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Abstract

The agriculture industry relies on biogenic photosynthesis to meet world demands for
carbohydrates that are used for food and consumer products. However, this biogenic approach
requires extensive land and water resources, produces significant greenhouse gas (GHG)
emissions, and pollutes freshwater sources with excess nitrogen fertilizers. As the global
population increases, the demand for carbohydrates will surpass what biogenic photosynthesis can
supply, and negative environmental impacts will be exacerbated. In principle, edible carbohydrates
could be synthesized artificially from CO,. Compared to the current biogenic approach, artificial
carbohydrate synthesis from CO; has significantly lower GHG emissions, reduced freshwater
requirements, a smaller physical footprint, and no need for fertilizers or pesticides. Converting
CO> to edible carbohydrates is a significant challenge, however, because of the high
thermodynamic stability of CO., the high complexity of carbohydrates, and the required scale of
such a process. This Perspective examines these challenges, and identifies opportunities for
scientific innovation to enable commercially-viable artificial carbohydrate synthesis from CO> at

gigaton-per-year scales.
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The emission of anthropogenic greenhouse gases (GHGs) has increased steadily since the
Industrial Revolution, primarily from the excessive extraction and use of fossil fuels, increasing
the concentration of CO; in the atmosphere from the pre-industrial value of ~280 ppm to the
current value of ~420 ppm.' Consequently, the global surface temperature has increased by at least
1.1 °C compared to pre-industrial levels.? The Paris Agreement set a goal to limit the global
temperature increase to well below 2 °C and preferably below 1.5 °C compared to pre-industrial
temperatures.® Utilizing renewable energy sources is probably the best route to solving the GHG
emissions problem in the long term. However, achieving 100% renewable energy is not feasible
in the near term and fossil fuels will continue to be a significant energy carrier for decades.*
Limiting global warming to less than 2 °C will therefore require the development of carbon
capture, utilization, and storage technologies that remove tens of gigatons of CO> per year

(GtCOa/y) from the air and either utilize it or store it permanently.>®

While carbon capture and storage (CCS) in geological formations or in oceans will likely
be required to prevent greater than 2 °C global warming,® there are significant concerns regarding
the feasibility of CCS,’ the possibility of leakage,® increasing ocean acidity,” and the high cost
(greater than $1 trillion annually®). Utilizing the captured CO> to create a revenue stream may be
a better alternative to CCS. COz can be used directly for a variety of applications (drink
carbonation, enhanced oil recovery), or used as a renewable feedstock to produce valuable
products such as fuels, chemicals, and even potentially food (carbohydrates).!*!> The main
challenge of carbon capture and utilization (CCU) is the sheer magnitude of the task in both the
physical capacity and cost. For example, it is estimated that ~10 Gt of CO2 must be removed from
the air every year to prevent 2 °C global warming (by 2050),> yet there are few products with a

global market at the Gt/y level. In fact, liquid fuels (~2 Gt/y currently'®) and cereal grains (~3 to 4



Gt/y of corn, wheat, and rice!*!”) are the only carbon-based products that are currently produced
at the Gt/y levels. In other words, the only two applications of CCU that could scale to the

necessary Gt/y levels are liquid fuels production and artificial food production.

This Perspective focuses on artificial synthesis of carbohydrates from CO; to supplement
or replace industrial agriculture for starch and sugar production at Gt/y scales. Artificial
carbohydrate synthesis from CO; could mitigate the substantial environmental impacts associated
with industrial agriculture and simultaneously mitigate water and food scarcity in underdeveloped
nations. It could also be used as a food and life support system in isolated bunkers to reduce
existential risk in the event of a global agricultural catastrophe, such as super volcanic eruptions,

climate change, or nuclear winter.'®

The Environmental Impacts of Industrial Agriculture. The industrialization of food
production over the past century has enabled the world population to grow from ~1.6 billion in
1900 to nearly 8 billion currently.!” Much of the increase in the food productivity over the past
century is attributed to the excessive use of fertilizers, which are responsible for ~10 to 37% of
global GHG emissions (~5 to 20 GtCOzeq/y),'>!3?! depending on where boundaries are drawn,
and ~78% of water pollution from eutrophication.!” Industrial agriculture is also resource
intensive, using ~38 to 43% of global habitable land (~1.5 billion hectares for cropland and ~3.4
billion hectares for grazing land)!**? and ~70% of global freshwater supplies.!® A 2015 report®*
by the Food and Agriculture Organization of the United Nations estimated that the environmental
costs (natural capital) of industrialized crop production are currently ~$1.15 trillion per year, which
is 170% of the production value of the crops. Furthermore, there is a gross inequality in the access

to food across the globe with nearly one billion people underfed in developing countries.?>?42



The global demand for food is expected to increase by 50 to 100% by the end of the century
due to combination of the increase in the global population to 10 to 12 billion by the end of the
century, and the increase in per-capita food consumption.?® At the same time, climate change will
reduce crop yields, which will exacerbate food insecurity and lead to more malnutrition globally.?’
As most uncultivated land plays important ecological roles, there are few prospects to expand the
1.5 billion hectares of cropland currently under cultivation. Thus, another crisis in addition to
managing GHG emissions is feeding the growing population without further destroying the
environment. This will require radically different approaches to how we produce food, including

potentially artificial food production.?®
ARTIFICIAL CARBOHYDRATE SYNTHESIS: PRACTICAL ASPECTS

Carbohydrates (starch and sugar) are the main energy source for humans, making up ~50
to 70% of human caloric needs.?’ Currently, humans get carbohydrates from staple foods such as
wheat, corn, rice, potatoes, fruits and vegetables, which synthesize starch and sugar using CO»,
water, and sunlight (photosynthesis). Because of the high complexity of photosynthesis, which
involves over 60 steps,'? the energy efficiency of photosynthesis is very low. The theoretical
maximum energy efficiency (solar energy to carbohydrates) of photosynthesis is only 4.6% for C3
plants (e.g. wheat, rice) or 6.0% for C4 plants (e.g. corn, sugarcane).>* However, the global average
efficiency of biogenic photosynthesis is actually much lower (less than 1%°!) because the
conditions (sunlight, water, and temperature) that are optimal for photosynthesis are rarely
satisfied. Consequently, vast land areas, as well as large amounts of fertilizers and water, are

required to produce the Gt/y of carbohydrates that are necessary to feed the global population.

In principle, starch and sugar could be produced artificially from CO> with greater

efficiency and with much lower environmental impacts than industrial agriculture.'%!? For
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example, Cai et al.'? estimated that the theoretical maximum solar-to-starch efficiency for artificial
synthesis of starch from CO; (~9%) is ~1.5 to 2 times greater than the maximum theoretical
efficiency of biogenic photosynthesis (~4.6 to 6.0%>). Dinger and Platt'® also estimated that the
theoretical solar-to-food efficiency of artificial sugar production from COz (6 to 15%) is
significantly greater than that of photosynthesis, and Garcia Martinez et al.!! also concluded that
a food production system based on glycerol is viable using existing technologies with efficiencies

(electricity-to-food) of ~10 to 21%.

In addition to higher theoretical efficiency, artificial carbohydrate synthesis also does not
require nitrogen fertilizers (or herbicides or pesticides), and therefore could mitigate tens of
GtCOzeq/y of GHG emissions as well as mitigate water pollution from nitrogen fertilizers.
Artificial carbohydrate synthesis also has a substantially reduced physical footprint compared to
agriculture and thus could free up billions of hectares of land that is currently used for agriculture,
and use that land for renewable energy generation (wind and solar farms) or for carbon capture
(reforestation) to further mitigate GHG emissions. Most (~77%) of the land that is currently used
for agriculture is used for livestock feed, including grazing land and land used for animal feed
production, with the remaining ~23% used for crop production.* Artificial carbohydrate synthesis
could be used for animal food production, but it would not eliminate the need for grazing land, a
major drive of land usage. Artificial carbohydrate synthesis also has drastically reduced freshwater
requirements compared to agriculture. While crop production requires about 1,300 to 1,600 Gt of
water per Gt of crop produced for irrigation (Table 1),>!** artificial carbohydrate synthesis would
in theory require less than 1 kg of water per kg of carbohydrate, although practical water
requirements may be significantly greater than 1 kg in a mature artificial carbohydrate synthesis

industry. '



Artificial carbohydrate synthesis could also address global food insecurity, which currently

22.24.25 and “diminishes global economic productivity

affects nearly one billion people worldwide
by 2% — 3% annually (USD 1.4 — 2.1 trillion), with individual country costs estimated at up to
10% of country GDP”.?” There are many different drivers of global food insecurity,?® including
fossil fuel prices, rising demand for food, climate change, natural resource (i.e. water, land)
availability and degradation, trade markets, investments in agriculture (which have been declining
for decades), and increasing biofuel production. Artificial carbohydrate synthesis would address
most—but not all—of these drivers to potentially create a more secure global food system. For
example, food prices (and hence food security) are currently tied to fossil fuel prices, but artificial
carbohydrate synthesis powered by renewable electricity would require little, if any, fossil fuel
inputs. Artificial carbohydrate synthesis also has reduced freshwater and land requirements, and is
less sensitive to changes in global temperatures and CO: levels, than industrial agriculture.
Artificial carbohydrate synthesis would also address the rising demand for food by increasing the
food production capacity of the planet beyond what is possible by crop production. In developing
countries that rely heavily on imported food, which is sensitive to global trade markets, artificial
carbohydrate synthesis could potentially stabilize food prices and food security (depending on the
stability of renewable electricity prices). A key driver of food insecurity, which artificial
carbohydrate synthesis would not address, is the declining investments in agriculture over the past

few decades. Substantial increases in funding for research and development will be required over

the next several decades to deploy artificial carbohydrate synthesis industries at Gt/y scales.

Direct Comparison of Industrial Agriculture and Artificial Carbohydrate Synthesis.
Table 1 summarizes several key metrics associated with industrial agriculture and artificial

carbohydrate synthesis side-by-side for comparison: technology readiness level (TRL), energy



intensity, GHG emissions intensity, water intensity, and land-use intensity. All of the metrics listed
in Table 1, except the TRL, are given with the basis of producing 1 Gt of carbohydrate. The TRL
of artificial carbohydrate synthesis is approximately 3 to 4, which represents characteristic proof-
of-concept (TRL 3) or system validation in laboratory environment (TRL 4). Industrial agriculture,
on the other hand, is at the highest TRL level of 9. Sample calculations for the values in Table 1
can be found in the Supporting Information (SI). For artificial carbohydrate synthesis, Table 1
reports the nominal case and Figure 1 and Figure S1 (in the SI) reports ranges computed via

multivariable sensitivity analyses.

Table 1. Key metrics associated with industrial agriculture and artificial carbohydrate synthesis.

Industrial Artificial Carbohydrate
Agriculture Synthesis
Technology Readiness Level (TRL) 9 3to4
Energy Intensity (TWh/Gt carbohydrate) 300 to 2,000 14,000
GHG Emissions Intensity (GtCO2eq/Gt carb.) 2 -1.3
Land-use Intensity (million hectares/Gt carb.) 400 0.7
Water Intensity (GtH2O/Gt carb.) 1,300 to 1,600 1
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Figure 1. Tornado diagrams visualize the sensitivity of four system performance metrics — (a)
energy intensity, (b) GHG emissions intensity, (c) land-use intensity, and (d) cost — with respect
to single dimension perturbations of key input parameters: direct air capture (DAC) energy
requirement (kJ/molco,), CO; intensity (gCO.eq/kWh), land-use efficiency (m*GWh), reaction
energy requirement (kJ/molhexose), desalination energy requirement (kJ/molwu.0), and electricity cost
($/MWh). For panels (b) and (d), CO: intensity and electricity cost are analyzed for three
technologies: coal, natural gas, and solar. In each tornado diagram, the dashed line shows the
nominal value (reported in Table 1, 1.15 trillion USD/Gt glucose of artificial carbohydrate cost).
Each row shows how varying each input parameter between low and high values impacts the
calculated metrics. In panel (b), the blue and red shading corresponds to net negative and net
positive GHG emissions, respectively.

The energy intensity of industrial agriculture (~300-2,000 TWh/Gt) is derived from the
energy used to produce crops in the United Kingdom, which was estimated by Woods et al.>* to
be ~1 to 6 GJ/t. This estimate includes both direct energy use (e.g., fuel for machinery) and indirect
energy use for fertilizers, pesticides and machinery production. We estimate the energy intensity
of artificial carbohydrate synthesis to be ~14,000 TWh/Gt using an extension of the analysis by

th

Dinger and Platt™ (see SI for sample calculations) that only considers direct energy use for water

desalination, direct air capture (DAC), and total reaction chemistry. We did not account for indirect



energy use for fertilizers or pesticides production because artificial carbohydrate synthesis does
not require fertilizers or pesticides. We also did not account for indirect energy use for machinery
production because we argue that it is insignificant compared to the direct energy use for water
desalination, DAC, and the total reaction chemistry. Machinery production is a relatively minor
contributor (~10-20%>*) to overall energy use in industrial agriculture, and industrial agriculture
requires a wide range of different machinery that would not be required in an artificial
carbohydrate synthesis plant, such as machinery for planting, fertilization, pest management,
irrigation, harvesting, and post-harvest storage. These calculations suggest artificial carbohydrate
requires 7 to 50 times more human-input energy than industrial agriculture. This is because the
energy intensity of industrial agriculture does not include the energy collected via photosynthesis,
whereas the artificial carbohydrate synthesis analysis includes electrical energy inputs, which
would likely come from photovoltaic (PV) solar. For reference, the total global energy
consumption in 2019 was about 170,000 TWh,*’ so producing 1 Gt/y of artificial carbohydrates

from CO2 would consume ~8% of the global energy use.

Figure 1(a) shows the sensitivity of the artificial carbohydrate energy intensity to three
key input parameters: direct air capture (DAC) energy requirement for CO; feedstock, desalination
energy requirement for water feedstock, and the reaction energy requirement. A wide range of
DAC energy intensities are reported in literature. For example, Lackner® reported a DAC energy
requirement of 50 kJ/molco, (300 kJ/molnexose) for their DAC design, Dinger and Platt'” use a
nominal value of 243 kJ/molco, (1458 kJ/molnexose) and state current DAC technologies are ~300
kJ/molco, (1800 kJ/molnexose), and Hong,*’ in their comparative analysis of DAC to other CO
removal technologies, report 254 kJ/molco, (1524 kJ/molhexose) for a DAC energy requirement.

Based on this literature, we consider 50 kJ/molco, (300 kJ/molhexose) to 300 kJ/molco. (1800
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kJ/molnexose). For water desalination energy input, we consider the optimistic case of stochiometric
water consumption with a nominal energy requirement of 0.4 kJ/moli.o (2.4 kJ/molhexose).'’ To
account for needing excess water or less efficient desalination, we consider an order of magnitude
(10 times) increase in water desalination energy input. We choose such a wide range to illustrate
the computed performance metrics are insensitive to water desalination energy. Dinger and Platt!”
estimate the nominal reaction energy requirement for the total chemistry (conversion to syngas,
syngas to methanol, methanol to formaldehyde, and formaldehyde to hexose) to be 7863
kJ/molhexose corresponding to a synthesis efficiency of 0.36 which accounts for reaction and energy
inefficiencies of a “quasi-mature” technology. The total theoretical reaction energy required for
hexose synthesis from COz is calculated as the thermodynamic reaction energy, 2800 kJ/molhexose,
representing the case of 1.0 synthesis efficiency. Based on these values from Dinger and Platt!®
we consider a range from 2800 kJ/molhexose to 7863 kJ/molhexose. Figure 1(a) shows the reaction
energy requirement has the greatest effect on the total energy suggesting reaction energy is the
largest contributor to the overall energy consumed. This is not surprising given that carbohydrate
synthesis from CO; is a highly endothermic process.>® Figure S1(a) in the SI shows a two-
dimensional sensitivity with respect to the reaction energy requirement and DAC energy
requirement input parameters. Based on these results, we estimate that the electricity-to-
carbohydrates efficiency, defined here as the efficiency of converting electrical energy to

carbohydrate energy, is about 0.31 (see Supporting Information for calculations).

The total GHG emissions associated with crop production is estimated to be ~2 GtCO2eq
per Gt of crop produced. This estimate is derived from the work of Xu et al.,'* and includes GHG
emissions associated with land-use change from cropland, GHG emissions from cropland (CO-,

CHa, N20), and GHG emissions associated with manufacturing and transporting fertilizers and
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pesticides, but excludes GHG emissions associated with livestock and grazing land. The GHG
emissions associated with artificial carbohydrate synthesis have not been evaluated to our
knowledge. To first approximation, we estimate that the GHG emissions of artificial carbohydrate
synthesis are about -1.3 GtCO»eq per Gt of carbohydrate produced. This estimate is based on the
stoichiometry of the reaction 6CO; + 6H>,O — CsH 1206 + 60> (i.e., 6 moles of CO» are consumed
to produce 1 mol of carbohydrate) and the amount of GHG emissions associated with generating
~14,000 TWh of renewable electricity (i.e., the estimated energy required to produce 1 Gt of
carbohydrate), which was estimated to be 3.5 to 12 gCO2eq/kWh by Pehl et al.** This estimate
does not account for other indirect GHG emissions associated with, for example, the manufacture
of machinery or transportation of carbohydrate product. As discussed earlier, we argue that the
energy use, and hence the GHG emissions associated with, the manufacture of machinery and
transportation of carbohydrate product are insignificant compared to that of DAC, water

desalination, and the overall reaction energy.

Figure 1(b) shows the sensitivity of GHG emissions to four input parameters: electricity
CO: intensity, reaction energy requirement, DAC energy requirement, and desalination energy
requirement. For the latter three parameters, the ranges previously reported for Figure 1(a) were
used in this analysis. For CO; intensity, three sources of electrical energy are analyzed: coal,

1.3% and as

natural gas, and solar. Solar was estimated to be as low as 3.5 gCO2eq/kWh by Pehl et a
high as 38 gCO»eq/kWh by Burkhardt et al.* Natural gas and coal reported much higher values of
450 to 670 gCO2eq/kWh*! and 675 to 1689 gCO2eq/kWh*? respectively. Figure 1(b) shows that
electricity from solar results in CO> capture with a GHG emissions intensity of -1.42 to -0.92 Gt

COzeq per Gt carbohydrate whereas electricity from natural gas or coal results in higher GHG

emissions than industrial agriculture. Moreover, using the analysis procedure outlined in the SI,
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we compute an electricity CO» intensity of 102.5 g CO2eq/kWh results in GHG emissions of 0.0
Gt COzeq per Gt carbohydrate (assuming the nominal case values for all other input parameters).
For context, the average emissions from electricity generation in California in 2019 were 202.3 g
CO2eq/kWh with 42.5% natural gas, 19% hydroelectric, 14% solar, 8% nuclear, 6.8% wind, 5.4%
geothermal, 0.1% coal, and 4.1% other.**-* Moreover, Figure S1(b) shows the sensitivity of GHG
emissions with respect to the two most important input parameters — reaction energy requirement
and CO; intensity — and includes a contour for 0 Gt COzeq per Gt carbohydrate emissions. This
analysis suggests that artificial carbohydrate synthesis can provide net negative GHG emissions

even when integrated with an only partially decarbonized electric grid.

The land-use intensity of industrial agriculture (~400 million hectares/Gt) was estimated
from the total land area used for crop land (~1.5 billion hectares)!'>!*?? and the total amount of
crops produced worldwide (~3 to 4 Gt).!*!> As a first order approximation to the land-use intensity
of artificial carbohydrate synthesis, we assumed that solar fields for electricity generation would
be the dominant land-use factor. The land-use efficiency for a 13% capacity factor PV solar field
was reported in literature as 500 m?»/GWh.* Using the total energy previously estimated as ~14,000
TWh/Gt glucose the land-use intensity was estimated as 0.7 million hectares/Gt glucose. Figure
1(c) shows the sensitivity of the land-use by varying the solar field land-use efficiency between
229 m?’/GWh and 551 m*’GWh.*® DAC energy requirement, reaction energy requirement, and
desalination energy requirement input parameters were also varied over the previously defined
ranges. Land-use efficiency and reaction energy requirement had the largest effects on total land-
use intensity because the reaction energy requirement is the most important factor for total energy
intensity, and total land-use computed as land-use efficiency times total energy intensity. Figure

S1(c) shows sensitivity of land-use intensity to these two most important input parameters.
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Estimated Costs of Artificial Carbohydrate Synthesis. Artificial carbohydrate synthesis
has not been viewed as competitive with biogenic carbohydrate production because industrial
agriculture is heavily subsidized?® and the external environmental costs associated with industrial
agriculture (~$1.15 trillion per year®®) are not reflected in the market price for the carbohydrates.
However, if one considers these external costs, and the potential environmental and societal
benefits of artificial carbohydrates production, then artificial carbohydrate synthesis may be

competitive with biogenic carbohydrate production.

Dinger and Platt®

recently evaluated the economics of artificial sugar synthesis from
atmospheric CO, and water. They concluded that, if the environmental costs associated with
industrial agriculture are accounted for in the price of sugar, then artificial sugar production is
already competitive with the biogenic approach. They showed that the cost of the artificial process
would decrease as renewable energy becomes cheaper, and as the efficiency of the process
improves.'® However, their calculations were based on several assumptions that may not be valid
in reality even for a mature artificial carbohydrate synthesis industry. For example, they assumed
that the production costs of hexoses from formaldehyde are less than or equal to the production
costs of formaldehyde from syngas (on a per-carbon-atom basis). This assumption is based on the
design of the formose reactor reported by Deng et al.,*” which Dinger and Platt' argue is similar
in complexity, and thus similar in cost, to the formaldehyde synthesis reactor chain. Dinger and

Platt!? also assumed that robust and sufficiently cheap catalysts will be available in the mid-term

for targeted stereoisomer production (i.e. D-glucose), which is uncertain.

The cost of artificial carbohydrates, neglecting indirect and capital costs, was estimated
using the total energy consumed in artificial carbohydrate synthesis multiplied by the cost of

electricity. For the nominal case, with a total energy intensity of ~14,000 TWh/Gt glucose and
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solar electricity cost of 80 $/MWh,*® we estimate a cost of 1.15 trillion $/Gt glucose which is
equivalent to 1.15 $/kg glucose. We can compare this to the traditional agriculture cost reported
by Dinger and Platt.!° They report the spot market value of sugar to be 0.34 $/kg and they estimate
total costs, including external (i.e., natural capital) costs, to be approximately 1 $/kg in humid
regions and 2.24 $/kg in semi-arid regions. To estimate the indirect costs associated with CO;
emissions, we consider the cost of removing generated CO; with DAC. In conventional agriculture
we estimate ~2 kg CO; produced for 1 kg glucose produced, and for artificial synthesis 1.3 kg CO-
are consumed for 1 kg of glucose produced. The cost of DAC is estimated in literature as ~0.3
$/kg.>” Using this value we can estimate an indirect cost of ~0.6 $/kg glucose with conventional
agriculture and an indirect benefit of ~0.4 $/kg glucose with artificial synthesis. This is a net
difference of 1.0 $/kg. Figure 1(d) considers a sensitivity analysis which includes the total cost
using electricity from solar, natural gas, and coal with cost ranges between 50 to 200 $/MWh,* 50
to 166 $/MWh,** and 50 to 112 $/MWh,>* respectively. Figure 1(d) shows that the cost of
producing artificial carbohydrates is heavily impacted by the cost of solar electricity, further
strengthening the argument that future reductions in renewable energy costs will allow artificial
carbohydrate synthesis to be economically feasible. Figure S1(d) shows the two-dimensional

sensitivity of artificial carbohydrate cost to reaction energy requirement and the cost of electricity.
CO:2 CONVERSION TO CARBOHYDRATES: TECHNICAL ASPECTS

Historical Perspective and State of the Art. In 1861, Alexander Butlerov discovered that
formaldehyde could be converted into a sugar-like substance (characterized by the smell and taste
of the solution) by heating with a base.** Since Butlerov’s discovery, the conversion of
formaldehyde to sugars—the formose reaction—has been studied extensively.!'**> Much

22,51-53,57,60

progress has been made in identifying the formose reaction products, identifying suitable
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11,54.55,5859 and characterizing the kinetics of the reaction.’® The

catalysts and reaction conditions,
formose product distribution is highly sensitive to the reaction conditions,’® but the reaction
generally produces dozens of different products, including straight-chain and branched-chain
carbohydrates ranging from four to seven carbon atoms, with a majority of hexose (C6) sugars,>
but also saccharinic acids, polyols, methanol, and formic acid.’®*!*’ The formose sugars are
typically not digestible and can even cause death in rats at 50% of their diet level.>*¢! The exact
reason for the toxicity of formose sugars is not clear, but it has been postulated® that the toxicity
is related to the formation of branched-chain sugars and L-sugars, which do not occur in nature.
Likholobov, Weiss and Sakharov®? demonstrated that a high selectivity to glucose (75%) could be
achieved without producing branched-chain sugars by operating at elevated temperature (98 °C)

and at low formaldehyde conversion (18%).>> However, the glucose was likely a racemic mixture

with ~50% L-glucose, which is not digestible.

In a recent patent application,® Air Company reported a multi-step cascade process for
converting COz into sugars that utilized chiral ligands to enhance the stereoselectivity in the final
product. Their three-step process initially converts CO2 with H» into methanol using a copper-
based heterogeneous catalyst. The methanol produced in the first reactor is then fed to a second
reactor that dehydrogenates methanol to formaldehyde using an iron-based catalyst. In the final
step, formaldehyde is converted to sugar by the formose reaction using coordination complexes of
Ca(OH): and chiral ligands (e.g., L-proline) to catalyze the transformation. They reported a D-
glucose yield of 23% along with galactose and/or fructose (2% yield), ribose (3% yield), and other

unidentified sugars.

Recently, there has been several significant advancements in hybrid chemo-enzymatic'?

64,65

and electro-biocatalytic processes that convert CO» to starch, glucose, and other foods with a
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high degree of control over the product stereochemistry. These hybrid processes use temporally
and spatially separated reactors to first convert CO to carbohydrate intermediates (e.g.
formaldehyde, acetic acid, acetate) using chemical or electrochemical processes and then
biocatalytic processes (e.g. enzymes, yeast fermentation) to convert these intermediates into starch,
glucose, or other carbohydrates. Cai et al.'"> developed a cell-free chemo-enzymatic process
(Figure 2(a)) for converting CO» to starch. The modular process, called the artificial starch
anabolic pathway (ASAP), consisted of 11 core reactions divided into four modules: (1) a C1
module to convert COz to formaldehyde via methanol; (2) a C3 module for converting
formaldehyde to D-glyceraldehyde 3-phosphate (GAP); (3) a C6 module to convert GAP to D-
glucose-6-phosphate (G-6-P); and (4) a Cn module for starch synthesis. The pathway was designed
computationally and optimized to synthesize starch from CO; at an overall rate ~8.5 times greater
than starch photosynthesis in maize. It is not clear if the artificially synthesized starch is edible,
but the structure of the synthetic starch was similar to standards, determined from their NMR and

UV-vis spectra. Zheng et al.%

developed a hybrid electro-biocatalytic system (Figure 2(b)) for
converting COz to glucose with high yield. The electro-biocatalytic process first converted CO- to
pure acetic acid through a two-step electrolysis. Acetic acid was then converted to glucose by

microorganism fermentation in a bioreactor using a genetically engineered Saccharomyces

cerevisiae yeast.

17



(a) ﬁv“ o "f:a Ho % €O, - €O _‘.“‘r.—Gas products
oy Fﬁ.l CO, ] a & o
g o Q T
& 9 Starch 0-+T i = ~ .
« )’ \ e, - =) N
oH 3 = CHLCOOH
e . A, 3 1
F P P Sfpy,  C1 rmal h 1
cf g k %
g 2 agp .;"" 5;’0 ﬁ‘
“on (;-|".p (<] -
ey 9 4 g bt
s I ° ASAP Long-chain compounds Bioreactor Acetic acid
2 i (e.g. glucose)
@ : :
oPo,E 6%6-p oo s
" ,&;\ o 3 (C) Electrolysis converts Organisms are Food is produced
flo H s'n,o d S CO, into acetate cultivated with independent of
Se s T P"'e acetate in the dark photosynthesis
(€7D P
\ CH,0PO;

Yeast Mushroom

OH
H o
5
H
0p0;"
o. g o7 Electrolyser
Fi o Y H,0 —> —0,
OHE.1,6.8p R B

2 WY e

C i Algae Plants Food

— Acetate —»

Figure 2. (a) Artificial starch anabolic pathway (ASAP) modular process for starch synthesis from
CO, from Cai et al,'? reprinted with permission from AAAS. (b) Hybrid electro-biosystem for
glucose synthesis from CO», by Zheng et al.,** reprinted by permission from Springer Nature. (c)
Hybrid electro-biological system for CO, conversion to food via acetate, by Hann et al.,® reprinted
by permission from Springer Nature.

1.9 recently demonstrated a hybrid inorganic-biological process (Figure 2(c))

Hann et a
that first electrochemically reduced COx> to acetate, which could then support the growth of food-
producing organisms such as algae, fungi and crop plants independent of photosynthesis with a
solar-to-food energy conversion efficiency about 4 to 18 times greater than biological
photosynthesis. The acetate effectively serves as the carbon and energy source for the food-
producing organisms. One advantage of this approach, using food-producing organisms to convert

reduced CO; intermediates into food-grade products, is that it can produce protein and lipids in

addition to carbohydrates.

126365 demonstrate the feasibility of converting CO to

These cascade processes
carbohydrates with a high degree of control over the product stereochemistry, which is critical for
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synthesis of safe and digestible carbohydrates. Moreover, these processes establish a blueprint for
developing modular reaction systems tunable for CO> conversion to a variety of carbohydrates, as
well as proteins. Dividing the cascade reaction into individual modules avoids undesirable
interactions between different enzymes/catalysts and allows for optimization of each module
independent from the others. However, all of these technologies are currently at a relatively low
TRL (~3 to 4, as discussed previously), and there are still significant challenges that will need to
be overcome to enable commercially-viable artificial carbohydrate synthesis from CO; at the

required Gt/y scale.

In the following sections we discuss the challenges and opportunities associated with CO»
conversion to edible carbohydrates. Figure 3 summarizes the main pathways from CO; to
carbohydrates. The technology readiness level (TRL) of each step is indicated by the thickness of
arrow: TRL 2 to 4 (proof-of-concept), TRL 5 to 7 (demonstration under realistic operating
conditions up to pilot-scale), and TRL 8 to 9 (deployment at commercial scale).®® We first discuss
the challenges and opportunities of converting CO: to formaldehyde, which is a key intermediate
in many of the pathways from COx to carbohydrates (see Figure 3). We then discuss the challenges
and opportunities for converting formaldehyde into carbohydrates. Finally, carbohydrate

conversion to protein is discussed.
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Figure 3. Possible pathways for CO2 conversion to carbohydrates (sugar, starch, and glycerol).
The thickness of the arrows represents the technology readiness level (TRL) of each conversion
step, defined in the legend.

CO2 Conversion to Formaldehyde. The most direct route to carbohydrate synthesis from
CO; involves direct conversion of CO; to formaldehyde, followed by conversion of formaldehyde
to carbohydrates such as sugar, starch, or glycerol (see Figure 3). However, direct conversion of
CO2 to formaldehyde is not favorable thermodynamically and, as such, has been rarely reported in
the literature.”*® Thus, the main challenge of converting CO> to formaldehyde is overcoming
thermodynamic limitations to achieve high conversion and selectivity to formaldehyde. There are
several different approaches to circumvent thermodynamic limitations of direct CO2 conversion to
formaldehyde, including: (i) converting CO» to formaldehyde indirectly via CH4, CO, CH30H, or
HCOOH (Figure 3);'2%7° (ii) using photocatalytic,®>’!7> electrocatalytic,’>’® or plasma-
catalytic’*7® approaches to drive the reaction; and (iii) trapping/stabilizing formaldehyde as

formaldehyde derivatives (e.g. acetals).5%7""8

Industrially, formaldehyde is produced from methane via multiple energy-intensive
processes including steam reforming of methane to CO, methanol synthesis from CO, and

methanol partial oxidation and/or dehydrogenation to formaldehyde (see Figure 3).”%" The most
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technologically-advanced (i.e. highest TRL) pathway from CO; to formaldehyde may be to
convert CO> to methane using the established Sabatier Process (TRL 8 to 9)*!:%? and then use the
existing formaldehyde production infrastructure to convert CO»-derived methane to formaldehyde
via CO and methanol. All steps in this indirect pathway from CO; to formaldehyde are currently
at a TRL of 8 or 9. The main advantage of this indirect approach is that it is well-established and

leverages existing infrastructure.

The main drawback of this indirect approach is that it involves multiple steps. However,
there are many opportunities to reduce the energy intensity of indirect formaldehyde production
by developing more efficient catalysts and processes, and by bypassing steps in the reaction (see
Figure 3). For example, CO> could be converted to methanol directly,'>%#° bypassing two
reaction steps for methane and CO intermediate production. Methanol is one of the most readily
derived chemicals from CO, with existing processes at an intermediate TRL of 6 to 7.8%% CO,
could also be converted directly to CO via the reverse water-gas shift reaction (TRL 6%%),%
bypassing the Sabatier process. Other shortcuts include direct conversion of methane to

88.89 and CO conversion to formaldehyde;’*’! both of these processes are currently

formaldehyde
at a low TRL of 2 to 3, however.®® Other possible indirect routes to formaldehyde include CO»
reduction to formic acid (TRL 3 to 5),%? followed by dehydration-hydrogenation into formaldehyde

(TRL 3 to 4).9-7092

While indirect approaches to formaldehyde are the most technologically mature and are
likely the most feasible in the near term, there are many opportunities to develop electrochemical,
photochemical, and/or plasma-catalytic approaches to directly convert CO; to formaldehyde. The
main challenge of photo/electro/plasma-catalytic reduction of CO» to formaldehyde is achieving

high conversion and selectivity to formaldehyde over the many other products that are usually
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formed. Typically, the products of electro/photo/plasma-catalytic reduction of CO> include CO,
CH30H, HCOOH, or CHg4, and formaldehyde. The product distribution can be controlled to some
extent by tuning the reaction conditions and catalyst. For example, Nakata et al.”* showed that a
boron-doped diamond (BDD) electrode achieved a high yield of formaldehyde during
electrochemical reduction of CO; in methanol electrolyte with a high Faradaic efficiency of 74%.

Kim et al.”?

used a photoelectrochemical approach using a BiVO4 photoanode and a Cu cathode
in NaCl electrolyte to achieve 85% Faradaic efficiency to formaldehyde. How exactly to tune the
reaction conditions and catalyst to achieve high selectivity and yield to formaldehyde are not well-
understood. Thus, there is a significant need and opportunity for fundamental science that will

enable the development of new catalysts and processes to directly convert CO> to formaldehyde

with high selectivity and yield.

Another approach to circumventing thermodynamic limitations of CO2 conversion to
formaldehyde involves trapping or stabilizing formaldehyde through the formation of derivatives
such as acetals.®®”-”® The drawback of this approach, which will likely prevent its application for
COz conversion to carbohydrates at Gt/y scales, is that it requires a stoichiometric amount of
additives to stabilize formaldehyde, and it requires a method (e.g. treatment with CsF’®) to liberate

the formaldehyde product.

Formaldehyde Conversion to Carbohydrates. While there are high-TRL pathways for
converting CO» to formaldehyde, as discussed above, processes for converting formaldehyde to
sugar or starch for human consumption are currently at a low TRL of 3 to 4 in our estimation (see
Figure 3). Unlike the energetically uphill CO> conversion to formaldehyde, the conversion of
formaldehyde to carbohydrates is thermodynamically favorable.’® The main challenge of

converting formaldehyde (or acetic acid/acetate) to carbohydrates is controlling product
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stereochemistry to achieve high selectivity and high yield to edible carbohydrates with nutritional
value. This is a significant challenge because: (i) carbohydrates are structurally complex with
multiple stereocenters and a wide range of possible enantiomers, diastereomers, epimers, and
glycosidic linkages (for oligo- and polysaccharides); and (i) the physiological and health effects
of carbohydrates are highly sensitive to the carbohydrate stereochemistry. Many carbohydrates do
not have nutritional value and some may even cause serious health problems. It is therefore critical
to control the stereochemistry of the carbohydrate product through catalyst/enzyme design and

reaction engineering, which is a significant challenge.

Formaldehyde Conversion to Sugar. Sugars are mono- or disaccharides composed of
one or two simple sugar units, respectively. The three most important sugars in human nutrition
are glucose, fructose, and galactose (Figure 4), which are monosaccharides (simple sugars).
During digestion, all carbohydrates are broken down into these monosaccharides, which are
absorbed into the bloodstream. Other important sugars include sucrose, maltose, and lactose
(Figure 4), which are all disaccharides that consist of two simple sugar units connected by a
glycosidic bond. Sucrose is formed from glucose and fructose units connected by an a(1—4)
glycosidic bond; maltose consists of two glucose units connected by an a(1—4) glycosidic bond;
and lactose consists of galactose and glucose units connected by a f(1—4) glycosidic bond. Except
for galactose, which is only found in nature bound to glucose in the form of lactose, all of these
sugars are found in nature in milk (lactose), malt grains (maltose), fruit (maltose, sucrose,
fructose), vegetables (maltose, fructose), honey (fructose, glucose), sugar cane (sucrose), and sugar
beet (sucrose, fructose), for example. While there may be other sugars that are digestible and have
nutritional value, these six sugars can be incorporated into the human diet without adverse side

effects and therefore these sugars should be targeted for artificial sugar synthesis.
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Figure 4. Chemical structures of the most important natural sugars in human nutrition: fructose,
glucose, galactose, sucrose, maltose, and lactose.

The formose reaction is the traditional method for producing sugars from formaldehyde.
However, the formose reaction is typically catalyzed by inorganic (e.g. Ca(OH)>) and organic (e.g.
tertiary amines) catalysts® that are not stereospecific and produce a wide range of straight-chain
and branched-chain sugars, as well as other compounds such as polyols, saccharinic acids, and
methanol, that are not digestible and can even be toxic. Thus, there is a significant opportunity for
the development of stereospecific catalysts that can convert formaldehyde to digestible sugars with
control over product stereochemistry. As discussed above, Air Company has recently developed a
Ca(OH), catalyst modified with chiral L-proline ligands that is capable of converting
formaldehyde to D-glucose with a 23% vyield.®> Zheng et al.** also developed a genetically
engineered yeast to produce glucose from acetic acid with high yield. It is not clear from their
work whether the glucose produced was pure D-glucose, L-glucose, or a racemic mixture,
however. The main challenge of this approach is scaling it to Gt/y levels, which will require the
development of new catalysts with high activity, high stereoselectivity, high stability, and low
cost.
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Formaldehyde Conversion to Starch. Starch is a polysaccharide (complex carbohydrate)
that is composed of ~20 to 30% amylose and ~70 to 80% amylopectin (Figure 5).!>% Amylose is
a linear polymer composed of a-D-glucose sub-units connected by a(1—4) glycosidic bonds.
Amylopectin is also a polymer that is composed of a-D-glucose sub-units connected by a(1—4)
linkages, but amylopectin has a branched structure resulting from additional a(1—6) glycosidic
bonds. During digestion, enzymes in the body break the glycosidic bonds of starch and break it
down into individual a-D-glucose units, which are absorbed into the bloodstream and used as an

energy source.

The physiological properties of carbohydrates are highly sensitive to the stereochemistry
of the sugar sub-units. For example, cellulose is a polysaccharide that is composed of B-D-glucose
sub-units connected by B(1—4) glycosidic bonds (Figure 5). The human body contains enzymes
that are capable of breaking the a(1—4) glycosidic bonds of starch but not the f(1—4) glycosidic
bonds of cellulose, and therefore humans can digest starch but not cellulose. Some animals such
as cows, horses, and sheep have enzymes that can digest cellulose. Therefore, artificial cellulose
could be used for animal feed, which accounts for ~35% of global crop production.?? Cellulose
could also be used for paper manufacturing, which could mitigate up to ~200 million tons of GHG
emissions that are currently associated with paper manufacturing.®* For all of these different

potential applications, a high degree of control over the stereochemistry is required.

25
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Figure 5. (a) Starch is composed of amylose and amylopectin, which are both polymers consisting
of a-D-glucose sub-units connected by a(1—4) glycosidic bonds, and a(1—6) glycosidic bonds
for amylopectin. (b) Cellulose consists of B-D-glucose sub-units connected by p(1—4) glycosidic
bonds.

Caietal.!?

developed the ASAP process for selectively converting CO» to starch with high
selectivity and yield to starch. They achieved this by using an inorganic ZnO-ZrO, catalyst to
convert CO; with H> to methanol, and then an enzymatic cascade of 10 reactions to convert
methanol to amylose starch using separated modules. These modules could be modified to steer
the products towards other carbohydrates. For example, Cai et al.'> demonstrated that the product
distribution could be tuned from the straight-chain amylose starch to the branched-chain
amylopectin starch by introducing a starch branching enzyme. In principle, this approach could be

used to synthesize other carbohydrates such as cellulose or sugar by substituting different enzymes

and modules.

While the ASAP process, and other hybrid electro-biocatalytic processes,** have
demonstrated the feasibility of artificial starch and glucose synthesis from CO-, there is still much

work that is required to translate the laboratory scale process (~410 mg-L'h™)!? to Gt/y levels.
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This will require the development of new enzymes/catalysts and modules with high activity, high

stability, and low cost.

CO: Conversion to Glycerol. One alternate solution to the stereoselectivity challenge of
sugar and starch synthesis is to convert formaldehyde, methanol, or non-edible sugars from the
formose reaction, to glycerol (see Figure 3). Glycerol (Figure 6) is chemically a sugar alcohol
(polyol), but is categorized by the U.S. Food and Drug Administration as a carbohydrate in terms
of nutrition. Glycerol is considered safe for human consumption at high dosages equivalent to
~70% of the average daily caloric needs.” It has a sweet taste similar to sugar, a high gross energy
density of 4,310 kcal/kg,”® and enters similar metabolic pathways as that of carbohydrates.”” It can
be oxidized to COz and water via glycolysis, releasing 4,310 kcal/kg of energy, or converted to
glucose via gluconeogenesis, depending on the physiological conditions.”’ 1% Glycerol is also a
safe feed for cows and poultry.”!°! A key advantage of glycerol over other carbohydrates is its
lack of chiral centers, which eliminates the need for enantiospecific catalysts to drive the reaction
towards a particular enantiomer. Glycerol can also be converted to carbohydrates (see Figure 3)

using enzymatic approaches.!>1%4

OH

HO\J\/OH

Glycerol
Figure 6. Chemical structure of glycerol.

Industrially, glycerol is currently produced as a by-product of biodiesel production,'® but
there are several other routes to glycerol production from different feedstocks that are relevant to
the artificial carbohydrate synthesis reaction network (Figure 3). Non-edible sugars from the

formose reaction can be converted to glycerol by hydrogenation or fermentation of formose
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sugars.'%19% Formaldehyde could also be converted to glycerol by self-condensation via
dihydroxyacetone (Figure 3).!°°!!! These are both low-TRL processes with many opportunities

to advance the technology through catalyst and process development.

Alternatively, there is a higher-TRL pathway to glycerol production through methanol (see
Figure 3). Methanol can be converted to propylene using Lurgi’s Methanol to Propylene (MTP®)
process or UOP/Hydro’s Methanol to Olefins (MTO) process, both of which have been
successfully commercialized.!'?>!!> Propylene can then be converted to allyl chloride via a

1617 which can be converted to glycerol

commercialized high-temperature chlorination process,
by hydrolysis.!%!18 All steps in this pathway from methanol to glycerol are at a high TRL of 8 to
9, and thus glycerol production from COz, via methanol, is the pathway with the highest TRL and
lowest barrier to commercialization. A drawback of this route is that it requires chlorine for allyl
chloride synthesis, and it involves multiple process steps. Another drawback of glycerol is that it
is not currently used in the human diet in significant amounts and there will likely be significant
hesitance, or resistance, to incorporate it into the diet, whereas starch and sugar can be readily
converted to staple foods. Glycerol synthesized from CO: could be used for animal feed,

decreasing the environmental impacts of animal feed production, while technologies for CO:

conversion to sugar and starch for human consumption are developed.
FOOD, FEED, AND FUEL

Carbohydrate Conversion to Protein. While carbohydrates are the main energy source
for the human body, and constitute the majority (~50-70%) of the calories in the human diet,?’
proteins supply the body with essential amino acids. Humans get most of their protein from animal

protein (meat and dairy) and plant-based protein (e.g., nuts, legumes, beans). The demand for

protein is increasing and global demand is expected to exceed 1 Gt/y by 2030. ' However,
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increasing animal production to meet growing demand is not sustainable, and the environmental
impacts of protein production, particularly animal protein,'?® are substantial. Furthermore,
millions of children in developing countries are currently suffering from stunted growth as a result
of protein malnutrition.'?! Single cell protein (SCP) is a potential solution to address the increasing
demand for protein and simultaneously mitigate the environmental impacts and social injustices

of protein production.

SCP is protein synthesized in a ferementer using bacteria, fungi (filamentous fungi, yeast),
or algae cultures, which is suitable for human consumption or animal feed. The technology for
SCP production has been developed over the past 100 years and has been commercialized since
the 1970°s.'?? Yeast SCP was produced and used at large-scale to feed soldiers during World Wars
1 and 2. Bacteria-based Pruteen was the first SCP commercialized for animal feed.'?*!?* Quorn™
is a filamentous fungi-based SCP that was commercialized in 1985 to produce food protein for

human consumption. Quorn has a texture that resembles meat and is used as a meat substitute

(quorn.com).

SCP production requires a carbon source and a nitrogen source. Commercialized processes
use starch-derived glucose (Quorn™ and Marmite®), sugar from paper pulp (Pekilo), methanol
(Pruteen), and methane from natural gas (UniProtein® and FeedKind®) as the carbon substrate for
SCP growth.'?? Other carbon substrates used for SCP growth include acetic acid and glycerol.'?®

Nitrogen sources typically used for SCP production include ammonia, ammonium salts, urea, and

nitrate, but wastewater containing nitrogen has also receive significant attention.'?

Protein Production from COz2-derived Artificial Carbohydrates. Many of the carbon
sources used in SCP processes (e.g. glucose, starch, methanol, methane) are also intermediates in

the reaction network for artificial carbohydrate synthesis from CO: (see Figure 3). Thus, there is
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a significant opportunity to integrate artificial carbohydrate synthesis from CO», using the
approaches described earlier, with protein production for human consumption and animal feed

using the commercialized approaches described above (see Figure 7).

Renewable

Electricity } quuu;zuels Fooda/ndAr{al Feed
1 y 4 N
Cco, CH;0H — Carbohydrates Single Cell
Protein
HZO H2 ﬁ |\||—|3

N,

| — Low TRL (2t04)  wesa» High TRL (8 to 9) ]

Figure 7. Process for synthesizing liquid fuels and artificial food/feed CO,, H2O, N2, and
renewable electricity. The thickness of the arrows represents the technology readiness level (TRL)
of each conversion step, defined in the legend. Conversion of methanol, or other intermediates
such as formaldehyde, to carbohydrates is a critical bottleneck (i.e. low TRL) in the production of
artificial food/feed from CO,.

Glucose is the only carbon source that has been used to produce commercial SCPs for
human consumption (Quorn and Marmite), to our knowledge.!?? This glucose is currently derived
from starch in biomass,'” but it could in principle be derived from CO, via methanol or
formaldehyde intermediates (see Figure 3). This CO;-derived glucose could then be converted to
SCP (e.g. Quorn™) for human consumption. The key bottleneck in this pathway, in terms of the
maturity of the technologies involved in such a process, is methanol (or formaldehyde) conversion
to glucose, which is currently at a low TRL of 3 to 4 (see Figure 7). All other steps in the reaction

network from COz to protein are at a high TRL of 8 to 9.

Alternatively, other intermediates in the reaction pathway from CO> to carbohydrates
(Figure 3), such as methanol and methane, could be converted to SCPs for animal feed using

commercialized processes (e.g., Pruteen, UniProtein, FeedKind®). All of the technology required
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for CO; conversion to animal feed, via methane or methanol, is already at a high TRL of 8 or 9.
There are also lower-TRL pathways from CO> to SCPs that involve other intermediates in CO»
conversion to carbohydrates, such as acetate/acetic acid. Molitor et al.'?’ recently developed a two-
stage bioprocessing system consisting of a bioreactor to first convert CO» to acetate using a pure
culture of Clostridium ljungdahlii, and then another bioreactor to convert acetate with oxygen and
ammonia into SCP. Glycerol can also be used as carbon source for SCP growth, and there are
higher-TRL pathways from CO: to glycerol (see Figure 3), but lipids are typically produced, not

protein. 28130

Combining SCP production with artificial carbohydrate synthesis from CO; would reduce
the GHG emissions, water pollution, and land and water use for food production even further than
for artificial carbohydrate synthesis from CO; alone."*! It would also address protein and general
malnutrition in developing countries. Although nitrogen is required for SCP production, nitrogen
could be used much more efficiently in an SCP process than in industrial agriculture. Animals are
inefficient at converting plant protein to animal protein, and thus large amounts of plant protein
are required to produce animal protein, and about 50-70% of the nitrogen in fertilizer is lost in
runoff, leaching volatilization, and denitrification.'?® Water contaminated by nitrogen fertilizers
could also be used as the nitrogen source for SCP production,'?® further mitigating the
environmental impacts of industrial agriculture. Most of the cost of SCPs is in the carbon
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substrate, °“ so combining SCP production with artificial carbohydrate synthesis from CO2 would

not add a large cost to the overall process.

Liquid fuels production could also be integrated with artificial carbohydrate synthesis and
SCP production from CO; in the process shown in Figure 7. Methanol, a key intermediate in

carbohydrate and SCP production, can also be used directly as a liquid fuel, or processed further
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into liquid fuels using Mobil’s Methanol to Gasoline (MTG) process,'**!% for example. If the
technology associated with the process is capable of being scaled up sufficiently, such an
integrated process could meet global demands for food, animal feed, and liquid fuels while
utilizing up to ~10 Gt of CO; per year. This would re-balance the global carbon and nitrogen cycles
and mitigate global food and water scarcity. Such a process would certainly be energy-intensive
and costly, but it may be a better alternative to geological storage of CO,, and given the high
environmental and societal costs of current approaches to food and fuel productions, the costs may
be outweighed by the benefits. Much work is required to understand these cost-benefit

relationships, and to develop and scale-up the technology.

Other Challenges and Opportunities. In addition to the technical challenges discussed
above related to conversion of COz to edible carbohydrates, there are several other challenges that
will need to be overcome to enable commercially-viable artificial carbohydrate synthesis from
COz at Gt/y scales. First and foremost, the deployment of artificial carbohydrate synthesis at Gt/y
scales will require a successful global energy decarbonization with inexpensive and plentiful
renewable energy. Based on our energy intensity estimates summarized in Figure 1(a), producing
1 Gt/y of artificial carbohydrates will require ~14,000 TWh of electricity. In 2020, the amount of
renewable electricity generated by solar PV was ~800 TWh, '3 and that of wind power was ~1,500
TWh."¥” Thus, the renewable energy capacity of the planet will need to increase by a factor of at
least 6X to enable artificial carbohydrate synthesis at Gt/y scales. Recently, through Executive
Order 14057,'%8 the US government has set a goal of “100 percent carbon pollution-free electricity
by 2030.” As discussed previously, net negative GHG emissions with artificial carbohydrate
synthesis are expected with a partially decarbonized electric grid (less than ~100g CO2eq/kWh

electricity carbon intensity). The simple systems and sensitivity analysis presented here shows the
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promise of artificial carbohydrate synthesis to result in net negative GHG emissions at the 1 Gt/y
scale. This work strongly motivates future research to develop catalytic materials and processes
and to conduct more rigorous technoeconomic analysis considering lifecycle emissions, capital
costs, and additional costs to accommodate the non-dispatchable nature of renewable energy (e.g.,

energy storage for wind or solar).

More broadly, replacing industrial agriculture with artificial carbohydrate synthesis will
have far-reaching environmental and social consequences that are difficult to predict. The long-
term physiological and health effects of consuming unnatural carbohydrates are unknown and will
need to be thoroughly investigated. Social life cycle analyses are needed to determine the direct
and indirect environmental and economic consequences of artificial carbohydrate synthesis. For
example, it is important to understand how potentially disruptive technology such as artificial
carbohydrate synthesis would impact agriculture and related sectors of the global economy and

labor markets.

CONCLUSIONS

Artificial synthesis of edible carbohydrates from CO: is a promising approach to mitigate climate
change from GHG emissions, reduce water pollution from nitrogen fertilizers, increase the food
production capacity of the planet, and reduce water and food scarcity in developing countries,
relative to the current biogenic approach to food production. However, synthesis of artificial
carbohydrates from CO> is a significant challenge due to thermodynamics and the high
stereospecificity required in the final carbohydrate product. There are many opportunities for
scientific innovation to overcome these challenges and potentially enable viable artificial
carbohydrate synthesis. Achieving this ultimate goal at the necessary Gt/y scales will require

worldwide collaboration between chemists, biologists, chemical engineers, and food engineers,
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among other disciplines. It will also require an energy transition to inexpensive, widespread

renewable energy.

Supporting Information: Analysis data, sample calculations, and supplement Figure S1 (PDF),

Python computer code for analysis and visualization (https:/github.com/dowlinglab/CO2-to-

carbs-analysis)
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4 Selected Quotes

“In principle, starch and sugar could be produced artificially from CO; with greater efficiency and
with much lower environmental impacts than industrial agriculture.”

“A high degree of control over the product stereochemistry is critical for synthesis of safe and
digestible carbohydrates.”

“The deployment of artificial carbohydrate synthesis at Gt/y scales will require a successful global
energy decarbonization with inexpensive and plentify renewable energy.”

“This work strongly motivates future research to develop catalytic materials and processes and to
conduct more rigorous technoeconomic analysis considering lifecycle emissions, capital costs, and
additional costs to accommodate the non-dispatchable nature of renewable energy.”
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