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Transforming the Carbon Economy: Challenges and Opportunities
in the Convergence of Low-Cost Electricity and Reductive CO,
Utilization

R. Gary Grim, 2 Zhe Huang, ® Michael Guarnieri, ? Jack Ferrell,? Ling Tao®* and Josh Schaidle®*

The increasing availability of renewable electricity at costs competitive with, and even lower than, electricity from fossil
sources along with growing interest and recent technological advancements in reducing carbon emissions through CO,
capture is challenging the status quo in the way that we produce and consume energy and products. Renewable electricity
can be leveraged to produce fuels and chemicals from CO,, offering sustainable routes to reduce the carbon intensity of our
energy and products-driven economy. A number of approaches have been developed for the electron-driven reduction of
CO, to products, including both direct and indirect (via an energy carrier such as H,) pathways and spanning from
electrochemical to biological to thermocatalytic conversion. While these approaches are at various stages of development,
there are technical barriers related to each core conversion technology that need to be addressed in order to accelerate
commercialization and drive the transition towards a circular carbon economy. In this perspective, we assess and
characterize the top technical barriers for utilizing renewable electricity for CO, reduction across five different conversion
approaches (direct electrochemical, direct bioelectrochemical, direct non-thermal plasma, indirect bioelectrochemical, and
indirect thermochemical) under state-of-technology conditions, outline the R&D needs to overcome each barrier, and
identify the most promising C;-C; hydrocarbons and oxygenates based on their relative ease of formation, economic viability,
CO, utilization potential, and energy storage capacity. Our analysis suggests, based on current reported states of technology,
that indirect pathways paired with the formation of C; products offer the most technically feasible approach for electron
driven CO, reduction in the near term. However, as we strive for longer carbon chain molecules, and as technologies

continue to advance, there are a multitude of pros and cons to be considered for all five approaches.

Introduction

In 2017, global CO, emissions eclipsed 36 gigatonnes (GT), equating
to a loss of nearly 10 GT of carbon to the environment.! This
continued release of CO, highlights the unsustainability of the
current linear carbon economy. Although technologically viable
methods for CO, capture and sequestration are available, the low
intrinsic value of CO, and relatively high capture costs have limited
market adoption in the absence of policy or economic incentives
(e.g., federal credits and enhanced oil recovery). As an example,
post-combustion carbon capture and storage (CCS) is a commercially
available technology, yet of the tens of thousands of global point
sources suitable for CCS, only 23 large-scale facilities were either in
operation or under construction worldwide as of 2018, contributing
to a reduction of only ~40 million metric tonnes of CO, per year
(MMT/y) or approximately 0.1% of total global emissions.?

An alternative to storage is the purposeful utilization of CO, as a
feedstock for the synthesis of fuels and chemicals. Reuse of CO,
provides a revenue stream that offsets capture costs and may even
generate positive cash flow.> However, due to the high degree of
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oxidation and thermodynamic stability of CO,, reductive conversion
processes are energy intensive.*® To provide context, based solely
on reaction thermodynamics, the electrochemical conversion of CO,
to CO at standard conditions requires approximately 18.4 GJ/tonne
CO assuming a 50% energy efficient conversion process (Table S1),
ranking it amongst other known energy-intensive commercial
processes such as steel production (21 GJ/tonne),” ammonia
synthesis (28.1-35.5 GJ/tonne)*,8 and petrochemical ethylene
production (26 GJ/tonne)*.? To realize a circular carbon economy,
this energy demand for CO, reduction (CO,R) would need to be met
by low-carbon and low-cost electricity.®

Presently, the increasing availability of high-purity CO, containing
waste streams (e.g., bioethanol refineries) combined with electricity
from renewable sources reaching cost parity with coal or natural gas-
derived power (Fig. 1a) is challenging the status quo in the way that
we produce, convert, and consume energy and products. In locations
with abundant wind and solar resources, discounted and in some
cases

*LHV assumed in the calculation if not specified; GJ/tonne is the energy
consumption per tonne product.
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Figure 1a: Levelized cost of solar and wind derived power versus deployed capacity. Closed and open circles represent reported and projected data respectively. Source: IRENA .20
1b: Installed renewable electricity capacity from 2014-2018 with estimated potential for CO, utilization in GT/y assuming electricity and CO, converted to formic acid (solid line) or
CH, (dashed line) at 50% energy efficiency. Modified from 11,

negative energy prices present compelling economic opportunities
for sustainable CO,R to products.’2 Although still the minority,
renewable energy sources now comprise approximately 25% of the
global electricity capacity, providing a huge opportunity for CO,R.13
Specifically, at the end of 2018, the International Renewable Energy
Agency (IRENA) estimated 2,351 GW of installed global renewable
energy generation across wind, solar, hydroelectric, and other
sources.!! If this capacity were directed toward electrochemical
CO,R for example, approximately 2-6 GT/y of CO, (see
supplementary information) could be converted to products,
depending on the energy efficiency of the conversion pathway and
targeted product (Fig 1b). To put this potential for CO, utilization in
perspective, the global production of ethylene is ca. 77 MMT/y,
which on a CO, basis (i.e., 2 mol CO, to 1 mol C,H,;) comprises only
121 MMT/y CO,.

Compared to conventional fossil-based processes, CO,R pathways,
driven by renewable electricity, offer a number of potential benefits,
including (1) reducing the carbon intensity of the end products, (2)
acting to stabilize the electric grid through consumption of variable
and otherwise curtailed electricity, and (3) offsetting CO, capture
costs, all while accessing most fuel and chemical products
traditionally synthesized from petroleum. Shown in Fig. 2, CO,R
pathways can utilize electricity directly in the conversion step or
indirectly via other energy carriers (e.g., H,). Currently accessible
conversion pathways include electrochemical, bioelectrochemical,
non-thermal plasma (NTP), and thermochemical conversion. In
electrochemical pathways, CO,R is controlled by applied potential,
electrolyte, cell design, and inorganic electrocatalyst properties (e.g.,
metal type, surface characteristics). Bioelectrochemical pathways
forego metal catalysts on the cathode and fix CO, via metabolic
pathways within microorganisms, using electrons directly or
indirectly through other reducing agents (e.g., H,). NTP pathways
utilize electrical energy to selectivity excite electrons at near ambient
temperature and pressure conditions to initiate reductive chemistry.
Thermochemical routes leverage high temperatures and pressures
over metal- and metal oxide-based catalysts to hydrogenate CO,
through established chemical pathways. CO, can also be utilized non-

reductively through commercially mature routes such as enhanced
oil recovery, food and beverage, and concrete curing (Fig. 2). While
these non-reductive routes have a higher relative level of maturity,
there are fewer opportunities for electricity utilization compared to
reductive routes. As this perspective emphasizes technological
challenges and opportunities in the utilization of renewable
electricity and CO,, emerging lower technology readiness level (TRL)
reductive processes are the focus of this work.

The convergence of low-cost renewable electricity and the growing
global push for reducing the carbon intensity of our economy3: 14-16
has created the ideal environment for CO;R to flourish; however, a
myriad of technical challenges exist for these technologies that need
to be overcome to accelerate market adoption. In this perspective,
we assess the technical feasibility and establish the state-of-
technology (SOT) current CO,R pathways (direct
electrochemical, direct bioelectrochemical, NTP, indirect
bioelectrochemical, indirect thermochemical) highlighted in Fig. 2.
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Figure 2: Reductive and non-reductive pathways for CO, utilization shown with major
products. Only reductive pathways are considered in this study.
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In evaluating the respective figures of merit for each pathway, we
compare the relative TRL (see Table S6 for definitions), highlight the
top technical barriers, and discuss the most critical R&D
advancements needed to accelerate the deployment of these
technologies. While policy and economic drivers will also influence
CO,R adoption, they will not be discussed. We also evaluate 22 C;-
C; species!’ accessible via CO,R in terms of the relative ease of
formation, market potential, CO, utilization potential, and energy
storage capacity, to identify the most promising near-term targets.
While individually CO,R pathways have been studied and
reviewed,’®2! we compare the advantages and disadvantages of
multiple pathway-product combinations and highlight opportunities
for transformational R&D by evaluating the rapidly evolving SOT of
each pathway. These key findings serve as a first-of-a-kind guide for
the near- and long-term development of these diverse CO;R
technologies.

Direct Electrochemical

Overview

In the direct electrochemical reduction of CO,, an external voltage is
applied across a pair of electrodes whereby CO, can be reduced to
products encompassing solid carbon, hydrocarbon, and oxygenated
species. Depending on operating temperature and ion transport
medium, multiple electrolyzer configurations can be utilized (Fig.
3).22 Below 100 °C, aqueous electrolyte electrolyzers and membrane
electrode assemblies (MEA) are the most common designs. Aqueous
electrolyzers rely on dissolved CO, within an aqueous electrolyte
whereby cations or anions are selectively passed through a
membrane dividing cathode and anode. MEAs favor a more compact
“stack” design utilizing cation or anion conducting polymer-based
electrolytes and typically involve tailored flow-fields and gas
diffusion electrodes (GDE) to increase the diffusivity of CO, thereby
raising the concentration at the electrocatalyst surface. At higher
temperatures (>400 °C) ceramic-based membranes conduct protons

Planar Aqueous / H-Cell Aqueous + Gas Diffusion
Anode + m Electrode (GDE)
- - Cathode
: -4

-t Low Temperature (< 100 °C)
Protonic Ceramic Solid Oxide Anode Reactions
Electrolysis Electrolysis Oxygen Evolution (OER):
Cell (PCEC) Cell (SOEC)
20% > 0+ de- (SOEQ)
LE B (K8 .

Anode (+)

~4—— High Temperature (> 400 °C) ———
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or 0% species depending on reactor configuration and utilize sensible
heat to lower overall reduction potentials. More than 20 reduced
products have been reported during electrochemical CO,R
comprising alcohols, aldehydes, ketones, carboxylic acids, glycols,
alkenes, and alkanes.?> 2% With over three decades of research and
development,? select CO, electrochemical technologies are nearing
breakthrough on the commercial level highlighted by recent high-
temperature electrolytic production of CO up to ~200 Nm3/hr for
specialty gas applications using a 0% conducting solid oxide
electrochemical cell (SOEC).26 However, the formation of higher
value products requiring the coupling of carbon-carbon bonds still
faces many technical challenges.

Direct electrochemical processes (and direct bioelectrochemical
discussed below) are commonly evaluated based on at least three
metrics: current density, overpotential, and faradaic efficiency as
defined below. To benchmark the SOT of each direct pathway, a
comparison to proton exchange membrane (PEM) and alkaline water
electrolyzers are also provided. Water electrolyzers represent a
comparatively well-studied and commercially scaled up pathway for
the conversion of electricity to chemical bonds, offering the most
like-for-like comparison. In Table 1 the SOT metrics of H, derived
from water electrolysis and 18 CO,R electrochemical products are
shown. Studies were selected as “SOT” based on the highest
reported cathodic partial current density. Partial current density
provides a measure of the number of electrons consumed for a
specific product per area of electrode per time and provides an
estimate of productivity based on current technology. Energy
efficiencies (g) are calculated from Equation 1, where AG is the
change in Gibbs free energy, T is operating temperature, AS is the
change in entropy, FE; is the faradaic efficiency of species i, 7 is the
overpotential (V), n is the number of mols of electrons transferred
(e.g., 2 for CO), and F is Faraday’s constant.?’

(AG + TAS) - FE{(%)

Eenergetic = AG + nnF &
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Figure 3: Overview of CO,R electrolyzer configurations with general oxidation and reduction reactions.
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Table 1: Summary of SOT metrics for electrochemical reduction of CO, to 18 products. CO;R products are sorted in descending value of
partial current density.

Std. Potential vs.

J partial

Species #e SHE @ pH7 (V) n (mv) (mA/cm?) FE (%) €2(%) Ref
Hydrogen (PEM) 2 -0.41 570¢ 2,000 100° 68-71 ®&2»
Hydrogen (Alkaline) 2 -0.41 570¢ 400 100° 62-82 8
Carbon Monoxide (HT, SOEC)¢ 2 -0.51 6709 870 99.9 88.6 30
Ethylene 12 -0.32 7508 473 63.0 35.2 31
Carbon Nanotubes 4 -0.20 21804f 327 81.7 28.2 32
Carbon Monoxide (LT, Ag.) 2 -0.51 1670¢ 350 ~100 45 33
Formic Acid 2 -0.59 1140¢ 177 88.3 42.3 34
Ethanol 12 -0.33 768 80 26.0 13.9 35
Oxalic Acid 2 -0.94 4980¢%# 375 50.0 11.4 36
1-Propanol 18 -0.31 1360¢ 30.6 5.1 2.1 37
Acetic Acid -0.32 890¢ 18 3.0 1.9 37
Methane (LT, Aq.) -0.24 1520¢ 9.3 76.0 30.6 38
Methanol -0.39 150¢ ~0.2 98.0 74.0" 39
Allyl Alcohol 16 -0.36 1120¢ 0.06 1.6 0.7 2
Glycolaldehyde 8 -0.47 1110¢ 0.07 0.62 0.3 23
Acetaldehyde 10 -0.35 1100¢ 0.02 0.34 0.2 2
Propionaldehyde 16 -0.33 1150¢ 0.017 0.48 0.2 2
Ethylene Glycol 10 -0.40 1290¢ 0.013 0.15 0.1 23
Acetone 16 -0.31 950¢ 0.007 0.08 <0.1 2
Hydroxyacetone 14 -0.36 1470¢ 0.001 0.04 <0.1 3
Glyoxal 6 -0.62 n.d. n.d. n.d. n.d. 23

a: Electrolyzer stack energy efficiency calculated based on Equation 1. Calculations shown in Table S4. Unless stated, whole cell reaction potential assumes
H,O0 splitting on anode at 1.23V with +300 mV overpotential based on SOT data.*® Actual € may be lower if process boundaries expanded to include

additional unit operations.

b: Neglects resistive losses

c: SOEC experiment performed at 800 °C

d: Whole cell overpotential

e: Cathodic overpotential

f: Whole cell voltage of ~3.2V

g: Whole cell voltage ranged from 5.7-6.5 V

h: Low current density promotes high € at tradeoff of productivity. Not expected to be characteristic of realistic €.

Current Density (j): The electron flux per unit area (mA/cm?) of an
electrode is denoted as current density. Maximizing current density
is essential to reducing the size and capital cost of reactors, especially
in systems with poor selectivity. SOT PEM water electrolyzer systems
demonstrate current densities >2000 mA/cm?2.28

Overpotential (n): In practice the experimentally observed potential
is greater than the thermodynamically determined value (E") due to
internal resistances related to mass transfer (n™), ohmic resistances
(n°"m), and activation barriers (nt).3® The difference between
observed and thermodynamic potentials is denoted as overpotential
(n) and represents energy loss within the system. A large
overpotential raises operating costs, reduces efficiencies, and if high
enough can damage both electrocatalysts and catalyst supports.*1-43

In modern PEM water electrolyzers, cathodic and anodic
overpotentials are approximately +300 mV across SOT studies,
depending on current density.4% 44

Faradaic Efficiency (FE): Faradaic efficiency represents the ratio of
electrons utilized in a desired product to the total electrons input
into the system. Because of high overpotentials observed
experimentally in electrochemical reduction reactions, multiple
products are often thermodynamically favorable (Table 1), leading to
side reactions such as hydrogen evolution (HER) and in the case of Cu
electrodes, multiple carbon products (Fig. 4). In modern PEM water
electrolyzer systems, ~100% faradaic efficiency has been
demonstrated.*

Technical Challenges

Improving Energy Efficiency and Reducing Cell Overpotential:

Please do not adjust margins
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Aside from CO derived from high-temperature electrolysis at 89%,
demonstrated energy efficiencies across electrochemical products
typically falls between 0.1 - 45%. By comparison, commercial routes
for CO, and/or electron utilization such as thermochemical catalytic
hydrogenation of CO, to methanol and water electrolysis have
reported net energy efficiencies in the range of 50-70%. #6-*¢ Lower
energy efficiency contributes to higher production costs.
Contributing factors to the low observed energy efficiencies,
especially in the case of C,+ products, are low faradaic efficiencies
and the high overpotential required to reach relevant current
densities (i.e., on the order of 100s mA/cm?).4 2249 As an example,
in recent studies with polycrystalline Cu catalysts, to synthesize C,,
species with current densities > 1 mA/cm?in an aqueous electrolyte
alkaline cell, cathodic overpotential in excess 500-800 mV was
required. 5951

Additionally, at 1.23 V vs. SHE the thermodynamic potential of the
anodic H,0 oxidation reaction is 1130 — 1330 mV higher than the
cathodic half-cell potential required to form most reduced species.
The oxidation product (O,) also has limited situational value (e.g., co-
location with oxy-combustion power generation) which under most
circumstances is not easily marketable at scale for co-product credit.
Thus, despite advantages in sourcing, conventional H,0 oxidation at
the anode also contributes to a significant increase in absolute cell
potential (E°cell = E°cathode — E°anode). Alternatively, potential
substitutes for H,O oxidation have been suggested such as low-cost
organic substrates, chloride ions, or wastewater.>> >3 Although
potentially more restrictive in terms of availability, and pricing, the
thermodynamic potential required to oxidize organic species such as
ethanol, ethylene glycol, or glycerol is significantly lower than the
oxygen evolution reaction (OER) at 0.08, 0.03, and 0.003 V
respectively vs. SHE.>* Further, if complete oxidation at the anode is
achieved (Eg. 2), CO, is produced which could theoretically be
recycled to the cathode, thereby reducing feedstock costs. For
partial oxidation, semi-reduced species (e.g., acetaldehyde and
acetic acid) can be recovered for downstream processing or sale,
enhancing the overall process economics. 5> However, the realistic
scale at which organics could be sourced and the economic feasibility
of CO, capture and recycle from oxidation should be carefully
evaluated.
Glycerol Oxidation: C3HgO3 +3H,0 ©3C0; +14H* +14e~ (2)

To reduce overpotential and increase the energy efficiency of
electrocatalysts, the effect of ionic electrolytes,>® soluble co-catalysts
(e.g., pyridine),®” electrocatalyst surface properties,*® and
optimization of reaction conditions (e.g., reactor design, solvent, pH,
mass transport effects) has been studied.3" 3> Specific areas of
interest with respect to electrocatalyst development include effect
of particle size,> surface roughness,>® expression of targeted crystal
facets,®® formation of nanostructures,’! electrolyte pH,3! and
metal/alloy type.®® 61 Future R&D should continue exploring
optimization of electrocatalysts, consider substitutes for H,0
oxidation, and where possible, leverage the advancements of earlier
overlapping efforts in H,O electrolysis / fuel cell R&D.

electrocatalyst, but also the role of electrolyte, flow fields, pH, and
mass transport. Future R&D should continue emphasizing these

This journal is © The Royal Society of Chemistry 20xx
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Figure 4: Reported product distribution of a single experiment over polycrystalline Cu.%?

Forming Carbon-Carbon Bonds with High Faradaic Efficiency:

With the reduction potential of most CO,-derived products within +
200 mV of the hydrogen evolution reaction (HER) as shown in Table
1, competing pathways to products and parasitic side reactions
represents a major challenge to electrochemical selectivity. With
previous work identifying the optimal cell voltage range for creating
C-C bonds over Cu electrocatalysts as approximately -1.11 to -1.41 V
versus SHE (pH 7), all C,+ products are thermodynamically favorable
under normal reaction conditions.®® This challenge is clearly
demonstrated from work by Hori et al. showing the formation of 7
products in a single experiment over Cu at 5 mA/cm? and -1.44 V vs.
SHE (Fig. 4).

Improved faradaic efficiencies to C,+ products has been recently
reported using a new class of “oxide-derived” Cu catalysts comprised
of continuous metal films containing 10-100 nm crystallites
producing C,-C3 species at up to 57-70% cumulative faradaic
efficiency at cell voltages ranging from -0.71 to -1.41 V versus SHE
(pH 7).53%> Hori et al. investigated Li*, Na*, K* and Cs* cationic species
with HCO5™ showing that as cation size increased, products had at
higher C,/C; ratio, lower selectivity to HER, and lower required
potential 3 6, Additional areas of interest include promoting
specific surface facet sites (Cu[100] vs. Cu[111]), ®7 increasing
number of grain boundaries, ® reducing crystallite size, ® and
controlling local pH. &3

Across SOT studies the cumulative faradaic efficiency to C,+ products
has now reached levels in excess of 80% at 275 mA/cm? compared to
34% reported in initial discovery by Hori et al3 82 These
advancements, as noted, have been achieved by breakthroughs in
surface science, materials synthesis, and a push towards flow cell
reactor configurations. However, reaching comparable faradaic
efficiencies for individual C,+ products to that observed with C;
chemistry (i.e., > 90% FE at > 100 mA/cm?, Table 1) has yet to be
demonstrated. Thus, while electrocatalyst advancements have
contributed to improvements in C,, selectivity, the best performing
catalysts to date are still based on Cu similar to the initial discovery
by Hori et al. nearly three decades ago. The most impactful studies
moving forward will consider not only development of the

J. Name., 2013, 00, 1-3 | 5



Energy-& EnvironmentaliScience

complementary fields along with the effect of surface morphology to
better direct product selectivity.

Controlling pH and Carbonate Formation:

Depending on catalyst morphology, mass transfer rates, and
buffering capacity of the electrolyte, the pH at the interface of the
electrolyte and electrocatalyst can rise above that of the bulk due to
rapid hydroxide anion release during CO, reduction.*® ® This
gradient in interfacial pH and increase in electrolyte alkalinity is
positively correlated with higher C,, product selectivity over Cu
electrodes due to the low concentration of protons and slow kinetics
in the Volmer adsorption step thereby suppressing the competing
HER reaction.3 6363, 70 However, hydroxide anions released during
the reduction reaction (or present in the bulk electrolyte) scavenge
CO, molecules in solution forming HCO3~ or CO3%, lowering the
concentration of available CO,, limiting reaction rates, and reducing
effective carbon conversion.t3 72

The impact of interfacial ion gradients and depletion of dissolved CO,
can be minimized at low current density typically found in lab-scale
studies (i.e., < 10 mA/cm?); however, as commercially relevant
current densities are probed, maintaining stable ion concentrations
(pH) in the boundary layers near the electrode surface will be even
more challenging. If alkaline operation is preferred, as typical with
most SOT studies,3% 35 37 HCO5;~ and CO52~ accumulation within the
cathode and/or transport across the AEM and subsequent oxidation
to CO, on the anode must be considered from the perspective of
lower carbon conversion. Recent efforts by Dinh et al. minimize CO,
losses using GDE-based alkaline electrolyzers with “abrupt interface
geometries” and short diffusion lengths; however, at the expense of
single-pass CO, conversion.3! Further research is needed in this area
to suppress HER formation under more acidic conditions thereby
minimizing carbonate formation, and/or in process development for
the purification and recycle of carbonate species in effort to improve
net carbon efficiencies and minimize CO, losses.

Reactor Design Standardization, and Data
Reporting

Stability Testing,

Due to ease of operation and ambient reaction conditions, the most
common reactor used in academic studies is the aqueous three-
electrode “H-cell” (Fig. 3). However, in relying upon aqueous
electrolytes and atmospheric pressure, H-cell systems suffer from
low CO, solubility and limited scalability. Applying a semi-infinite
diffusion model, Martin et al. show that aqueous systems in
equilibrium with pure CO, at 1 bar and 25 °C would have a maximum
attainable current density of only 60 mA/cm? under vigorous stirring
conditions.3? Further, the relatively large distances separating anode
and cathode compartments contribute to large ohmic losses (i.e.,
higher overpotential), making it an impractical choice for commercial
high current density operation.??

One option for overcoming these limitations are “flow-cell”
membrane-electrode-assemblies (MEA) paired with gas diffusion
electrodes that increase CO, diffusivity and concentration at the
electrode interface, thereby raising current density and productivity.
However, MEA reports comprise only a small minority of the
electrochemical literature with Weekes et al. showing that between
2007-2017 there were 51 studies conducted using H-cells for each
flow-cell study (21 total).”? Recognizing that future at-scale designs
will likely operate under harsher conditions, higher pressure, higher

6 | J. Name., 2012, 00, 1-3

current density, have different flow fields, and various electrolytes
compared to the H-cell system, there is a lack of understanding
around how well, or if at all, the electrocatalytic performance will
translate to the more commercially relevant reactor designs.*
Consequently, there is a need to accelerate the shift towards more
commercially relevant reactor designs and scales*® 53 while also
developing standardized testing protocols by which a like-for-like
comparison can be made across difference designs to determine how
process metrics will translate.

Electrocatalyst deactivation is impacted by a multitude of
operational parameters that can manifest in agglomeration of
nanomaterials thereby reducing active surface area, poisoning of
surface sites, and corrosion of support materials.***3 However, with
most academic studies focused basic science, data on process
stability is scarcely reported for CO, reduction, if at all. Accordingly,
most reported SOT process stabilities are on the order of only one to
tens of hours,* well short of the targeted tens of thousands of hours
demonstrated commercial electrolyzers.?® This gap in knowledge
represents a significant barrier to commercialization requiring
immediate action with respect to development of accelerated testing
procedures to quickly identify failure mechanisms and inform the
rational design of materials that are both active and durable over
prolonged periods.

Finally, quantifying year over year incremental improvements
related to electrochemical R&D is often challenging in that the
conditions under which data are recorded are often inconsistent with
respect to catalyst type, electrode preparation methods, reactor
configuration, and operating conditions.* Direct comparisons are
further complicated by the way in which results are often conveyed.
Publications too often neglect to report important applied data (e.g.
single pass conversion) or selectively highlight incremental
improvements in overpotential, faradaic efficiency, or current
density when in reality, the metrics are independently observed
under different reaction conditions. Although improvements may be
made to an individual metric, if observed at the expense of sacrificing
other equally important commercial metrics, it is difficult to
meaningfully assess the net contribution to advancing the underlying
technology. Across academia and industry, there is an immediate
need to establish a standardized set of guidelines for electrochemical
testing and reporting of data. Under consistent operational
conditions it will be possible to determine the effect of variables on
a like-for-like basis, accelerating the quality and rate of
advancements in this space.

Non-Thermal Plasma
Overview

Known as the 4th state of matter, plasma is defined as a state of
jonized gas.”® In non-thermal plasmas (NTP), the comprising species
exist in a state of non-local thermodynamic equilibrium (non-LTE) in
which the electron temperature is significantly higher compared to
that of the heavier neutral or ionized gas molecules.?> 74 In NTP,
electrons are typically energized to 1 — 10 eV which is considered the
optimum range for breaking chemical bonds (5.5 eV for OC=0),
otherwise requiring high temperatures/pressures under traditional
thermocatalytic approaches.”> NTP processes also offer other
favorable attributes in that they (1) typically do not utilize rare earth
materials, (2) operate at near atmospheric temperature and pressure
conditions, (3) are feedstock flexible, and (4) are quick to start-up or

This journal is © The Royal Society of Chemistry 20xx
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shut-down providing the ability to rapidly adapt to fluctuating
feedstock pricing.” 76 The three most common NTP techniques for
CO; reduction include: dielectric barrier (DBD), microwave (MW), or
gliding arc (GA) plasma discharges shown in Fig. 5.2

Accessible products from NTP reduction depend on both the reactor
configuration (i.e.,, DBD, GA, MW) and type of feedstock(s).
Introducing cofeeds of hydrogen containing compounds (e.g., Hy,
CH;, and H,0) yields a mixture of hydrocarbon and oxygenated
species.?1 747577 Reported NTP-derived products are summarized in
Table 2 with common metrics defined in Equations 3-6. Across the
multiple NTP pathways and reactant combinations, CO and/or
syngas yields are by far the highest, with individual oxygenates and
hydrocarbons typically comprising < 3% without the addition of
downstream packed-bed catalysts (e.g., zeolites, Al,Os, etc.).?!

Nin — Nout

Absolute Conversion:  Xaps = - 3)
N, inle
Total Conversion: KXot = Zi(z_n, : ; * Xabs) (4)
X bl
Energy Efficiency: EE= —g5— (5)
Power Input Joules
Specific Energy Input: SEI = Gooriourate =( Vol ) (6)
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Figure 5: Common configurations for plasma-based CO, reduction and their advantages
and disadvantages. Modified from 21.76.77,

Technical Challenges
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Decoupling Energy Efficiency and Conversion

Energy efficiencies for NTP processes typically range from < 15% in
the case of DBD to < 40-50% for MW/GA plasmas. A few notable MW
studies dating back to the 1970s and 80s claim energy efficiencies of
up to 90% under supersonic flow conditions; however, recent efforts
to reproduce such high efficiencies have been unsuccessful.’®
Nevertheless, although MW/GA plasmas approach comparable
energy efficiencies to other commercialized processes, peak energy
efficiency values are observed only at low conversion (e.g., < 20%).
Conversely, as conversion increases to in some cases over > 80%,
corresponding energy efficiencies drop to < 5%.%!

To advance NTP conversion technologies, a decoupling of conversion
and energy efficiency is needed in order to increase both metrics
simultaneously. With respect to energy efficiency, the current target
is to at a minimum exceed the equilibrium energy efficiency limit for
thermal CO, splitting of ~47% at ~70% conversion.?! Specific energy
input (SEl, Eq. 6) is considered to be the most important factor
impacting the reaction conversion and energy efficiency, being
directly correlated to conversion and inversely correlated to energy
efficiency for pure CO, reduction.?!

To increase conversion without also sacrificing energy efficiency, the
volume of treatable gas should be increased without increasing
discharge power. Although higher discharge power positively
impacts conversion by enhancing the electric field, density of
electrons, and gas temperature within the plasma zone, it negatively
impacts energy efficiency based on Equations 4 and 5 above.”®
Studies have shown some success at raising both metrics
simultaneously by increasing gas pressure,® decreasing discharge
gaps, decreasing the thickness of the dielectric barrier material,
adding catalysts inside the plasma zone,?! or enlarging the discharge
length.82 Raising both conversion and energy efficiency represents a
fundamental long-term challenge.

Improving Hydrocarbon Yields and Product Selectivity:

NTP is an inherently non-selective approach due to radical-based
chemistry. While not a challenge for pure CO, reduction as the
products include only CO and O, (Eq. 7), the presence of a hydrogen
source (e.g., Hy, CHy, or H,0) or inert species (e.g., N,) significantly
expands the possible reaction pathways. Yet, even in the presence
of a hydrogen source, CO remains the dominant product when inlet
CO, concentrations are > ca. 5%.2 74 This observation is a direct
consequence of the in-situ formation of O, (Eq. 7) which actively
oxidizes hydrocarbon species into CO and H,0 contributing to low
overall hydrocarbon yields.”*

K
AH =280+ (7)

mol

1
COZ—’CO + 502,

To direct product selectivity towards higher value hydrocarbons, the
effect of inert gas type (N,, Ar, He), electrode material, dielectric
barrier material, wall/gas temperature, applied frequency, discharge
gap, specific energy input, CH4:CO, ratio, and pressure, have been
studied.?

Table 2: Summary of SOT plasma reduction metrics across common products

This journal is © The Royal Society of Chemistry 20xx
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Species Pathway Conversion  Selectivity Yield Energy Efficiency  CO, Flowrate  Ref
(%) (%) (%) (%) (mL/ min)
CcOo DBD® 26.0 100.0¢ 26.0 23.0 200 83
co MW® 10.0 100.0¢ 10.0 50.0 7500 76
co GAP 12.0 100.0¢ 12.0 65.0 1700 21,84
CH;0H DBD¢ 20.0¢ 7.1 1.4 6.2 58f 85
C,H, MW / Pulsed? 70.0° 17.8 12.5 ~8.5 808 86
CH,0 DBD¢ 19.0¢ 6.6 1.3 5.9 42h 85
CoH, DBD / Pulsed¢ 25.1¢ 63.7 16.0 14.1 17 87
CHg DBD + HY Zeolite 7.5 32.1 2.4 1.8 1000 88
C,HsOH DBD¢ 20.0¢ 12.1 2.4 6.2 58f 85
CH;COOH DBD¢ 20.0° 7.2 14 6.2 58f 85
CsHg DBD¢ 61.3¢ 2.1 13 2.2 50 86
CsHg DBD¢ 18.3¢ 8.9 1.6 5.7 20' 85
C3H,0H DBD¢ 20.0¢ 1.7 0.3 6.2 58f 85

a: Calculated based of Equation 5

b: Pure CO, decomposition

c: Only carbon containing product

d: CO, + CH4 dry reforming reaction

e: Reflects total conversion for CO, + CH, mixture (Eq. 3)
f: Total flowrate 90 mL/min. 1.8:C0O,:CH,
g: 200 mL/min total. ~¥1.5CH,:CO,

h: Total flowrate 90 ml/min 1.1 CH,:CO,

i: Total flowrate 100 mL/min. 6:1 CH,:CO,
j: Total flowrate 200 mL/min. 1:1 CH4:CO,.
k: Total flowrate 150 mL/min. 2:1 CH,:CO,.
I: Total flowrate 90 ml/min 3.4 CH,4:CO,

The conditions found most favoring the formation of hydrocarbons
and oxygenates include lower reaction temperatures (473-673 K),%
lower applied power,®® higher pressure,®® and higher CH,/CO,
ratios.”* °1  However, even under optimized conditions, reported
yields to hydrocarbons were on the order of only a few percent
(Table 2). 218,92

Outside of modifying the reaction parameters, one of the most
effective means to control product selectivity is a hybrid NTP route
incorporating packed-bed heterogeneous catalysts. By combining
plasma with heterogenous catalysts, unique synergies are
theoretically possible whereby CO, can be activated by plasma under
near room temperature conditions and selectively recombined on
the catalyst surface to yield desired products.2! Common catalysts
include zeolites,8 8. 92,93 metal oxides, 81 8% 9497 and ceramics.?® In
general, C,-C; hydrocarbon selectivity improved with zeolite
catalysts,®% 92 highlighted by a selectivity to C, hydrocarbons up to
52.1% using Zeolite HY by Zhang and co-workers.88 Yet, despite some
initial successes in forming higher-hydrocarbons, the overall yields
and energy efficiencies for synthesizing non-syngas species remains
low. Potential paths forward include development of plasma-specific
catalysts with improved thermal stability allowing for combination
with MW/GA plasmas which can leverage the more efficient reaction
mechanisms.

Process Scale Up and Associated Hazards

The combination of high in-situ concentrations of O, along with other
flammable species (e.g., CO, H,, CH,) and high-temperature ignition
sources (e.g., plasma filaments) creates the risk of an explosive
atmosphere. While lab-scale studies are generally regarded as low
risk where volumes are small and conversions are low, the risk
significantly increases with operation at the pilot and commercial
scales. Risk mitigation may necessitate costly capital investments
and higher operating expenses to ensure safe operation.?®> Common
engineering controls based on cofeeding diluent gases (e.g., N,, He,

8| J. Name., 2012, 00, 1-3

Ar) comes with several drawbacks in that it can lead to containment
formation (e.g., NO,), increasing the cost of downstream separations
and recycle and lowering process energy efficiency as input energy is
lost to impact-excitation ionization of the spectator diluent gases
rather than CO,.%° Research is needed for the development of in-situ
separation methods that can cheaply and selectively remove O, from
the process while having a minimal impact on process costs.

Direct Bioelectrochemical

Overview

Whereas abiotic electrochemical systems rely on metal-catalyzed
reactions to reduce CO,, reactions can also be catalyzed using
microorganisms, either oxidatively on the anode or reductively on
the cathode.’® For the purposes of CO, reduction, the most
common configuration involves an abiotic anode for OER paired with
a biocathode inoculated with anaerobic microorganisms as shown in
Fig. 6. However, as in the case of direct electrochemical reduction,
abiotic or biotic oxidation of organics is also possible on the anode
side to reduce overall cell voltage.>? 101 While still early stage R&D,
microbial electrosynthesis (MES) conversion strategies show the
potential for an array of favorable attributes; specifically (1) low
energy input (low overpotential) needed to activate CO, reduction,
(2) high selectivity to coupled carbon products with minimal side
reactions, (3) mild operating conditions, and (4) inherent
regenerative properties of the biocatalyst.1%?

Microorganisms ‘fix’ carbon in coupled and non-coupled products at
up to ~99% selectivity determined by one of the seven established
metabolic reduction cycles: Calvin-Benson-Bassham, reductive TCA,
reductive Acetyl-CoA (Wood-Ljungdahl), 3-Hydroxypropionate
(3HP), Dicarboxylate 4-Hydroxybutyrate (4HB), 3-Hydroxypropionate
4-Hydroxybutryate (3HP/4HB), or the recently proposed reductive
glycine pathway.192-194 Cyrrently, microorganisms known to accept

This journal is © The Royal Society of Chemistry 20xx
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Figure 6: Conceptual representation of a microbial electrosynthesis cell with an abiotic anode and the Wood-Ljungdahl CO, fixation pathway. Reproduced with permission from

102, 105

Table 3: C;-C3 Products accessible via direct bioelectroc

hemical reduction ranked by partial current density.

Std. Reduction Potential vs.

J partial

Species te- SHE® pH 7 (V)? FE (%) n (mv)e (mA/cm?) € (%)° Ref
Acetate 8 -0.32 99 820 19.8 65.1 106
Methane 8 -0.24 70 1060 0.86 335 107
Ethanol 12 -0.33 11.6 485 0.12 7.1 108
Isopropanol 18 -0.31 21.8 647 0.11 12.2 109
Formate 2 -0.41 4.1 21 n.d. 3.2 110
Propionate 14 -0.30 n.d. n.d. n.d. - 11

a: See Table S5 in supporting information for calculations.
b:Cathodic overpotential.

both synthesis gas (CO,, CO, H,) and electrons are limited to
anaerobic methanogenic and/or acetogenic species which have
evolved to synthesize products exclusively through the Wood-
Ljungdahl (WL) pathway.

Shown in Fig. 6, a variety of products are accessible through CO,
fixation and the WL pathway including simple C; species up through
Ce. Although the catalog of electroactive bacteria capable of
performing MES has expanded from the initial discovery of
Sporomusa ovata in 2010 to include other pure and mixture cultures
such as C. ljungdahlii, M. thermoacetica, and others, homoacetogens
have been most extensively evaluated to date, in part due to their
tolerance to a wide range of operating conditions and substrates.102
As such, acetate remains by far the most dominant product reported
for pure cultures, demonstrating the highest-to-date production rate
of 1330 g / m? d using a high surface area multi-wall carbon nanotube
reticulated vitreous carbon cathode.'®® However, it should be
stressed that an overemphasis solely on rate and the propensity to
extrapolate lab-scale kinetic data can obscure other major technical
hurdles such as product dilution and scalability, which remain as key
uncertainties in deployment of such technology. Besides acetate,
other reported products observed during MES include: H,, methane,
formate, ethanol, propionate, butanol, butyrate, and 2-
Oxobutyrate.’'? In Table 3, C; — C; MES products and the reported
SOT metrics are provided.

Technical Challenges

Elucidating the Fundamental Electron Transfer Mechanism:

The flow of energy (i.e., electrons to and between electroactive
microorganisms) within MES systems is poorly understood,
representing a major fundamental barrier to optimization and
development. Current understanding of extracellular electron
transfer between the surface of an electrode to a neighboring
microorganism is  largely based on electron-donating
(exoelectrogenic) species Geobacter sulfurrenducens and
Shewanella oneidensis str. MR-1 20 and it is unclear if the same
mechanism(s) hold true for electron-accepting (electrotrophic)
pathways. In fact, some recent studies suggest the mechanism could
be entirely different.’® One of the greatest questions, and an area
of active debate, is the feasibility of direct electron transfer (DIET)
and possible role of H, formation. Outside of a few notable studies,!3
most MES studies involving the reduction of CO, have been reported
at potentials more negative than the H; evolution potential (-0.414 V
vs. SHE)? implying the formation of H, was thermodynamically
favorable.’92 |t has been argued that studies which suggest the
presence of a DIET mechanism (i.e., not H,-mediated) simply based
on failure to detect free H, gas, may actually go through a two-stage
process whereby H, gas forms and subsequently (and immediately)
acts as a mediator at the interface of the electrode and biofilm.

Please do not adjust margins
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Considering the lack of fundamental understanding of inter- and
intracellular electron transfer — which has been reported to vary
based on operational parameters such as type of microorganism 114
and applied potential 112 — more research is needed to characterize
and understand microbial electron uptake, bifurcation, and transfer
mechanism. For example, forward and reverse genetic approaches,
coupled with systems level analyses, can further the fundamental
understanding of mediators of electron flow, ultimately enabling
targeted metabolic engineering strategies to optimize microbial
electrosynthesis routes.

Increasing the Rate of CO, Reduction

Where abiotic alkaline water electrolyzers utilize current on the
order of 200-400 mA/cm? and are limited only by mass transfer,2®
biological processing of electrons and carbon relies on membrane
structure, enzyme kinetics, cofactor regeneration rates, among other
variables which likely limit the utilization rate. To the authors’
knowledge, no upper limit for electron utilization has been reported,
but with SOT current densities ranging between 0.1 - 20 mA/cm? as
shown in Table 3, a fundamental mismatch between electron
availability and electron utilization within carbon fixation pathways
may exist. In abiotic electrochemical processes, the most successful
studies to date (and now commercial systems) capitalize on the
benefits of gas diffusion electrodes in flow-cell configurations to
increase local CO, concentrations, resulting in current densities now
in excess of 750 mA/cm?.3! Increasing current density towards the
fundamental limit in MES systems may be attainable through similar
utilization of GDE systems; however, few studies demonstrating a
GDE-based MES process have been reported.1® 1> Developing
biocompatible cathodes and GDEs which maximize surface area for
cell coverage and are efficient in delivering reactants to the system
requires further fundamental research and engineering.

Another challenge in pushing reduction rates lies in the stability of
the biofilm. H, from competing HER along with CH; from mixed
culture biofilms not only decreases faradaic efficiency and yield to
higher-value multi-carbon species, but also can destabilize and cause
detachment of microorganisms from the electrode surface.l%?
Microbe detachment fundamentally alters the reaction mechanism
(i.e., direct vs. mediated electron transfer) and may limit the
effectiveness of MES as microorganisms are removed from the
electrode surface into the bulk phase.’%?2 While CH, formation can be
suppressed with chemical inhibitors such as sodium-2-
bromoethanesulfonate (Na-BES) or alamethicin, routine inhibition
can impact production costs as commercial inhibitor prices can be as
high as $175/g.111.116 Conversely, raising cell voltage above -0.4 V vs.
SHE is the only guaranteed means of HER cessation. However, to
increase current densities (productivities), typically overpotentials
will also increase, likely pushing cell voltages well inside the HER
stability region. This implies that the evolution of H, and
management of bubble formation on biofilm stability will require
future study in any commercially scalable systems.

Raising Product Titers and the Toxicity Limits of Microorganisms

With recent estimates suggesting the downstream purification and
separation costs of biological processes accounting for up to 60% of
the total production costs,!'” the synthesis of end products with high
titer and purity represents an ongoing challenge facing MES
processes.'©2 Beyond a certain concentration of product, microbial
metabolism can become inhibited, limiting titers in processes

without in-situ separation.'%2 For example, in the case of butanol only
1-2% accumulation can inhibit microorganism growth.8 As a result,
separation cost can be burdensome. R&D efforts on synthesizing
products with high faradaic efficiency along with high concentrations
of targeted products will be needed for process economics. Further
R&D is needed into both separation techniques and genetic
engineering to tolerate higher titer of products.

Sustaining Microbial Communities During Intermittent Operation

Integration of renewable electricity with MES presents unique
challenges due to the intermittent nature of renewable power.113
Intermittency has the potential to impact microbial community
viability, composition, and productivity. Recent scientific findings
have shown that microbial communities are resilient to short-term
intermittencies, with near-complete rebound of MES community
productivity following 64-hour power interruption.1t® 120 However,
long-term intermittency (>1 month) could be problematic. A shift of
cathode communities from acetogenic to methanogenic has been
discovered, and resultant productivity and end product profile were
altered, despite maintaining electroactivity.’?! Thus, strategies to
rapidly reestablish and maintain target electroactive communities,
such as selective enrichment, bioaugmentation, and applied external
potential approaches, will likely be a critical consideration for
deployment of MES at scale for sustained operability.122 123

Note that recent advances in enzymatic electrosynthesis present it
as a potential means to bypass the intermittency challenges and
mass transport and activation losses associated with whole cell
microbial systems.1?* For instance, enzymatic electrosynthesis of
formate has been achieved with coulombic efficiencies >90%.12>
Relatively low product yields, classical challenges associated with
cell-free systems (such as enzyme and cofactor cost, cofactor
regeneration, and long-term enzyme stability), and scalability are
amongst the hurdles remaining to advance this technology.%¢

Indirect Bioelectrochemical

Overview

The indirect non-photosynthetic microbial conversion of CO,
represents a mature, and for some products, near market ready
technology.'?” Indirect bioelectrochemical methods rely on the
enzymes carbonic anhydrase and hydrogenase!©3 for the conversion
of CO, and H, respectively to a range of products including methane,
acetate, alcohols, and other biofuels.128132 By separating the CO,
conversion process into two or more distinct steps (i.e., H, formation
followed by CO, reduction), several advantages are realized in
comparison to the direct MES pathway. By isolating the
microorganisms from the electricity source, possible complications
related to exposure to electricity (e.g., protein denaturation, cell
lysis), biofouling of the electrodes, and decoupling of
electrolysis/fermentation temperature and pressure conditions can
be avoided. Furthermore, the typically slower biological conversion
process (Table 3) can be separated from the faster upstream
production of the energy carrier (Table 1), which if stored in an
intermediate reservoir (or transported), allows processes to
selectively take advantage of fluctuating energy prices while
maintaining continuous downstream conversion.133
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Figure 7: Overview of commercial power-to-gas process to produce methane from CO,
and H,. Reproduced from 27,

Like the MES pathway, anaerobic methanogenic and acetogenic
species are most commonly studied for CO, conversion, relying
primarily on the Wood-Ljungdahl pathway. Thus, products observed
in CO, + H, fermentation are again dominated by methane and
acetate, with current SOT data for C;-C; species shown in Table 4.
There are a variety of other anaerobic and aerobic products
accessible from CO, + H, (e.g., poly-hydroxybutryate (PHB),
botryococcene, methyl ketones) which are outside of our C;-C3
scope, though we acknowledge their promise in future CO,
utilization. 13* From the perspective of the circular carbon economy,
methanation or “power-to-gas” (P2G) technologies have recently
gained attention commercially. Leveraging existing global
infrastructure for natural gas transport, methanation of CO, via
renewable energy represents an immediately deployable and
potentially carbon-neutral pathway for the storage of excess
electrical energy in chemical bonds. Highlighting the commercial
readiness of this technology, in March 2015 MicrobEnergy
demonstrated the first commercial-scale injection of biological
methane upgraded from raw biogas and H; into the German national
grid.13> Additionally, in February 2014 Electrochaea launched an €6.7
million project in Copenhagen to construct the world’s largest
commercial scale power-to-gas system consisting of a 1 MW alkaline
electrolyzer paired with a local wastewater treatment plant to source
€O, (Fig. 7).

Table 4: C;-C3 Products and Metrics for the Indirect Biochemical

Pathway
. €0, . Selectivity Productivity €
Species Conversion N Ref
o (%) (g/L day) (%)
(%)
Methane 962 n.d. 206 n.d. 136
Acetate 86 n.d. 149 56° 137
Isopropanol n.d. n.d. 0.098 31 138

a: Yeug in effluent gas
b: Calculated energy efficiency. (LHV products / LHV reactants)*0.7

Technical Challenges

Improving Mass Transfer to Overcome Low Reactant Solubility:

At 20 °C and 1 atm partial pressure, the solubility of H, and CO, in
H,0 are 14.6 and 713 ppm respectively.13% 140 The low equilibrium
concentration of reactants in solution limits fermentation
productivity. Improving gas/liquid mass transfer (k.a) remains a
challenge in reactor design and operating conditions. Over 95% of
all bioreactors are continuous stirred-tank reactors (CSTR) due to
high degree of mixing/agitation.1! The increased degree of mixing
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achieved through manipulation of agitation rates, impeller design,
sparger types, etc., does not come without cost, however. CSTRs also
demonstrate poor volumetric power outputs (defined by power
required per volume (Pr/V)).142 Therefore, the tradeoff between Py/V
and kia must be evaluated to determine the most economically
advantaged operating conditions.

Research is ongoing for the development of fixed-bed and hollow
fiber membrane bioreactors that remove the need for active stirring
(decreasing Pg/V) and minimize shear-induced microbial damage
observed with CSTRs. In these systems, microorganisms can be
affixed to different forms of scaffolding including solid particles,
membranes, or fibers which increase the contact area for mass
transport without the need for additional mechanical power input.142
Hollow fiber membranes offer additional advantages in that bubble-
free gassing is made possible through the direct dissolution of gas
into the liquid phase, making gas immediately available to cells
leading to enhanced conversion efficiency.*? One of the greatest
challenges to membrane utilization thus far is the limited lifespan
and propensity to biofouling.’#? Development of membranes which
are more resilient to fatigue and fouling is needed. Additionally,
genetic engineering of enzymatic processes for carbonic anhydrase
and hydrogenase to over-express natural CO,/H, concentration
mechanisms is also an area of interest.103 143

Process Scale Up and Preserving System Anoxia:

To safely scale biological processes which may utilize a H, cofeed,
keeping O, levels below the lower explosive limit will be critical to
mitigating the risk of an explosive atmosphere. While at the lab-scale
these issues are minimized, maintaining large scale system anoxia in
commercial size processes can be costly and impact operating
expenses (OPEX).1%3 Concurrent research in both increasing the
aero-tolerancel%3 143 of anaerobic microorganisms as well as process
design to engineer solutions for the possible accumulation of O,
should be considered. Given the current success of modern
anaerobic processes that utilize syngas,'3* this particular challenge
does not represent a serious barrier to market adoption but rather is
an opportunity for optimization and potential reduction of OPEX
costs.

Indirect Thermochemical

Overview

Thermochemical pathways are of the oldest and most
technologically mature routes for CO, conversion. Using a
combination of heat, pressure, and inorganic catalysts,

thermocatalytic hydrogenation of CO, offers a pathway to many
hydrocarbon and oxygenated products, ranging in TRL from fully
commerical to fundamental lab-scale R&D. At-scale processes are
highlighted by recent demonstrations of methanol synthesis by
Carbon Recycling International (CRI). Using locally sourced CO, and
renewable H,, CRI's pilot plant produces methanol at the scale of
~5.5 kt/y making it the world’s largest CO, to methanol facility.14* At
the academic level, recent work has explored multi-functional
catalysts for CO, hydrogenation with combined activity towards
reverse water gas shift and syngas-derived product synthesis
reactions (Fig. 8).14° Strengths of thermochemical processes include:
(1) high TRL, (2) availability of existing infrastructure and process
know-how, and (3) the greatest range of accessible products
amongst conversion pathways (e.g., FT, MOGD). In Table 5, common
C;-C3 thermochemical-derived species and their SOT metrics are
shown.
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Intensified Thermochemical

Technical Challenges Process Intensification:

Overcoming Equilibrium Conversion Limitations Conventional thermochemical processes are conducted at large

scales to maximize benefits associated with economies of scale.
Unlike other CO,R pathways, most thermochemical reactions are  Fischer-Tropsch plants in particular leverage large-scale operations
reversible and are limited to some equilibrium CO, conversion at a  with modern facilities operating in the range of 34,000 — 160,000
given set of thermodynamic conditions. For example, in the bpd.'*” Although technologically mature at this massive scale (e.g.,
reversible water gas shift reaction (Eq. 8), over normal reaction Sasol, South Africa), process intensification and downsizing to a scale
temperatures (e.g., 600 — 800 °C), single-pass conversion of CO, to  compatible with distributed CO, sources is an area of active research.
CO is thermodynamically limited to around ~70%.14¢ Compared to  Multiple technical and engineering challenges related to the
other reductive pathways which are not thermodynamically consolidation of process stages, heat management and integration,
constrained in terms of equilibrium conversion (e.g., direct andlow processthroughputs mustaccordingly be addressed in order
electrochemical), the conversion limitations of thermochemical to economically scale down and intensify modern thermochemical
conversion pathways lowers product yields and contributes to processes. As one example, during CO,/CO hydrogenation reactions,
additional process cost stemming from downstream purification and  water is a common byproduct and sink for oxygen. For many
recycle of unconverted species. Feeding excess H, or in-situ removal  heterogenous catalysts, water and hydroxyl formation are poisons
of products (e.g., H,0) would help in raising equilibrium conversion ~ which negatively impact conversion, hydrocarbon selectivity, and
based on Le Chatelier's principle; however, the economic tradeoff catalyst durability.}4® 14° In traditional multi-stage processes, water
between conversion and additional process costs must be weighed. is actively removed in-between stages to mitigate these challenges;
Further R&D into passive and/or low-cost gas seperation operations however, in a shift towards process intensification and multi-
would help to lessen the burden of downstream purification costs  functional catalysts that combine multiple synthesis steps,
and potentially lead to improved single-pass yields. developing catalysts which can tolerate higher concentrations of

water will be critical to minimizing deactivation.

Reversible Water Gas Shift: €O + H,0 <C0, + H, (8)

Table 5: C;-C; Products accessible via Indirect Thermochemical Pathway

Co, . .

Species He- T(°C) (bF;r) H,:CO,  Space Velocity Con(\;:)rasion Sele((c):/:;wty P:;‘;ug::\;')ty € (%) Ref
(e(0] 2 650 n.d. 4:1 12,500¢ ~70% ~100% 0.17 45d 146,150
Methanol 6 260 360 10:1 10,471¢ >95% >98% 1.2 50-60 39,46, 151
Methane 8 400 1 4:1 15,0002 81% 99% 3.3 55 152,153
DME 12 260 50 3:1 3,000¢ 31% 73% 0.16 n.d. 154
Ethylene 12 400 15 3:1 12,000¢ ~12 34% 0.08 n.d. 155
Propylene 18 400 15 3:1 12,000¢ ~12 56% 0.13 n.d. 155

a: Max conversion dictated by thermodynamics depending on (T/P/H,:CO,)
b: Energy efficiency includes 0.7 multiplier to account for € losses in electrolysis step.

c:mL/ gcat hr
d: Calculated from ref as LHV of CO produced over total heat + LHV H, added
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Further, with most incumbent syngas-based thermochemical
processes configured to utilize CO + H,, development of “tandem
catalysts” capable of facilitating multiple reactions in a single step
with a CO, feedstock is needed.

If realized, process intensification presents the potential for more
economical and environmentally benign CO,-based processes,'#
with possible additional syngeristic benefits in terms of heat
integration (e.g., pairing endothermic/exothermic reactions) and
shifting equilibrium conversions (e.g., in-situ consumption of
products driving CO, conversion). Although efforts devoted to
process scale down are ongoing and are being tested through
commercial ventures like Velocys,>® additional R&D is needed to
further develop process intensification strategies.

Improving Product Selectivity:

Initial catalyst testing for the direct hydrogenation of CO, has
primarily involved the most successful CO hydrogenation catalysts
(e.g., Cu/ZnO/Al,0;, Fe304 Co/Al,0;).1%> However, due to the
differences in surface binding properties of CO, and CO, specifically
in the relative rates of adsorption and desorption, CO,-based
processes are prone to rapid hydrogenation to highly reduced
species (e.g., CH,4) versus more desirable coupled carbon species such
as olefins and gasoline range hydrocarbons.'® 145 157 |n Fig. 9,
experimental Anderson-Schulz-Flory (ASF) product distributions for
CO and CO, hydrogenation over Co/Al,O3 are reported by Visconti et
al. 138 Experiments feeding CO/H, showed a typical ASF hydrocarbon
distribution (i.e. carbon numbers ranging from 0-50) where
experiments incorporating solely CO,/H, were heavily weighted to
CH; and terminated around n=6, highlighting the challenge in
forming long-chain hydrocarbons.*>8

To drive the selectivity of CO, hydrogenation away from C; species
to coupled hydrocarbon products, recent reports have studied the
addition of metal promoter molecules such as K, Mn, Na, and Cu.4>
Alkali and transition metal promotors were shown to have a positive
effect in increasing CO, conversion 15°-161 suppressing CH, formation
157 increasing hydrocarbon chain growth %2, and modifying
paraffin/olefin ratios 1% 161, Continued advancements in catalyst
development to further increase activity for CO, activation while
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Figure 9: Anderson-Schulz-Flory (ASF) product distribution during CO and CO,
hydrogenation over Co/Al,O3. Reproduced with permission from 158,
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promoting high selectivity to longer chain hydrocarbon products are
needed to drive down process separation costs and reach targeted
products with high specificity.

Summary and Cross-Comparison of CO,R

Pathways

CO,R is possible through at least five unique pathways ranging from
inorganic electro- and thermocatalytic processes to biological
approaches whereby microorganisms directly convert CO, within
internal metabolic cycles. A summary of the major technical
challenges, research needs, advantages, and limitations is shown in
Fig. 10. In addition, a cross-comparison of the pathways, as discussed
below, highlights several important intrinsic differences between
these CO,R pathways.

Thermodynamic Limits on Single-Pass Conversion

In the electrochemical, bioelectrochemical, and plasma pathways,
single-pass CO, conversion can theoretically reach 98.6-100% with
only small losses from cell reproduction. 127: 163 By comparison,
indirect thermochemical hydrogenation reactions are reversible and
thermodynamically limited to an equilibrium conversion determined
by temperature, pressure, and feedstock concentrations. Under
industrially relevant reaction conditions, thermochemical CO, single-
pass conversions typically range from ~27% to ~70% for methanol
and CO, respectively.14® 164 These limits on CO, conversion lower
product yields and drive up process cost associated with purification
and recycle. Therefore, despite the high TRL of thermochemical
pathways, limitations on equilibrium conversion may hinder their
advancement and deployment, especially as the lower TRL pathways
continue to advance. However, it should also be noted that
producitivity, which is typically highest in temperature
thermochemical reactions, may help to offset the differences in
purification/recycle costs.

Quantity and Quality of Products:

Within the scope of this work, a clear disparity exists in the quantity
of products accessible between biological and non-biological routes.
Amongst the non-biological pathways, direct electrochemical studies
report over 20+ products, thermochemical routes can access
numerous products via one-step FT and other established
chemistries (e.g., direct methanol-to-olefins), and plasmas form 10+
species through radical-based chemistries. By comparison, biological
utilization of CO, following the Wood-Ljungdahl pathway forms
mostly methane, formate, acetate, and C,-C; alcohols.1% When
considering the potential for future market disruption and utilization
of CO,, under the assumptions of this study, the direct
electrochemical and indirect thermochemical routes offer access to
the most high-volume, high-value CO,R products. Further, many of
the high-volume industrial chemicals are exclusive to non-biological
routes such as CO, methanol, ethylene, and FT liquids. However,
despite forming fewer overall C;-C; products, biological routes
possess a key advantage in terms of selectivity. Whereas
electrochemical, plasma, and to a lesser degree thermochemical
routes, suffer from poor selectivity to C,, products, microorganisms
are specially adapted at forming carbon-carbon bonds with high
selectivity within their internal metabolic pathways.
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Figure 10: Summary of top technical barriers and areas for future research across CO,R pathways.
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conversion efficiency

Near-Term Opportunities and Technical Maturity

In comparing the relative TRL across the five CO,R pathways shown
in Fig. 10, the indirect conversion pathways are best positioned near-
term for low-cost electricity utilization. Despite requiring additional
steps for upstream H, generation, pre-commercial demonstrations
of indirect CO,R have confirmed the technical viability of these
routes in the synthesis of several products (e.g., MeOH, CH,4, CO) at
relevant scales.? 144 153 |n general, the technical barriers facing
indirect pathways are characterized by systems engineering and
optimization challenges. Direct pathways are by comparison much
lower TRL (1-6) and are in most cases limited to lab-scale testing,
facing more fundamental science challenges with significantly longer
time horizons. NTP and MES CO,R pathways show the lowest TRL
range of 1-3 and are expected to the have the longest development
timeline. The direct electrochemical pathway varies in TRL from 1-6
depending on the product formed. Specifically, the synthesis of
select C; products over non-Cu electrodes has been demonstrated at
comparably higher TRL (4-6) and is currently being tested
commercially. However, the synthesis of C,, products faces many
challenges in the core conversion step as noted above with a longer
anticipated timeline for development.

14 | J. Name., 2012, 00, 1-3

General Considerations for CO,R
Sourcing CO,

CO, sources span the range from the near-infinite atmospheric
supply at ~415 ppm to concentrated streams released from
biorefineries and ammonia synthesis plants. Characteristic values of
concentration, emitted volume, impurities, and capture costs are
provided in Table 6. Sources with the most concentrated streams
require the least intensive cleanup and processing (e.g., fertilizer and
bioethanol plants) and show the lowest first-of-a-kind (FOAK) CCS
costs at 20 — 25 $/tonne CO,. By comparison, costs from dilute and
low purity sources such as power plant flue gases range from 40 —
100 $/tonne CO,.

While the cost and quality of CO, play a role in determining the
economic viability and location of CO,R processes, factors such as
supply volumes, access to low-cost and renewable (depending upon
local and national policies) electricity, and proximity to downstream
processing infrastructure should also be considered. In Fig. 11 an
overlay of these factors across the United States shows that often

This journal is © The Royal Society of Chemistry 20xx
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Figure 11: Overlay of US CO, pipeline infrastructure, ethanol facilities, and petroleum
refining with average industrial electricity rates per by state. Electricity rates and
ethanol plant locations based on 2017 data.'®>%67 Petroleum refinery locations based
on 2018 data.'®”

the least expensive CO, sources (i.e., bioethanol refinery waste
gases) are mostly isolated from CO, transportation infrastructure
and centralized refining, while also, in general, occurring in regions
with higher industrial electric rates. Consequently, future CO,R
developments may likely require: (1) dedicated upgrading or
processing infrastructure at each site and (2) evaluation of the
economic tradeoff between CO, and electricity costs. In the absence
of investments for new pipelines or other infrastructure to facilitate
transport to a central processing type facility, CO,R processes will
need to overcome the challenges associated with distributed scale
processing at each CO, site.

One means of simultaneously addressing the issues of supply,
location, and scalability is direct air capture (DAC) of CO,. Although
currently the most expensive pathway for capture by a wide margin
with estimates ranging from ~$400/tonne to $1000/tonne,%8 DAC is
source agnostic and can be located virtually anywhere, taking
advantage of cheap land, low-cost electricity, and potential co-
location with processing infrastructure. Furthermore, although CO,
point sources comprise a significant portion of global emissions,
approximately 40% of all emitted CO, comes from non-point sources
such as transportation which can only be captured using a DAC-type

approach.1®® With current at-scale designs capable of capturing 22-
23 tons CO,/m?/year based on frontal area, early estimates suggest
that DAC technologies may be able to capture up to 1 million tons of
CO, per year per 1 square kilometer footprint.*® 170 Further R&D for
CO, capture technologies specifically surrounding tandem capture-
convert processes, new sorbents, and reducing the energy intensity
of regeneration could greatly accelerate and expand deployment of
future CO;R processes.

Product Separation and Purification:

Independent of the targeted product, a commonality shared by CO,R
pathways is the need for downstream separation and purification.
Even mature pathways which achieve near 100% selectivity to a
specific product will require separation from unconverted reactants
(e.g., H,0, CO,, H,) or from the parent electrolyte (if applicable).
Thus, when evaluating specific reductive pathways or products, it is
necessary to not only consider the challenges and costs associated
with synthesis, but also the costs and technical challenges related to
separations. While exact separations costs depend on a range of
operational parameters, previous estimates for separating dilute
mixtures based on Sherwood plots suggest the costs of separating
liquid/organic products can be 6-10x more expensive than gaseous
species.'’t 172 While liquid/organic products often command a higher
market price, which can to a degree offset higher separations costs,
the additional costs must be weighed upfront. Clearly, the costs of
separating a gaseous product from an aqueous electrolyte will be
significantly different than the separation of ethanol where the cost
of separation can easily exceed its value as a fuel.

Evaluation of CO,R Products

With at least 5 unique conversion pathways and over 20+ accessible
C,-C3 species, selecting promising product-pathway combinations for
a future circular carbon economy is a complex question. As
discussed, CO;R is motivated by several forces, including economic
potential from low-cost feedstocks, mitigation of CO, emissions
through utilization, and the storage of otherwise curtailed renewable
electricity. Below we evaluate each of these areas, along with a
ranking of the relative ease of formation, to present the most
advantaged products in each category.

Table 6: Quality of CO, from various sources.

co, Est. # A Vol o Capture Cost
Source Concentration Plants Exmei::egj(l\zl\tljl?i Iar21t P Common Impurities? ($/ton)e
(%)° (2017)° planty
Ethanol Fermentation 99 210 0.22 EtOH, MeOH, H,S, H,0, C;H¢S 20-22
Ammonia Synthesis >95 29 1.14 NHs, H,, CO, H,0 24-25
Natural Gas Wells 90-100 N/A N/A N,, CH,, C,Hg, CsHg, trace HCs 20-22
Coal-Fired Flue Gas 10-12 324 3.73 NOx, SOx, CO, O, N, Hg, As, Se  46-97
Gas-Fired Flue Gas 3-6 1128 0.47 NOx, SOx, CO, O, N, Hg, As, Se  43-89
Atmospheric CO, 415ppm - - N,, O, 400-1000
a:173
p:166,174

C: 168,175
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Ease of Formation

Ease of formation reflects the relative technical feasibility of
synthesizing a product and herein is qualitatively determined based
on four factors: (1) rate of formation / partial current density, (2)
faradaic efficiency / selectivity, (3) energy efficiency, and (4) current
TRL. Across each of the four categories, a value of low, medium, or
high was assigned (see Fig. 12 footnotes). In evaluating the products
accessible across the five pathways, six products stand out as top
performers in these areas: CO, ethylene, formate, methane, acetate,
and methanol as shown in Fig. 12. CO, ethylene, and formate were
selected as each has been synthesized electrochemically with partial
current densities > 100 mA/cm? at a faradaic efficiency > 60%.
Amongst direct bioelectrochemical pathways, acetate was selected
as SOT current densities are over 6x higher than the next closest
species and acetate can be formed at near 100% faradaic efficiency.
For the indirect pathways, methanol and methane were selected
based on high current TRL (i.e., low technical barriers to formation)
and high achievable rates of formation. Based on these metrics,
products are ranked in terms of ease of formation: CO, methanol >
methane > formate > ethylene, acetate.

Market Forces

While overcoming fundamental technical challenges will accelerate
the market-readiness of CO,R pathways, the underlying product-
market fit plays a critical role in determining the rate of deployment.
In Table 7, the market price ($/kg), global production in MMT/y, and
potential impact on CO, utilization are reported, where available, for
22 reported C;-C3 products. Unless otherwise noted, listed market
price reflects average values in 2016SUSD in the United States from
2014 - 2018. Of the species where data was accessible, all but one
product shows a current market price on the order of 0.1 — 1.0
20165USD / kilogram. The one exception is electrochemically
derived carbon nanotubes (CNT) which are priced two orders of
magnitude higher than the next most valuable product at $110.2 /
kg. Recognizing that products vary in terms of electron intensity,
market prices normalized by the number of electrons required for
reduction are also reported. Note for thermochemical and
bioelectrochemical processes which indirectly utilize electrons, we
assume that each mol of H, consumes 2 e~. After normalization,
three species stand out relative to baseline; CNTs at two orders of
magnitude higher price, formic acid at one order of magnitude higher
price, and methane at an order of magnitude lower price. It should
be noted that methane price is based on US natural gas price and
does not consider geographical differences and/or the impact of
renewable natural gas markets which can command a higher price
depending on the level of subsidies. The two above average
performing species may represent initial entry points for FOAK
processes. CNTs in particular show compelling economics as recent
reports estimate electrochemical production costs at ~$660/ton
compared to the current market price of > $100,000/ton for small
scale chemical vapor deposition processes.'’® 177 However, due to
the relatively small demand for CNTs and formic acid at 0.003 and
0.6 MMT/y respectively, it is unlikely that these species would offer
a long-term pathway for CO,R NOAK (Nth-of-a-kind) facilities due to
rapid market saturation. Nevertheless, formic acid is also considered
as a feedstock for biological and thermochemical pathways and may
be further converted in to products with much larger markets, such
as fuels, solvents, plastic monomers, and food-grade protein.!33

Rate of
Formation®

Energy

d
Efficiency Current TRL

Species Selectivity®

Carbon
Monoxide

Ethylene
Formate
Methane

Acetate

Methanol
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Figure 12: Qualitative evaluation of product ease of formation.

Potential for CO, Utilization

In addition to market price, the CO, volume required to meet the
current global demand of a given product and the potential impact
on global CO, utilization was also considered. Specifically, in 2017 the
US Environmental Protection Agency (EPA) estimated a total of 324
domestic coal-fired power plants 2 0.0025 MMT/y CO,e, emitting a
total of 1.21 billion metric tons of CO, or 1.02 MMT of carbon per
plant per year.’® A similar analysis can be done for other point
sources such as gas-fired power generation and bioethanol
production, showing on average 87-97% less emissions than that of
coal fired power leading to only 0.13 and 0.06 MMT/y of carbon
emitted per site, respectively.% 174 Using these figures and the C;-
C; market data, the global production of a species in terms of carbon
equivalent (i.e., total mass of carbon / year) can be viewed in terms
of equivalent number of point sources required to satisfy the
demand (assuming that 100% of all CO, emitted from each source is
converted to products).

From this analysis, the total global market of 11 of the 22 possible
products could be saturated by the carbon produced by one average
coal-fired power plant in the United States. Note, for species where
no data was accessible, it is assumed the market is under the 1.02
MMT/y carbon threshold. A complete analysis of market size in terms
of carbon equivalent versus the number of theoretical point sources
required is depicted in Fig. 13. Despite showing the lowest
normalized market price, CH; has an order of magnitude higher
global production compared to the next largest product (CO, syngas).
Thus, from the perspective of the circular utilization of CO,, CH,
presents the most compelling option, especially when considering
the existing infrastructure which may be leveraged. Alternatively,
smaller FOAK installations or processes that involve the production
of low volume products (e.g., formic acid and CNT) may be more
suitable for pairing with non-coal fired or distributed CO, generation.
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Table 7: Market data on C;-C3 products

) US Market $/e-req.  Global Production  CO,e Equiv. #
species fle- Pathway Price ($/kg)°  (x10%°  (MMT/y) (MMT CO,/y) _ Coal Plantst &'
Carbon Monoxide 2 EC, TC 0.18 2.6 150 236 63 4,178
Formic Acid 2 EC, TC 0.66¢ 15.2 0.6 0.60 <1 4179
Carbon Nanotubes 4 EC 110.2 331.0 0.003¢ 0.01 <1 177,180
Methanol 6 EC, TC 0.35 1.9 91.8f 126 34 179
Methane# 8 EC, TC, BC 0.15 0.3 2336 6410 1715 181,182
Acetic Acid 8 EC, BC 0.61 4.6 14.3 21 6 179
Ethylene Glycol 10 EC 0.93 5.8 28.3" 40 11 178,179
Acetaldehyde 10 EC 1.42 6.3 0.9¢ 1.8 <1 178
Dimethyl Ether 12 TC 0.65' 2.5 3.7 7.1 2 179,183
Ethanol 12 EC, TC, BC 0.52 2.0 89.6 171 46 179
Ethylene 12 EC, TC, BC 0.71 1.7 156 490 134 179
Acetone 16 EC 1.00 3.4 6.8 15 4 178,179
Propionaldehyde 16 EC 1.6% 5.8 0.6' 1.4 <1 178
Propylene 18 TC 1.07 2.5 117 367 100 179
1-Propanol 18 EC 1.43 4.8 0.2 0.4 <1 4
Isopropanol 18 BC 1.07 3.6 1.9 4.2 1 178,179
Oxalate 2 EC n.d. n.d. n.d. n.d. n.d. -
Glyoxal 6 EC n.d. n.d. n.d. n.d. n.d. -
Glycolaldehyde 8 EC n.d. n.d. n.d. n.d. n.d. -
Hydroxyacetone 14 EC n.d. n.d. n.d. n.d. n.d. -
Propionate 14 BC n.d. n.d. n.d. n.d. n.d. -
Allyl Alcohol 16 EC n.d. n.d. n.d. n.d. n.d. -
a: 2014-2018 average price in United States unless otherwise noted
b: Normalized price calculated based on mole of electrons required per mole of product.
c: United States EPA 2017 emissions data.!%® 324 total operating coal fired power plants in U.S. producing a total of 3.30 GT/y of
CO, yielding average of 1.02 MMT/y carbon per plant.
d: Average of 2014 and 2016 price.
e: 2015 global consumption
f: Average 2017-2018 global consumption
g: Assumes natural gas price and market size
h: Average 2016-2017 global consumption
i: Average Chinese spot price in 2014-2018 converted to USD
j: 2016 global consumption
k: Average Western European price in 2008
1: 2017 global consumption
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Figure 63: Global production in Carbon Equivalent of 22 CO,R derived C;-C; species combined with the number of coal power,
natural gas power, and bioethanol plants needed to satisfy that global demand assuming 100% CO, conversion.
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Table 8: Efficiency in converting electrical energy to chemical energy. Modified from 3°.

HHV e £ Energy Stored
Species Req. ! rel. H,
(kJ / mol) 0 (kJ/C) %)
Glyoxal 860.9 6 143 100.3%
H, 286 2 143 100.0%
co 283 2 142 99.0%
Glycolaldehyde 1036.2 8 130 90.6%
Formic Acid 253.8 2 127 88.7%
DME 1460 12 122 85.1%
Oxalate (acid) 242.9 2 121 84.9%
Methanol 726 6 121 84.6%
Hydroxyacetone 1667.9 14 119 83.3%
Ethylene Glycol 1191 10 119 83.3%
Ethylene 1411 12 118 82.2%
Acetaldehyde 1167 10 117 81.6%
Allyl Alcohol 1852.8 16 116 81.0%
Propylene 2058 18 114 80.0%
Ethanol 1368 12 114 79.7%
Acetone 1821 16 114 79.6%
Propionaldehyde  1816.5 16 114 79.4%
Propanol 2021.3 18 112 78.5%
Isopropanol 2007 18 112 78.0%
Methane 891 111 77.9%
Acetate 875 109 76.5%
Propionate 1527.3 14 109 76.3%
Energy Storage
The storage of electricity during off-peak hours or times of Conclusions

oversupply across daily and/or seasonal cycles is one advantage of
CO,R processes over conventional petrochemical synthesis. To
evaluate and rank the relative performance of products as an energy
storage medium, Martin et al.3° proposed comparing the number of
electrons required for a reduction reaction against the amount of
chemical energy contained within each species (i.e., the higher
heating value (HHV)), which would thereby reveal the efficiency
between electrical energy input and chemical energy stored. In Table
8 the energy storage capacities in kJ per coulomb (kJ / C) of the direct
CO;R products (i.e., electrochemical and MES) considered within this
report (excluding CNTs) are shown relative to H, as a baseline. As
shown, the energy stored in chemical bonds normalized by electrons
required for reduction is, in general, inversely proportional to the
number of electrons consumed. Therefore, from the perspective of
energy storage, species that require the transfer of only a few
electrons (e.g., 2-6), demonstrate high faradaic efficiency/selectivity,
and allow for easy recovery of energy should be targeted. In
comparing SOT faradaic efficiencies in Tables 1 and 3 with the energy
conversion data in Table 8, noteworthy products include CO (99.9%
FE, 142 kJ / C) and formate (90% FE, 127 kJ / C). Interestingly,
although glyoxal and glycolaldehyde show promising energy storage
values at 143 and 130 kJ / C respectively, the reported faradaic
efficiencies of each species are low, limiting their practicality as an
energy storage product.

The utilization of CO, and shift towards a sustainable and circular
carbon economy is fraught with many technical challenges. Herein
five CO,R pathways were evaluated under state-of-technology
conditions, specifically emphasizing the advantages and
disadvantages and R&D needs, serving as a first-of-a-kind guide for
the near- and long-term development of these diverse CO,R
technologies. An evaluation of the technical barriers across the five
CO;R pathways has shown that indirect routes (thermochemical and
bioelectrochemical) offer the most technically feasible near-term
opportunities for utilization of CO,, representing immediately
deployable pathways to high-value and relatively high-volume
products. Yet, despite their near-term promise, indirect processes
face inherent challenges with respect to lower equilibrium
conversion (thermochemical) and a limited C;-C3 product
distribution (biochemical), potentially hindering their long-term
viability. In cross comparing direct and indirect pathways, emerging
technologies such as the direct electrochemical pathway show
tremendous long-term promise and can theoretically overcome
these limitations, yet currently face numerous technical barriers
preventing near-term market adoption. If the top technical
challenges and R&D needs described within can be addressed and
paired with accompanying advancements to CO, capture and
purification, it will solidify a bright future for CO,R and help lead the
transition to a more sustainable circular carbon economy.
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To complement the analysis of CO,R technologies, 22 C;-Cs species
accessible via CO,R were evaluated in terms of ease of formation,
market potential, CO, utilization potential, and energy storage
capacity. The products with the highest ease of formation were CO
and methanol based on relative TRL and conversion metrics,
representing immediately deployable entry points for CO,R. With
respect to near-term profitability, electrochemically derived carbon
nanotubes were shown to command the highest normalized selling
price in terms of $/electron transferred and the greatest reduction in
synthesis cost relative to incumbent methods. From the perspective
of CO, utilization, the global production of over half of the studied 22
products were sufficiently small that the global supply could be
fulfilled by the CO, emitted from one average coal-fired power plant.
However, at current market levels the combined impact from the 22
near-term C;-C; products could offset up to 78% of the 10.1 GT CO,
emitted annually from global coal power, showing the tremendous
potential for utilization of CO,. Further, as these C;-C3 products are
combusted, degraded, or are incinerated at their end of life, the CO,
re-released into the environment can be captured and converted
once again, fostering a circular carbon economy. The products with
the greatest potential to utilize CO, were CH,4, CO (via syngas), and
C,H4. For the efficient conversion of electrical energy to chemical
bond formation in seasonal or off-peak energy storage applications,
CO and formic acid represent the top near-term targets based on SOT
conditions. These results underscore that no one product is likely to
dominate in CO,R, but rather it will be a concerted effort between
multiple product and pathway combinations.
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As we seek to globally transition from a linear carbon economy to a circular carbon economy, a key
consideration is identifying the feedstocks and energy sources of tomorrow and developing the
associated utilization technologies. As of 2018, we emitted more than 36 gigatonnes of CO, globally and
reached more than 2,300 GW of installed renewable electricity generation capacity. Thus, an
opportunity exists to utilize CO, and low-cost renewable electricity to drive this transition. CO, reduction
technologies have been developed across direct and indirect approaches including electrochemical
reduction, microbial electrosynthesis, non-thermal plasma, biological fermentation, and
thermochemical hydrogenation. However, many of these technologies are at an early stage of
development, and each one faces technical barriers that are impeding its commercial viability. In this
contribution, we evaluate each of these five technologies to establish the current state of technology,
describe the major technical barriers and R&D needs, and discuss near-term and long-term
opportunities in the context of 22 accessible C;-C; hydrocarbon and oxygenate products. Leveraging
input from over 30 global subject matter experts, this perspective underscores the research
opportunities and potential role of CO, reduction technologies in enabling our transition to a circular
carbon economy.
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