theofanidis, K. Stergiou, E. Delikonstantis, and G. D. Stefanidis, "On the Electrification of
CO2-Based Methanol Synthesis via a Reverse Water—Gas Shift: A Comparative
Techno-Economic Assessment of Thermo-Catalytic and Plasma-Assisted Routes,” Ind. Eng.
Chem. Res., vol. 63, no. 27, pp. 12035-12052, Jul. 2024, doi: 10.1021/acs.iecr.4c00301.

[46] H. Gruber et al., "A novel production route and process optimization of biomass-derived
paraffin wax for pharmaceutical application,” J. Clean. Prod., vol. 275, p. 124135, Dec. 2020, doi:
10.1016/j.jclepro.2020.124135.

[47] J. B. Garcia Martinez, K. A. Alvarado, and D. Denkenberger, “Synthetic fat from petroleum as a
resilient food for global catastrophes: Preliminary techno-economic assessment and
technology roadmap,” Chem. Eng. Res. Des., vol. 177, pp. 255—272, Jan. 2022, doi:
10.1016/j.cherd.2021.10.017.

[48] R. J. Detz et al., "Electrochemical CO2 conversion technologies: state-of-the-art and future
perspectives,” Sustain. Energy Fuels, vol. 7, no. 23, pp. 5445-5472, Nov. 2023, doi:
10.1039/D3SE00775H.

[49] L. Jourdin, J. Sousa, N. van Stralen, and D. P. B. T. B. Strik, “Techno-economic assessment of

65


https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB

microbial electrosynthesis from CO2 and/or organics: An interdisciplinary roadmap towards
future research and application,” Appl. Energy, vol. 279, p. 115775, Dec. 2020, doi:
10.1016/j.apenergy.2020.115775.

[50] A. Jacobi and C. Posten, "Energy Considerations of Photobioreactors,” in Algae for Biofuels and
Energy, M. A. Borowitzka and N. R. Moheimani, Eds., Dordrecht: Springer Netherlands, 2013, pp.
223—232. doi: 10.1007/978-94-007-5479-9_13.

[51] J. Bailey-Serres, J. E. Parker, E. A. Ainsworth, G. E. D. Oldroyd, and J. I. Schroeder, "Genetic
strategies for improving crop yields,” Nature, vol. 575, no. 7781, pp. 109-118, Nov. 2019, doi:
10.1038/541586-019-1679-0.

[52] B. S. Crandall et al., "Kilowatt-scale tandem CO2 electrolysis for enhanced acetate and ethylene
production,” Nat. Chem. Eng., vol. 1, no. 6, pp. 421-429, Jun. 2024, doi:
10.1038/544286-024-00076-8.

[53] FAO, "FAOSTAT - Food and Agriculture Organization Corporate Statistical Database.” 2026.
[Online]. Available: https:/www.fao.org/faostat/en/#home

[54] S. J. Lovat, E. Noor, and R. Milo, “Vertical farming limitations and potential demonstrated by
back-of-the-envelope calculations,” Plant Physiol., vol. 198, no. 3, p. kiafos6, Jul. 2025, doi:
10.1093/plphys/kiafos6.

[55] World Bank, “World Bank Pink Sheet - Commodity Markets,” World Bank. Accessed: Feb. 06,
2025. [Online]. Available: https:/www.worldbank.org/en/research/commodity-markets

[56] J. A. V. Costa, B. C. B. Freitas, G. M. Rosa, L. Moraes, M. G. Morais, and B. G. Mitchell,
"Operational and economic aspects of Spirulina-based biorefinery,” Bioresour. Technol., vol. 292,
p- 121946, Nov. 2019, doi: 10.1016/j.biortech.2019.121946.

[57] Global Dairy Trade, "GDT Events Results.” Accessed: Mar. 05, 2025. [Online]. Available:
https:/www.globaldairytrade.info/en/product-results/

[58] Lindsay Brownell, “Circe Bioscience licenses technology to decarbonize industry with
microbes developed at Wyss Institute at Harvard University,” Wyss Institute. Accessed: Mar.
05, 2025. [Online]. Available:
https:/wyss.harvard.edu/news/circe-bioscience-licenses-technology-to-decarbonize-industry-
with-microbes-developed-at-wyss-institute-at-harvard-university/

[59] T. Mékinen, “Solar Foods launches Solein® in the United States,” Solar Foods. Accessed: Mar. 06,
2025. [Online]. Available:
https:/solarfoods.com/solar-foods-launches-solein-in-the-united-states/

[60] T. Mékinen, “Solar Foods announces an investment plan for Europe’s single largest emission
reduction moonshot project,” Solar Foods. Accessed: Mar. 18, 2025. [Online]. Available:
https:/solarfoods.com/solar-foods-announces-an-investment-plan-for-europes-single-largest-e
mission-reduction-moonshot-project/

[61] USDA, "Weekly National Egg Products,” United States Department of Agriculture, Agricultural
Marketing Service, 2025. [Online]. Available:
https:/www.ams.usda.gov/mnreports/ams_2842.pdf

[62] CLAL, "World: Price of Whey Protein Concentrate (WPC)." Accessed: Mar. 18, 2025. [Online].
Available: https:/www.clal.it/en/index.php?section=demi

[63] USDA, "Announcement of Advanced Prices and Pricing Factors.” United States Department of
Agriculture, Feb. 20, 2025. [Online]. Available:
https:/www.ams.usda.gov/mnreports/dymadvancedprices.pdf

[64] D. Leger, S. Matassa, E. Noor, A. Shepon, R. Milo, and A. Bar-Even, "Photovoltaic-driven
microbial protein production can use land and sunlight more efficiently than conventional
crops,” Proc. Natl. Acad. Sci., vol. 118, no. 26, Jun. 2021, doi: 10.1073/pnas.2015025118.

[65] FAO, FOOD BALANCE SHEETS - A Handbook. Rome: Food & Agriculture Organization of the

66


https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB

United Nations, 2001. Accessed: Feb. 11, 2026. [Online]. Available:
https:/www.fao.org/4/x9892e/X9892e05.htm

[66] J. Poore and T. Nemecek, “"Reducing food's environmental impacts through producers and
consumers,” Science, vol. 360, no. 6392, pp. 987—992, Jun. 2018, doi: 10.1126/science.aaq0216.

[67] National Corn Growers Association, “"National Corn Yield Contest 2023 Winners Announced,’
National Corn Growers Association. Accessed: Feb. 25, 2026. [Online]. Available:
https:/ncga.com/stay-informed/media/in-the-news/article/2023/12/national-corn-yield-contest
-2023-winners-announced

[68] USDA, “Corn grain, yellow - Nutrients - SR Legacy | USDA FoodData Central.” Accessed: Feb.
25, 2026. [Online]. Available: https:/fdc.nal.usda.gov/food-details/170288/nutrients

[69] KWS, “"Sugarbeet Record Harvest - Farmer s view - Miracle Yield - Profitability: Made by
Breeding - Sugarbeet - Products - Home- KWS UK Ltd.,” KWS UK Ltd. Accessed: Feb. 25, 2026.
[Online]. Available:
https:/www.kws.com/gb/en/news-and-events/innovation/sugarbeet/profitability-made-by-bre
eding/miracle-yield/farmers-view/

[70] FAO, "Sugar Beet White Sugar - FAO Agribusiness Handbook," 2009. [Online]. Available:
https:/www.fao.org/fileadmin/user_upload/tci/docs/AH1-%28eng%29Sugar%20beet%20white%
20sugar.pdf

[71] P. Pacheco, S. Gnych, A. Dermawan, H. Komarudin, and B. Okarda, “The palm oil global value
chain: Implications for economic growth and socialand environmental sustainability,” CIFOR,
CGIAR, Indonesia, Working Paper 220, 2017. doi: 10.17528/cifor/006405.

[72] USDA, "Oil, palm - Nutrients - SR Legacy | USDA FoodData Central." Accessed: Feb. 25, 2026.
[Online]. Available: https:/fdc.nal.usda.gov/food-details/171015/nutrients

[73] J. Poore and T. Nemecek, “"Reducing food's environmental impacts through producers and
consumers,” Science, vol. 360, no. 6392, pp. 987—992, Jun. 2018, doi: 10.1126/science.aaq0216.

[74] I. Ermanoski, C. Tatalovich, R. Ghotkar, J. E. Miller, and E. B. Stechel, "From renewable energy
to edible fungi: Bypassing photosynthesis toward planetary sustainability,” Sustain., vol. 7, p.
100259, Jun. 2026, doi: 10.1016/j.nxsust.2026.100259.

[75] O. P. Caviglia, V. O. Sadras, and F. H. Andrade, "Intensification of agriculture in the
south-eastern Pampas: I. Capture and efficiency in the use of water and radiation in
double-cropped wheat—soybean,” Field Crops Res., vol. 87, no. 2, pp. 117-129, May 2004, doi:
10.1016/j.fcr.2003.10.002.

[76] D. BilandZija et al., "Comparing the Grain Yields and Other Properties of Old and New Wheat
Cultivars,” Agronomy, vol. 13, no. 8, Art. no. 8, Aug. 2023, doi: 10.3390/agronomy13082090.

[77] O. Lasek, J. Barteczko, J. Baré, and P. Micek, "Nutrient Content of Different Wheat and Maize
Varieties and Their Impact on Metabolizable Energy Content and Nitrogen Utilization by
Broilers,” Animals, vol. 10, no. 5, May 2020, doi: 10.3390/ani10050907.

[78] E. S. Cassidy, P. C. West, J. S. Gerber, and J. A. Foley, “"Redefining agricultural yields: from
tonnes to people nourished per hectare,” Environ. Res. Lett., vol. 8, no. 3, p. 034015, Sep. 2013, doi:
10.1088/1748-9326/8/3/034015.

[79] European Commission, "HORIZON 2020 WORK PROGRAMME 2014 — 2015, General Annexes
(European Commission Decision C, Annex G, Technology Readiness Levels (TRL)," 2014.
[Online]. Available:
https:/ec.europa.eu/research/participants/data/ref/h2020/wp/2014_2015/annexes/h2020-wp14
15-annex-g-trl_en.pdf

[80] G. A. Buchner, K. J. Stepputat, A. W. Zimmermann, and R. Schomaécker, "Specifying Technology
Readiness Levels for the Chemical Industry,” Ind. Eng. Chem. Res., vol. 58, no. 17, pp. 6957—6969,
May 2019, doi: 10.1021/acs.iecr.8b05693.

67


https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB

m

[81] FarmingUK, "Vertical farm trial growing wheat produces 'exceptional results,” FarmingUK.
Accessed: May 26, 2025. [Online]. Available:
https:/www.farminguk.com/news/vertical-farm-trial-growing-wheat-produces-exceptional-re
sults-_61512.html

[82] Bustanica, "Bustanica.” Accessed: May 26, 2025. [Online|. Available: https:/www.bustanica.ae/

[83] Claire A. O'Shea, "NASA Selects Winners, Announces Final Phase of Space Food Challenge,”
NASA, May 19, 2023. Accessed: May 26, 2025. [Online]. Available:
https:/www.nasa.gov/news-release/nasa-selects-winners-announces-final-phase-of-space-food
-challenge/

[84] Solar Foods, "Factory 01." Accessed: May 26, 2025. [Online|. Available:
https:/solarfoods.com/factory-01/

[85] E. Watson, “Aerobic gas fermentation: the final frontier in novel fats?,” AgFunderNews.
Accessed: May 26, 2025. [Online]. Available:
https:/agfundernews.com/aerobic-gas-fermentation-the-final-frontier-in-novel-fats

[86] Lee Mohon, "NASA Awards $750,000 in Competition to Convert Carbon Dioxide into Sugar -
NASA," Aug. 24, 2021. Accessed: May 26, 2025. [Online]. Available:
https:/www.nasa.gov/centers-and-facilities/marshall/nasa-awards-750000-in-competition-to-
convert-carbon-dioxide-into-sugar/

[87] Breakthrough Energy, “Savor." Accessed: May 26, 2025. [Online]. Available:
https:fwww.breakthroughenergy.org/lookbook/savor/

[88] O. Cabau-Peinado et al., "Microbial electrosynthesis from CO2 reaches productivity of syngas
and chain elongation fermentations,” Trends Biotechnol., vol. 42, no. 11, pp. 1503—-1522, Nov.
2024, doi: 10.1016/j.tibtech.2024.06.005.

[89] N. Jarvig, N.-L. Maljanen, Y. Kobayashi, T. Ryynéanen, and H. L. Tuomisto, “An attributional life
cycle assessment of microbial protein production: A case study on using hydrogen-oxidizing
bacteria,” Sci. Total Environ., vol. 776, p. 145764, Jul. 2021, doi: 10.1016/j.scitotenv.2021.145764.

[90] B. Pander et al., "Hydrogen oxidising bacteria for production of single-cell protein and other
food and feed ingredients,” Eng. Biol., vol. 4, no. 2, pp. 21-24, May 2020, doi:
10.1049/enb.2020.0005.

[91] C. Greene, C. Scott-Buechler, A. Hausner, Z. Johnson, X. Lei, and M. Huntley, “Transforming the
Future of Marine Aquaculture: A Circular Economy Approach,” Oceanography, vol. 35, no. 2, pp.
26—34, Jan. 2022, doi: 10.5670/oceanog.2022.213.

[92] Y. Kobayashi, T. Kotilainen, G. Carmona-Garcia, A. Leip, and H. L. Tuomisto, “Vertical farming:
A trade-off between land area need for crops and for renewable energy production,” J. Clean.
Prod., vol. 379, p. 134507, Dec. 2022, doi: 10.1016/j.jclepro.2022.134507.

[93] EIA, "How much carbon dioxide is produced per kilowatthour of U.S. electricity generation?,’
U.S. Energy Information Administration. Accessed: Mar. 11, 2025. [Online]. Available:
https:/www.eia.gov/tools/fags/faq.php

[94] D. Kim, G. Thoma, D. Nutter, F. Milani, R. Ulrich, and G. Norris, "Life cycle assessment of cheese
and whey production in the USA," Int. J. Life Cycle Assess., vol. 18, no. 5, pp. 1019-1035, Jun. 2013,
doi: 10.1007/511367-013-0553-9.

[95] A. Lie-Piang, N. Braconi, R. M. Boom, and A. Van Der Padt, “Less refined ingredients have lower
environmental impact — A life cycle assessment of protein-rich ingredients from oil- and
starch-bearing crops,” J. Clean. Prod., vol. 292, p. 126046, Apr. 2021, doi:
10.1016/j.jclepro.2021.126046.

[96] Quorn, “"Carbon Footprinting Emissions Report,”’ 2024. [Online]. Available:
https:/www.quorn.co.uk/assets/files/content/Carbon_Footprint_Results-UK_2024.pdf

[97] T. Cumberlege, T. Blenkinsopp, and J. Clark, “Assessment of environmental impact of FeedKind

68


https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB

protein,” p. 26, Mar. 2016, doi:
https:/prod-drupal-files.storage.googleapis.com/documents/resource/public/Assessment%200f
%20environmental%20footprint%200f%20FeedKind%20protein%20-%20REPORT.pdf.

[98] A. Dorr and T. Seba, “Rethinking Energy 2020 to 2030," RethinkX, Nov. 2020. [Online].
Available: https:/doi.org/10.61322/KRFH3351

[99] P. M. Catauro and M. H. Perchonok, "Assessment of the Long-Term Stability of Retort Pouch
Foods to Support Extended Duration Spaceflight,” J. Food Sci., vol. 77, no. 1, pp. S29—S39, 2012,
doi: 10.1111/].1750-3841.2011.02445.X.

[100] M. Cooper, G. Douglas, and M. Perchonok, "Developing the NASA Food System for
Long-Duration Missions,” J. Food Sci., vol. 76, no. 2, pp. R40-R438, 2011, doi:
10.1111/j.1750-3841.2010.01982.%.

[101] D.J.Barta and D. L. Henninger, “"Regenerative life support systems—Why do we need
them?,” Adv. Space Res., vol. 14, no. 11, pp. 403—410, Nov. 1994, doi: 10.1016/0273-1177(94)90329-8.

[102] A.J. Berliner et al,, "Towards a Biomanufactory on Mars,” Front. Astron. Space Sci., vol. 8, Jul.
2021, doi: 10.3389/fspas.2021.711550.

[103] A.Tzachor, C. E. Richards, and L. Holt, “"Future foods for risk-resilient diets,” Nat. Food, vol.
2, no. 5, pp. 326—329, May 2021, doi: 10.1038/543016-021-00269-X.

[104] J.B. Garcia Martinez, J. Behr, and D. Denkenberger, “Food without agriculture: Food from
CO2, biomass and hydrocarbons to secure humanity's food supply against global catastrophe,’
Trends Food Sci. Technol., vol. 150, Aug. 2024, doi: https:/doi.org/10.1016/j.tifs.2024.104609.

[105] K.P.Adamala et al., "Confronting risks of mirror life,” Science, vol. 386, no. 6728, pp.
1351-1353, Dec. 2024, doi: 10.1126/science.ads9158.

[106] J.B. Garcia Martinez, J. Behr, J. Pearce, and D. Denkenberger, "Resilient foods for
preventing global famine: a review of food supply interventions for global catastrophic food
shocks including nuclear winter and infrastructure collapse,” Crit. Rev. Food Sci. Nutr., vol. 0, no.
0, pp- 1-27, Feb. 2025, doi: 10.1080/10408398.2024.2431207.

[107] S.D.Baum, D. Denkenberger, and J. Haqq-Misra, “Isolated refuges for surviving global
catastrophes,” Futures, vol. 72, pp. 45—56, Sep. 2015, doi: 10.1016/j.futures.2015.03.0009.

69


https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB
https://www.zotero.org/google-docs/?FzWSmB

	1​Introduction 
	2​Results 
	2.1​Power-to-food efficiency 
	2.2​Cost of CO₂ foods 
	2.3​Land productivity of PV-driven CO₂-to-food technologies 

	3​Discussion 
	4​Methods 
	4.1​Selection of CO₂-based food systems 
	4.2​Energy efficiency of CO₂-based food systems 
	4.3​Land productivity of CO₂-based food systems 
	4.4​Case study: hydrogen oxidizing bacteria versus photosynthesis 

	References 
	Extended data 
	SUPPLEMENT 
	CO₂-to-food pathways via synthetic fat and H₂ microbial protein outperform alternatives on energy, cost and land use 
	 
	1.​Literature review of CO₂-based food systems 
	2.​Energy efficiency of CO₂-based power-to-food systems 
	1.1.1​Artificial light (lettuce) 
	1.1.2​Artificial light (wheat) 
	1.1.3​Microalgae SCP via photosynthesis (Spirulina photobioreactor) 
	1.1.4​Microalgae SCP via acetate 
	1.1.5​Nutritional yeast SCP via acetate 
	1.1.6​Nutritional yeast SCP via synthetic carbohydrates 
	1.1.7​Microbial protein from hydrogen (H₂SCP) 
	1.1.8​Carbohydrate synthesis 
	1.1.9​Chemical fat synthesis 
	1.1.10​Electrochemical synthesis of acetate 
	1.1.11​Microbial electrosynthesis of acetate 

	3.​Energy efficiency estimation: comparison with literature and key uncertainties 
	4.​Production cost of CO₂-based power-to-food systems 
	5.​Land productivity of CO₂-based power-to-food systems 
	6.​Comparison between power-to-food systems and conventional photosynthesis 
	7.​Technology readiness Level (TRL) of CO₂-based power-to-food systems 
	8.​Applications of CO₂ power-to-food production 
	8.2.​Crewed space missions 
	8.3.​Preventing a global catastrophic food failure 

	References 

