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Abstract

Known catalysts for (photo)electrochemical carbon dioxide (CO.) reduction typically generate
multiple products, including hydrogen, carbon monoxide, hydrocarbons and oxygenates, making
product separation a ubiquitous, yet often overlooked, challenge. Here we review observed and
expected CO; reduction products using available catalysts, and discuss the range of possible
approaches for product separation, including distillation, solvent extraction, membranes and
other techniques, along with estimates of separation energy requirements. We illustrate potential
complexities in a multi-step separation process for products of CO, reduction on copper, and
discuss opportunities to minimize separations by utilizing product mixtures. To consider the full
system energy balance, we also examine potential CO; sources, their energy requirements and
net CO, emissions. Finally, we discuss driving separations using energy available from waste
sources, and integrate this information into an overall energy balance assessment. Using a
common renewable energy sustainability metric, energy return on energy investment (EROEI),
we find that an EROEI of ~2.0 may be possible, before including separation and CO, production
energy inputs. Therefore, for net energy to remain above the break-even point (e.g., EROEI > 1),
these additional energy requirements, including the embodied energy of equipment, must be no
greater than approximately half of the product energy output, though the use of waste energy to
drive separations could relax this limitation.

Keywords

carbon dioxide reduction; solar fuels; low-carbon fuels; green fuels; solar energy; artificial
photosynthesis; climate change; greenhouse gas; electrochemistry; photoelectrochemistry;
catalysis; photocatalysis; product separation; energy return on energy investment; sustainability;
net energy balance

1 Introduction

1.1 The fuels challenge

With adoption of the Paris Agreement (UNFCCC, 2015), many nations are committed to
dramatic reductions in greenhouse gas (GHG) emissions across economic sectors over the next
several decades. As ~80% of total radiative forcing arises from anthropogenic atmospheric
carbon dioxide (CO,) (Myhre et al., 2013) that largely results from fossil fuel combustion, it is
essential to either greatly reduce the use of fossil fuels, lower their net GHG emissions, or both.
More efficient energy use is the cornerstone of almost all climate policy (IEA, 2015). While
many low-GHG energy alternatives exist for electricity generation, including several types of
renewable technologies as well as nuclear power and fossil fuel combustion with CO, capture
and sequestration (CCS) (Greenblatt et al., 2017), there are fewer options available for fuels used
directly (e.g., in transportation, buildings or industrial processes). Electrification of these end



uses is underway, most prominently in personal vehicles where plug-in hybrid gasoline-electric,
diesel-electric and all-electric technologies are rapidly becoming cost-effective. Several regions,
including California (Multi-State ZEV Task Force, 2014; CARB, 2017), France (Ewing, 2017a),
the United Kingdom (New York Times, 2017), China (Liptak, 2017; Zhang, 2017) and at least
one conventional automobile manufacturer (Ewing, 2017b), have committed to a great expansion
in their use, with more than two million such vehicles already in existence globally (CARB,
2017). Building and industrial electrification are also receiving increased attention (E3, 2015).

Despite encouraging progress towards alternatives, the need for energy-dense fuels will remain
strong for many decades and perhaps indefinitely. Global energy demand is forecast to increase
32% by 2040 even under the pressure of the Paris Agreement (IEA, 2015), though demand shifts
away from the U.S. and other developed countries and toward China, India, southeast Asia, and
parts of Africa, Latin America and the Middle East. Despite efforts to reduce GHG emissions,
demand for natural gas is expected to grow by 46% to 178 exajoules (EJ) globally in 2040, with
major uses in power generation (40%), industry (22%) and buildings (18%). Even in the
International Energy Agency (IEA)’s aggressive 450 Scenario, which reflects climate policy
needs under the Paris Agreement, natural gas demand in 2040 would be 140 EJ (IEA, 2015). Oil
is projected to grow by 12%, reaching 198 EJ by 2040 under the IEA’s reference scenario,
whereas in the 450 Scenario, oil demand would fall to 140 EJ in 2040, with demand
concentrating in freight, aviation and petrochemical uses. However, gasoline demand remains
important: electric vehicles, despite tremendous forecast growth to 715 million in 2040 in the
450 Scenario, only reduces oil demand by 13 EJ, or <10% (IEA, 2016), and biofuels are
projected to contribute 19 EJ in 2040, with hydrogen (H,) playing an insignificant role. Thus,
despite the rapid projected growth of alternatives, there will remain a huge need for fossil fuel
substitutes.

1.2 Challenges and opportunities for (photo)electrochemical products

While several methods exist for producing H,, carbon monoxide, hydrocarbons and/or
oxygenates (hereafter “fuels”) without using fossil feedstocks, including biological (e.g.,
Bensmann et al., 2014) and thermochemical (e.g., Tou et al., 2017) methods, electrochemical
(EC) and photoelectrochemical (PEC) routes offer potentially transformative technologies that
could scale globally, with fewer inefficiencies and less land competition than are associated with
biomass-based products. A number of reviews have highlighted the importance of these
technologies (e.g., Graves et al. 2011; Newman et al., 2012; van der Giesen et al., 2014; Herron
et al., 2015; Kumar et al., 2016). Promising progress has been demonstrated for solar H, from
water splitting (Rongé et al., 2014; Ager et al., 2015; Bonke et al., 2015; Jia et al., 2016; Shi et
al., 2016), though many challenges remain. However, carbon-based fuel production requires both
the reduction of CO, and the oxidation of water, and is a far more challenging undertaking than
the H, production alone. A conceptual schematic of a PEC or EC (hereafter P/EC) CO, reduction
system is shown in Figure 1, and several characteristics are described in this section.
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Figure 1. Conceptual diagram of P/EC CO:RR system including CO- source, CO.RR plant, product separation, waste heat
utilization, and recovery of carrier gas, solvent or electrolyte. Solid and dashed lines indicate definite and possible pathways,
respectively.
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Most desirable CO, reduction reaction (CO,RR) fuel products are the result of greater than two-
electron reduction processes, which tend have relatively low overall efficiencies. Few CO.RR
catalysts capable of four or more electron reduction reactions currently exist, so the range of
products available in appreciable yields is quite limited. While electrochemical potentials of most
CO3RR (-1.06 to —1.40 V vs. standard H, electrode) are similar to water splitting (—1.23 V), with
the exception of CO and formate most require significant (~1.0 V) kinetic overpotentials to drive
product formation. Large photovoltages are required to generate such products in integrated
photoelectrochemical reactors. For single absorber configurations, large photovoltages
necessitate large bandgap semiconductors that can only absorb the short wavelength portion of
the solar spectrum, resulting in very low solar-to-fuel efficiencies. Thus, in most cases, multiple
photoabsorber configurations, such as tandem photovoltaics coupled to appropriate catalysts, are
used to provide the requisite voltage to PEC systems (Rongé et al., 2014). For EC cells, a series-
connected photovoltaic array could be used to provide the requisite voltage at high efficiency (Jia
et al., 2016; Schiittauf et al., 2016).

CO:RR catalysts typically yield a mixture of products, making product separation a ubiquitous,
yet often overlooked, challenge. In addition, product distributions can vary with light intensity
(Zhou et al., 2016), and designing a system with stable product output is an additional challenge
(Gurudayal et al., 2017). CO, solubility in water is low, so alternative approaches such as non-
aqueous solvents, elevated pressures, gas phase reactions and even decoupling of light capture
and catalysis are important to explore. Moreover, unlike water, which is widely available in
relatively pure form, obtaining a reasonably pure source of CO, is much more challenging. While
it is present in the atmosphere at ~400 ppm, this source is very dilute and hence energy-intensive
to concentrate. While CO; can be captured from more concentrated sources (e.g., industrial flue



gases), these sources are associated with appreciable GHG emissions, which diminish their value
in mitigating climate change. These and other CO, sources, including several with very low net
GHG emissions, are discussed in Section .

Despite these challenges, CO-.RR also provides several opportunities not available from water
splitting. Most carbon-containing fuels are easier to store than H,, which requires energy to
pressurize (including to a liquefied gas), and special materials for storage and transport that are
impervious to H, permeation and do not embrittle. Liquid carbon-containing fuels are also much
more energy dense than even liquid H, on a volume basis, and are therefore convenient for
transportation and other space-constrained applications. Many P/EC CO,RR products (CH,, C,-
C4 gases,” ethanol/gasoline mixtures, and gasoline from methanol; these are discussed in detail in
Section 2) as well as small amounts of H, are compatible with existing infrastructure. Other fuels
might require only small changes in existing infrastructure (e.g., dimethyl ether substitute for
diesel, which requires either cooling to —24 °C or pressurization to ~5 bar to liquefy) (Wei et al.,
2014).

CO; reduction could, in principle, provide unlimited quantities of near-net zero GHG emissions
fuels without requiring biomass. As such, it would not be limited by suitable agricultural land,
transport of diffuse feedstocks, conversion of biomass feedstocks to finished products, or low
overall solar-to-product efficiency. EC CO, reduction could also provide an important enabling
technology for future electricity systems with low GHG emissions through the conversion of
inexpensive electricity, typically when net supply from intermittent renewable generation
exceeds demand, into storable products (“power-to-gas”). These systems are currently being
envisioned as EC water-splitting devices with subsequent conversion to CH, via the Sabatier
reaction or biological routes. Such systems have been demonstrated on scales up to 6 MW
(Benjaminsson et al., 2013).

The energy return on energy investment (EROEI) ratio is a key sustainability metric for
renewable energy technologies (Pimentel, 2003; de Oliveira et al., 2005; Gupta and Hall, 2011;
Sathre et al, 2014, 2016; Armaroli and Balzani, 2016; Shaner et al., 2016). As shown in Figure 1,
two types of processes have to be considered for EROEI analyses of CO> reduction systems: CO,
reduction reaction and product separation. Rather than address, as others have, the P/EC CO,RR
itself, we will focus in this paper on EROEI of product separation technologies including their
required energy inputs and the embodied energy of equipment, solvents and other materials
necessary for plant operation. Separations, which are usually overlooked, represent one of the
most significant challenges for such a system, because unlike water reduction, which produces
only H» and oxygen (O>) gases that are relatively easily separated from aqueous solution and
from each other, P/EC CO,RR typically produces a range of gaseous and liquid products. These
separations require energy, potentially negating the energy benefits of using sunlight or
renewable electricity to reduce CO, to high energy density products. Importantly, current
separations technologies define the availability of useful products, and the prospects for
improved separations define possible useful products in the future. Likewise, the availability of
selective catalysts for specific products (or classes of products) that are readily separated can
guide future basic research in materials and systems for separations. In this way, analyses such as

Here we adopt the notation C, to indicate molecules with n carbon atoms.



those presented here can facilitate an interaction between catalysis and separations researchers in
order to progress toward science solutions for the challenges solar fuels production.

1.3 Target products from CO, reduction

Global consumption of fuels is dominated by transportation and heating uses (Figure 2). While
natural gas is the largest single demand category, the demand (as measured by energy content)
for all petroleum products combined exceeds that of natural gas by a considerable margin. The
top six commodity chemicals are shown on the bottom portion of Figure 2, and are consumed in
far smaller quantities than transportation fuels. Ethanol and biodiesel, the primary two biofuels,
together contribute less than 2 EJ to the nearly 300 EJ consumed annually.

Global consunytion (B/yr)
0 50 100 150

Natural gas

Distillate (diesel)
Gasoline (petrol)

Other petroleum products
Residual fuel oil
Liquefied petroleum gas
Jet fuel

Natural gas liquids
Kerosene

Ethanol

Biodiesel

Commodity chemicals:
Hydrogen

Ethylene

Aromatics

Propylene

Methanol
Formaldehyde

Figure 2. Global fuel and commodity chemical consumption in 2012. Sources: Badwal (2013), Bender (2013), Goeppert et al.
(2014), Indexmundi (2017), MRC (2014), Research and Markets (2016)

While the production of each additional EJ of low-GHG fuels from CO, would be a significant
contribution, a 10% reduction in global (fossil) fuel demand would require ~30 EJ annually.
Therefore, the substitution of a CO,RR product for a fossil-generated product with a small global
demand does not constitute a globally-scalable GHG reduction solution. Fuel substitutes would
be most impactful in the following categories:



¢ Natural gas (primarily methane, CHy): 124 EJ/yr

¢ Diesel (C1o-C;s saturated hydrocarbons; approximately dodecane); jet fuel and kerosene
have similar structures, but with slightly longer chain lengths: 55 EJ/yr combined.

¢ Gasoline (C4-Cy; saturated hydrocarbons; approximately octane) and aromatics (benzene,
toluene and xylenes, Cs-Cs): 37 EJ/yr combined.

¢ Short-chain (C,-C;) hydrocarbons, consisting of ethane (C.Hs), ethylene (C,H,), propane
(CsHs), and propylene (CsHs). Both liquefied petroleum gases (LPG) and natural gas
liquids consist primarily of these chain lengths, but also contain some longer chain
molecules (C4-Cs and sometimes higher). Natural gas liquids mixtures tend to contain
longer-chain hydrocarbons than LPG, and do not include unsaturated molecules (e.g.,
C,H, and C;He): 35 EJ/yr combined.

Information about commodity costs of fuels can be found in Section 1 of the Supplemental
Information.

2 CO:RR products

There is a significant gap between products for which there is high demand, and what is
currently known to be possible using available catalysts. In this section, we consider only
products that have been reported to have been formed by EC reduction of CO, in aqueous
solution or in a gas diffusion electrode (GDE) cell, and describe their uses and physical
characteristics. It should be mentioned that there are other pathways for forming carbon-
containing fuel products from CO; including those that use renewable H, and Fischer-Tropsch
synthesis (Centi and Perathoner, 2014), but these are beyond the scope of the present study.” The
main advantage of a GDE reactor over an aqueous reactor is that CO; generally exists at higher
concentration in the vapor phase than when dissolved in water, but in both types of reactors,
reduction products are generated in a flowing aqueous electrolyte stream saturated with CO,, and
thus are likely to be present at low concentrations if the flow rate is high relative to the
production rate. At high product concentrations, the product will separate from the aqueous
electrolyte according to its solubility in the electrolyte. If the product solubility in the aqueous
electrolyte is high, additional separation processes are required to remove dissolved CO, and
organic products from the electrolyte, and to separate organic mixtures into components.

Surveying the current state-of-the-art in CO,RR electrocatalysis (Centi and Perathoner, 2010; Li,
2010; Kuhl et al., 2012; Costentin et al., 2013; Jhong et al., 2013; Qiao et al., 2014; Goeppert et

Fischer-Tropsch synthesis can be used to effectively convert easy-to-produce reagents (H, and
CO) into long-chain hydrocarbons including those directly compatible with gasoline-, diesel- or
jet fuel-burning engines. Another advantage of the approach is that it is exothermic, requiring in
principle no additional energy inputs. However, the Fischer-Tropsch approach must be carried
out at temperatures of 150-350 °C and typically elevated pressures (up to 30 atm), requires
additional catalysts and large amounts of physical hardware, and often relies on significant
downstream processing (Schulz, 1999; https://www.netl.doe.gov/research/coal/energy-
systems/gasification/gasifipedia/ftsynthesis).



al., 2014; Ganesh, 2014; Lim et al., 2014; Jones et al., 2014; Kumar et al., 2016; Zhou et al.,
2016), the following general observations can be made:

¢ EC CO:RR can only make C;-Cs products with appreciable Faradaic efficiency (Section 2
of the Supplementary Information contains a list of all possible products), although a few
studies have indicated the possible production of products with four or more carbon
atoms (e.g., Centi et al., 2007; Shibata et al., 2008).

¢ Certain C; products, such as CO and formate, can be made with high selectivity, but
selectivity to C, products such as C,H, and/or ethanol remains poor.

¢ For some catalysts that produce C,. products, the product distribution depends sensitively
on current density (and hence light intensity in a directly solar-coupled system).

2.1 Carbon monoxide

It has been well demonstrated since the 1980s that metal electrodes such as gold and silver are
able to reduce CO; to CO with high Faradaic efficiency (Hori, 2008). Recently, nanostructured
versions of these metals have been shown to produce CO at low overpotential (<200 mV) (Chen
et al., 2012; Tornow et al., 2012). A number of studies have utilized these types of catalysts in a
GDE geometry at current densities exceeding 100 mA/cm” (Delacourt and Newman, 2010;
Delacourt et al., 2010; Kim et al., 2015). Moreover, a techno-economic case has been made for
using this process as the first step to renewable fuel production, with the subsequent steps
performed with the Fischer-Tropsch process (Newman et al., 2012).

While CO may be useful, it is also a toxic gas with low energy density relative to other gaseous
products (e.g., CH,). CO could be an important component of syngas (along with H>) as an
intermediate step to making long-chain hydrocarbons, such as gasoline or diesel, via Fischer-
Tropsch.

2.2 Formate/formic acid

Tin and indium can produce formate™ with high Faradaic efficiency (Hori, 2008;
Bumroongsakulsawat and Kelsall, 2014), and nanostructuring has been shown to be effective in
reducing overpotentials (Zhang et al., 2014). CO, reduction to formate has been demonstrated in
a number of GDE cells (Wang et al., 2015; Del Castillo et al., 2014; Kopljar et al., 2014; Irtem et
al., 2016; Machunda et al., 2011; Li and Oloman, 2005; Prakash et al., 2013). Recently, Zhou et
al. (2016) demonstrated a coupled PEC water oxidation and CO,RR that produces formate at
10% solar-to-fuel efficiency.”

All known catalysts operate efficiently only under basic conditions, where they produce formate
rather than formic acid, but the hydrocarbon portion of the two compounds are identical.

This metric is defined as the chemical energy (absolute enthalpy of combustion as measured on
a higher heating value basis) of the produced fuel divided by the energy of the standard solar
spectrum (defined as AM1.5G; NREL, no date) striking the photoabsorber surface.



While this work is promising from an energy conversion point of view, formate has limitations as
a fuel product. Formic acid has the lowest energy density per mole or kg of any fuel, lower even
than CO. It could potentially be used in a fuel cell or as an efficient H» carrier (Pérez-Fortes and
Tzimas, 2016). Indeed, pure formic acid contains the equivalent of 53 kg H»/m?, about the same
as contained in H, compressed to 700 bar. Currently, however, it is mainly used as a preservative,
tanning agent for leather, and an anti-icing agent on roads (Acidpedia, no date; NCBI, no date).
In terms of its prospects for generating more valuable chemicals via further processing, it
essentially represents a thermochemical dead-end.

2.3 Methane and ethylene

Copper (Cu) is the only known metal electrocatalyst capable of forming C;-C, products with
appreciable Faradaic efficiencies (Hori, 2008; Kuhl et al., 2012). A typical product distribution is
shown in Table 1. Experiments have demonstrated an ability to tune the CH4+/C,H, ratio between
~0.2 and 10 by varying the surface crystal alignment from Cu(111) to Cu(711), with ~50-60%
Faradaic efficiency of the main product (Hori et al., 2003). Recently, nanostructured Cu
produced by oxidation/reduction cycling and by other means has been shown to increase the
Faradaic efficiency of C,. products such as C,H, and ethanol (Ren et al., 2016a, 2016b; Handoko
et al., 2016; Dutta et al., 2016; Li and Kanan, 2012). Still, these types of catalysts produce a
mixture of reduced species and the required overpotential is quite high, typically —1.0 V.

Table 1. Product distribution for H,O + CO; over a copper catalyst

Product Faradaic
efficiency
Methane (CH.) 33.3%
Ethylene (C,Hy) 25.5%
Hydrogen (H,) 20.5%
Formate (HCOO") 9.4%
Ethanol (C;HsOH) 5.7%
n-Propanol (CsH,OH) 3.0%
Propionaldehyde (C;HsCHO) | 2.3%
Allyl alcohol (C;HsOH) 1.4%
Carbon monoxide (CO) 1.3%
Acetaldehyde (CH;CHO) 1.1%

Source: Hori et al. (1994)

Pure CH, could be used as a direct substitute for natural gas, which is primarily composed of
CH,. While natural gas is currently plentiful and inexpensive, it is still a significant contributor to
climate change, both through its combustion and inadvertent leaks to the atmosphere (Tollefson,
2013), where its global warming potential is ~30 times that of CO, (Myhre et al., 2013).
Replacing fossil-derived CH, with renewably-generated CH, from CO,RR could be an important
long-term energy strategy, as much of the world’s energy infrastructure is dependent on this fuel
for electricity generation, building heat, industrial processes and, to a more limited extent,
transportation (see Section 1).



Ethylene is an important building block for industrial chemical production. More than 50% of
the 7.4 EJ/yr of C,H, consumed globally is used to make polyethylene, the world’s most widely-
used plastic, and it is also used to make precursors to ethylene glycol (anti-freeze), polystyrene,
and polyvinyl chloride. As a fuel, it could be used as a blending component in natural gas,
directly as a substitute for acetylene in welding, as a non-fermentative route to ethanol (Clark,
2013), or as a precursor to n-propanol and propylene (Rodriguez and Tenn, 2012).

2.4 Ethanol and propanol

There are a few reports of the EC formation of ethanol with high Faradaic efficiency (e.g., Ren et
al., 2016a). Ethanol could be used with our present infrastructure, as it is already blended with
gasoline in numerous countries (Lane, 2016), in addition to being used in higher concentrations
in modified engines (e.g., E-85 blends). Techniques for separating ethanol from aqueous
electrolyte are, therefore, of interest.

Propanol is also interesting as it can be readily separated from water by liquid-liquid extraction
(see Section 3.4.2). Currently, the state-of-the-art catalysts that produce this alcohol achieve
about 10% Faradaic efficiency (Ren et al., 2016b).

2.5 Methanol

Methanol would be an attractive product, as it could either be used directly in a methanol
economy (Goeppert et al., 2014), or used to make gasoline via the methanol-to-gasoline (MTG)
process (NETL, no date; Packer, no date; ExxonMobil, 2008; Helton and Hindman, 2014). It
could also be used to make dimethyl ether, which is can be used as a building block for other
chemicals (Centi and Perathoner, 2014), as well as a potential substitute for diesel engines and
LPG.

Water contamination does not appear to be problematic for the MTG process, as methanol is
partially dehydrated to make dimethyl ether and water before reacting to make synthetic
gasoline. Moreover, the synthesis process yields more than 50% water by mass, so the process is
likely tolerant of small amounts of water in the initial methanol feedstock. While the reaction is
exothermic, if too much water is present initially it may affect the reaction temperature, which
must be maintained at >300°C (Packer, no date).

However, the electrocatalytic pathway that produces methanol is energetically unfavorable
compare to that producing CH, (Xiao et al., 2016; Xiao et al., 2017). There are experimental
efforts underway to realize this reaction, and direct PEC pathways have been explored (Barton et
al., 2008), but there is some uncertainty regarding the function of these pathways (Saveant and
Tard, 2016). Nevertheless, some recent papers have identified potentially promising pathways
(Qiao et al., 2014; Studt et al., 2014; Albo et al., 2015).

2.6 C,(and higher) hydrocarbons



Centi et al. (2007) and Shibata et al. (2008) have published tantalizing studies indicating that it is
possible to produce C,: products electrochemically. Centi et al. in particular even point to
aromatics as a specific class of products produced. Shibata et al. report that up to Cg
hydrocarbons can be obtained at room temperature and atmospheric pressure using a
commercially available Cu electrode. However, only ~10% of the total products are Cs:.

The direct P/EC production of C4: products would be very important, because separation from
water becomes easier, and these compounds also become progressively more compatible with
existing fuels such as gasoline. However, the large numbers of reducing electrons required to
make these products means that they are potentially more challenging to produce at high
efficiency than shorter-chain hydrocarbons.

3 Product separation

Because of the number of challenges associated with CO,RR (low aqueous solubility of CO,,
high numbers of electrons resulting in relatively low efficiency, few catalysts, poor product
selectivity, generally high overpotentials, current- or intensity-dependent product distributions,
cost and GHG content of CO, source; see Section 1.2) due, at least in part, to the early stage of
the research, we have deliberately avoided constraining the process options available to realize a
viable P/EC CO;RR system, and our analysis is applicable to chemistries other than ambient
temperature and pressure aqueous catholyte-anolyte system designs (e.g., Singh et al., 2015;
Singh and Bell, 2016). These include:

¢ Non-aqueous electrolytes (common laboratory solvents, as well as fluorinated solvents
and ionic liquids), offering increased solubility of CO, and/or immiscibility of certain
products, easing separation

® (Gas-phase reactions at the anode, cathode or both

* High pressure or low temperature systems to increase CO, solubility, including the
possibility of CO,/water solid clathrates near 0°C (DeCiccio et al., 2015), or the use of
supercritical CO; (74 bar, 31°C) with a suitable electrolyte

¢ FElevated temperatures to increase reaction rate, which would be useful in gas-phase
systems or non-aqueous solvents with high CO, solubility

e Separation of light absorption and electrochemistry (e.g., solar photovoltaic—or even
grid electricity—coupled with an EC cell) to create stable cell operation at higher
capacity factors and, potentially, current densities

¢ Separation of CO,RR into several steps involving fewer electrons each, optimized for
different conditions

Given the current heterogeneous catalysts available, all of these options are likely to generate
product mixtures that will require post-synthesis separations. In this section, the basic principles
of chemical separations using established methodologies are described. Each of these is of
potential use for CO,RR-generated fuels, and the energy required to use them is estimated based
on optimum process conditions. Several typical mixtures are used as examples. Many of our
examples are for aqueous EC systems (which are the most widely studied), while some come
from systems commonly found elsewhere in the chemical industry.



3.1 Theoretical minimum energy required for separations

The energy required for separation of product mixtures is a net loss to the EROEI balance for
CO:RR systems, and is an important consideration for solar P/EC systems. The minimum
thermodynamic energy required to reversibly separate mixtures of components is the opposite of
the free energy of mixing AGni, which for ideal mixtures is always negative because the
enthalpy of mixing AH,. is zero:

A(;mix = AI_Imix - TASmix = _TASmix < O,
where T is absolute temperature and AS,.; is the entropy of mixing, which for ideal mixtures is:
ASpix = -Re Y xin(x)

where R is the universal gas constant (8.3145 J/mol-K) and x; is the mole fraction of component
i. Thus, a 1:1 binary mixture has the maximum entropy of mixing and lowest free energy of
mixing (—1.72 kJ/mol at 25 °C). Mixtures of more than two components have more negative free
energies.

However, real mixtures can have higher or lower free energies than the ideal case, because of
intermolecular forces and non-zero enthalpies of mixing, which can be positive or negative.
Across mixtures of water with 16 common liquid solvents plus NaCl, AH,, ranges from —0.98
kJ/mol (14 mol% isopropanol) to +1.26 kJ/mol (46 mol% sulfolane). Including entropies of
mixing, AGn, ranges from —2.43 to +0.24 kJ/mol (=75 to +4 kJ/kg). The ratio of AGu to the
enthalpy of combustion (AH,) of the solvent (—4,160 to —470 kJ/mol) can vary from essentially
zero to 0.43%. See Section 2 of the Supplementary Information for details.

For multicomponent mixtures, this ratio tends to be larger. Moreover, for lower target product
concentrations, this ratio tends to be much higher, scaling roughly inversely with concentration.
Because of inefficiencies inherent in non-ideal, real-world processes, separation of mixtures
typically requires several times the free energy of mixing, which defines the thermodynamic
minimum for reversible separation.

3.2 Phase Separation

Fundamentally, it is much easier to separate substances when they are in different phases (gas-
liquid, gas-solid or liquid-solid), though there is typically always a small amount of material in
the other phase (e.g., entrained gas in liquid and liquid droplets in gas) that must be removed if
high purity is required. Generally speaking, separations that take place over longer times tend to
reduce entrainment of the undesired phase, but longer process time can limit the high throughput
required for an economically viable system. The use of equipment to promote separation, such as
a demister to minimize liquid entrainment in the gas phase, is commonly employed.

When substances occupy the same phase (gas-gas, liquid-liquid or solid-solid), physical or
chemical changes are required to effect separation, unless the two (usually liquid) substances are
immiscible, in which case gravimetric separation is all that is required. However, virtually all



liquid C;-Cs products considered here are miscible with water (and probably each other) under
ordinary conditions. While a small number of possible products are solids at or near room
temperature (e.g., acetic acid, glyoxal, glycolaldehyde, 1,3,5-trioxane), they are typically not
produced at high yield. Moreover, these products would likely dissolve in an aqueous solution,
so separation of solids is very unlikely in any realistic CO,RR system. Nonetheless, we do
briefly discuss separation of solids in Section 3.4.4.

3.3 Distillation

Distillation achieves phase separation of two miscible components through temperature and/or
pressure modulation. The most common approach is conventional atmospheric pressure
distillation, which is widely used in industry.

3.3.1 Conventional distillation, with
ethanol/water and petroleum
refining as examples

Distillation tends to be inefficient because it requires high heat inputs in the reboiler, while
(ideally) rejecting the same amount of heat at lower temperature in the condenser (Kiss et al.,
2012). While some of this heat can typically be recovered, Halvorsen and Skogestad (2011)
found that the required energy input for conventional distillation can be more than 50% higher
than the theoretical thermodynamic minimum, and often much higher. We will not provide a
detailed analysis of distillation processes here, as comprehensive references can be found
elsewhere (e.g., McCabe et al., 2001; Green et al., 2007), but instead provide perspective on the
energetic expense of distillation relative to the energy available from products of P/EC systems.
Some of these references include extensive discussion of the design of appropriate distillation
systems for numerous separations, which is beyond the scope of this paper.

The fraction, f, of the enthalpy of combustion of the product, AH._, , that is required for
separation of the product by distillation, AH, , can be obtained from (based on McCabe et al.,
2001):

X
L6v,1AH, + AH
r(C v, v,1 Xv,2 V,Z)XIOO
AHCJ1
AH
f= 4 %100 =¢
AHC’1

where x,; are the initial vapor-phase mole fractions of the product (i = 1) and solvent (i = 2) being
separated, AH,; are the corresponding enthalpies of vaporization, and r is the ratio of total moles
vaporized to moles of product produced, called the reflux ratio, which can be approximated by
1/x,1. Note that the x,;’s will depend not only on temperature but also on the composition of the
liquid-phase mixture. The additional enthalpy associated with the sensible heat required to raise
each component to the boiling point of the mixture can also be included in this expression, but
the enthalpy of vaporization is typically much greater than the enthalpy of sensible heating. It



should be emphasized that, if fis greater than 100%, more energy is used to separate the product
than can be recovered by its combustion.

While this calculation provides only an approximation, it is a useful starting point. For a 10 wt%
(~4 mol%) ethanol mixture in water with 25 °C initial temperature and 91 °C vaporization
temperature, x,; = 30% (Kosaric et al., 2011). Under these conditions, AH,; (ethanol) and AH,,
(water) are virtually identical (46 kJ/mol), and AH_; =1,220 kJ/mol (NIST, 2017).
Therefore, assuming r = 3.3, fis 12.6%, which is close to the result of a more sophisticated
model (16%) that obtained 90 wt% ethanol (Kvaalen et al., 1984). For a more dilute initial
ethanol concentration (e.g., 1 wt%), the vaporization temperature is 99 °C, x,; = 2.6% (Kosaric et
al., 2011), and f = 146%. (When f is greater than 100%, more energy is used to generate the
product than can be recovered by combustion.) This result suggests that distillation is not likely
to be a viable candidate separation technique when a dilute target product must be separated from
a solvent and/or other products.

Note that ethanol/water and many other systems form azeotropic mixtures, which limit the purity
that can be achieved in conventional distillation. The addition of a third component, known as
an entraining agent, often makes it possible to achieve higher purities. For example, benzene,
cyclohexane, or ethylene glycol is often used with ethanol/water mixtures to produce a nearly
100% water-free ethanol product. However, the addition of an entraining agent typically requires
further purification steps to remove it from one or both of the resultant distillation products,
further increasing the energetic expense of distillation, though sometimes the entraining agent
phase separates from the distillation product(s) upon condensation, making separation and
recovery more straightforward (Kosaric et al., 2011).

Another example of azeotropic distillation is the n-butanol/water system, which has a 76 mol%
water azeotrope at 92 °C, but produces phase-separated products, with 97% water in the aqueous
product phase and 58% n-butanol in the organic product phase (Luyben, 2008). Using a two-
column distillation scheme, for a feed concentration of 2 wt% n-butanol in water, 99 wt% n-
butanol was obtained with f equal to 25%. This f value is substantially lower than that of ethanol,
illustrating that separations from water tend to become more energetically favorable for higher
hydrocarbons. Electrochemical conversion of CO, to higher hydrocarbons, however, becomes
increasingly difficult as more electrons are required to reduce CO, to the desired product (see
Section 2).

Vacuum distillation is another approach that can be used to circumvent an azeotrope, while also
lowering the mixture’s boiling point that often results in lower energy inputs compared to
atmospheric pressure distillation. For instance, for ethanol/water mixtures, with an atmospheric
pressure azeotrope at 95% ethanol by mass, ethanol product purity can be increased to >98% by
lowering the pressure to ~0.1 bar (Beebe et al., 1942). By contrast, for systems without an
azeotrope such as methanol/water, purities of >99.99% are possible using conventional
atmospheric-pressure distillation (Zhang et al., 2010).

The distillation energy used in petroleum refining serves as another useful reference. Using data
for the U.S. industry (Morrow et al., 2015), the initial distillation of crude oil into light and heavy
fractions yields an f of 3.2% relative to the energy content of the crude oil. Note that this estimate



represents a lower bound on distillation energy consumption because it is part of a highly-
integrated plant that utilizes unwanted products and waste heat from other processes to lower
overall energy consumption. Including all refinery processes (hydrocracking, etc.) increases f to
9.3%—a better reflection of the total energy required to separate a complex mixture such as
crude oil. Note that unlike our above estimate, these metrics are normalized to the total energy of
the feed mixture, not just that of the target product. The much lower energy inputs for petroleum
refining is a result of much higher product concentrations in the initial crude oil compared with
the ethanol examples given above.

While distillation is considered to be mature technology, with >40,000 columns in use in North
America consuming ~40% of total energy in the refining and bulk chemical industries (White,
2012), there is nonetheless room for improvement. A number of new approaches have been
explored, including dividing wall columns, heat integrated distillation, vapor compression, multi-
effect distillation, cyclic distillation, and several types of heat pump schemes; case studies point
toward savings of 20-50% over conventional distillation, with potential savings of up to 80% in
some cases (Zhang et al., 2010; EPA, 2011; Kiss et al., 2012; Morrow et al., 2015).

3.3.2 Cryogenic distillation, with
air separation, C.H+/C,Hg,
and CH,/CO, as examples

Cryogenic distillation can be used to separate mixtures of gases with different condensabilities.
The most common application is separation of air into nitrogen (N), O, and argon (Ar). The
process requires tight integration between heat exchangers and separation columns to obtain high
efficiency. Cooling is accomplished via the Joule-Thomson effect, whereby non-ideal gases
typically cool upon expansion (Windmeier and Barron, 2015).* Air separation is an example of a
three-component separation with close boiling points (all between 77 K and 90 K at atmospheric
pressure). A molecular sieve (see Section 3.6.3) is used to remove water, CO,, and gaseous fuels
from compressed air before cryogenic separation (Castle, 2002). The molecular sieve must be
regenerated to close the cycle; see Section 3.6.3 for energy requirement estimates.

An example of a two-component cryogenic separation is C.H4/C,Hg. Typically, this separation is
done under mild cryogenic temperature conditions (=20 °C) and elevated pressures (~20 bar). To
produce pure (99.95%) C,H, from an 80% C,H4/20% C,Hg mixture requires ~2.7 MJ/kg C,H,4
(Ploegmakers et al., 2013), or an f of ~5.4%. By comparison, the free energy of mixing of the
C,H4/C,Hs mixture is ~4 kJ/kg (C,H,) (Calado et al., 1980), or ~0.16% of the distillation energy.

3.4 Solvent-mediated phase separation

However, all gases exhibit heating at both low and high temperatures, and at all temperatures at sufficiently high
pressures. The high-temperature inversion point for most gases is typically several hundred K, but H,, helium and

neon have much lower inversion points, so at room temperature they warm when expanded (Windmeier and Barron,
2015).



3.4.1 Gravimetric separation, with
n-butanol/water as an
example

Gravimetric separation can be accomplished when liquids are immiscible and have different
densities. While, as noted earlier, most C;_; liquids are miscible with water, n-butanol is
immiscible with water above 1.0 M at 20 °C (BASF, 2006). However, ~20 wt% of water remains
dissolved in the n-butanol phase, and ~8 wt% of n-butanol remains in the aqueous phase,
requiring further separation. Also, phase separation still requires a finite amount of time to
manifest, and in some cases, phases do not cleanly separate, but droplets of one phase remain
suspended in the other phase. An example of this issue and its resolution is the salt-induced
separation of ethanol from saturated aqueous Cs,COs solution, discussed in Section 3.4.3 (Singh
and Bell, 2016), where a settling tank and coalescer were proposed to convert an ethanol
microemulsion into a separate phase with >90 wt% ethanol.

3.4.2 Liquid-liquid extraction, with
n-propanol/water as an
example

An example of liquid-liquid extraction (LLE) is the separation of n-propanol from water, which
are miscible, via n-pentanol as well as longer-chain alcohols (up to n-dodecanol; Stoicescu et al.,
2011), methyl acetate, ethyl acetate or n-propyl acetate (Cehreli et al., 2006). The propanol will
preferentially partition into the organic solvent phase, which forms an immiscible layer on top of
the water. The propanol must then be separated from its host solvent, but will typically be present
in higher concentration, so subsequent separation is more efficient than in the initial mixture.

3.4.3 Salt extraction, with organics
in aqueous salt solution as
examples

Many liquid fuels can become immiscible in water when salt is added, a process referred to as
salt-assisted liquid-liquid extraction (SALLE), or “salting out” (Majors, 2009). Pertinent fuels for
which this is applicable are formic acid, acetic acid, ethanol, and several C; oxygenates
(propionic acid, n-propanol and isopropanol) (Merck, 1983; Li et al., 2000; Fu et al., 2015; Singh
and Bell, 2016). However, efficient use of materials requires the recovery of the salt; one
proposed method uses a saturated Cs,COjs electrolyte that is continuously recirculated after
separation of ethanol (Singh and Bell, 2016).

Other products of potential interest, such as acetic acid, acetone, isopropanol and methanol, have
been salted out from water in the presence of a third C4. organic-phase solvent such as butanone,
cyclohexane or 2-ethylhexanol (Shah and Tiwari, 1981; Hasseine et al., 2009). As noted
previously, however, this third solvent must then be separated from the product of interest.

3.4.4  Precipitation of solid CO-RR
products from water



While most C;-C; products are liquids or gases under standard conditions, glycoaldehyde and
1,3,5-trioxane (trimer of formaldehyde) are solids at room temperature. In addition, carboxylic
acids such as formic, acetic or proprionic acid are often found in the ionic form (e.g., formate)
and can in principle form insoluble salts under some conditions. Moreover, some liquids have
freezing points relatively close to that of water (e.g., acetic acid, 16 °C; glyoxal, 15 °C; formic
acid, 8 °C; ethylene glycol, -13 °C; proprionic acid, -21 °C; 1,3-propanediol, -27 °C) and could
be frozen out of solution, as can water to separate it from other substances. However, the
presence of multiple components can have a large influence on the freezing point; for instance, a
40 wt% ethanol solution in water has a freezing point of —23 °C (Engineering Toolbox, no date —
a), and forms a solid that is also a mixture of ethanol and water, analogous to the result of
distillation.

3.4.5 Estimated energy
requirements for solvent-
mediated separations of
CO:RR products from water

The energy required to pump fluids is negligible compared with the energy required for
distillation or pressurization against a membrane (see Sections 3.3 and 3.5.5). For solvent-
mediated phase separation, the main energy input is the embodied energy of the substance(s)
inducing the phase separation (solvent and/or salts). The embodied energy of a chemical or
object is the cumulative energy input required to produce it in finished form from raw starting
materials. Table 2 shows a list of embodied energies for a number of common solvents,
fluorinated solvents and ionic liquids, as well as common salts, taken from the Ecoinvent v2.2
database (Ecoinvent, 2012). Note that some items are also reactants or products of CO,RR, and
could be recycled internally or generated by alternative means, potentially lowering the
embodied energy. Aside from water, which has a very low embodied energy in most regions
(0.006-0.012 MJ/kg), the range of embodied energies for non-fluorinated solvents span 10.9-126
MJ/kg, while the three fluorinated solvents listed are considerably higher (209-217 MJ/kg). Salts,
by comparison, have very low embodied energies (3.3-11.1 MJ/kg) unless they contain lithium or
fluoride, in which case they are comparable to solvent embodied energies (64-111 MJ/kg).

Table 2. Table of embodied energy of selected solvents (MJ/kg)

Common solvents
Acetone 57
Acetonitrile 87
Benzene 62
Butanols (average of n- and isobutanol) 87
Carbon dioxide (CO,) (liquid) 10.
9
Carbon tetrachloride 35
Cyclohexane 77
Cyclohexanone 108
Dichloromethane 41




Dimethylformamide (DMF) 58

Dimethyl sulfoxide (DMSO) 46
Ethanol 71
Ethyl acetate 65
Hexanes (average of n- and isohexane) 64
Isopropanol 63
Methanol 55
Methyl ethyl ketone 54
Monoethanolamine (MEA) 89
Tetrahydrofuran (THF) 126
Toluene 63
Water 0.0
1
Fluorinated solvents
Hexafluorethane 209
Tetrafluoroethylene 217
Monochloropentafluoroethane 209
Salts
Sodium chloride (NaCl) 3.3
Potassium chloride (KCI) 9.0
Calcium chloride (CaCl,) 11.1
Lithium chloride (LiCl) 64
Lithium fluoride (LiF) 111

Ionic liquids

1-Butyl-3-methylimidazolium tetrafluoroborate ([Csmim][BF,]) 124

1-Butyl-3-methylimidazolium bromide ([C,mim][Br]) 245
Source: Ecoinvent (2012)

Common ionic liquids in which COs is soluble include the cations 1-alkyl-3-methylimidazolium
([C.mim]*, where C, = C,Hzn:1), N-alkylpyridinium ([C,Py]"), or tetraalkylammonium ([Napcd],
where subscripts indicate alkyl chain lengths), coupled to the anions tetrafluoroborate ([BF4]"),
hexafluorophosphate ([PFs]"), bis(trifluoromethylsulfonyl)amide ([NTf,]"), halides (particularly
[Br]") (Rees and Compton, 2011), or tetracyanoborate ([B(CN).]") (Carvalho et al., 2016). While
the embodied energies for most of these ionic liquids are not readily available, two representative
compounds ([Csmim][BF,4] and [Csmim][Br]) have embodied energies (124-245 MJ/kg) ranging
from that of the highest organic solvent to more than those of fluorinated solvents.

By comparison, absolute enthalpies of combustion |AH.| of C;-C; products (aside from CO and
formic acid, both of which are <10 MJ/kg) range from 14.6 MJ/kg (acetic acid) to 55.5 MJ/kg
(CH.,). If solvents (and to a lesser extent, salts) are not recycled and are used in quantities
comparable to the amounts of products produced, the invested energy could easily exceed that
yielded by the products. Therefore, it is imperative that these substances be recycled with high



efficiency in order to keep the invested energy per product combustion enthalpy small. The
energy lost in unrecovered solvents and/or salts can exceed that of distillation, unless recovery is
very tightly controlled. As an example, for isopropanol with |[AH | = 33.4 MJ/kg, the energy loss
(as a fraction f of isopropanol’s combustion enthalpy) associated with 1% solvent mass lost per
mass of isopropanol could be as low as 0.3% (or less) for common salts, or as much as ~7% for
compounds with high embodied energies such as fluorinated solvents or ionic liquids, e.g.,
comparable to distillation. However, the actual energy penalty is probably higher, at least at the
low end of this range, because the separation energy cannot be lower than the theoretical
minimum, which for simple binary mixtures we determined in Section 3.1, could have an f as
high as ~0.4%.

3.5 Membrane separation

Membranes are currently employed in several high-volume industrial separations, including
enrichment of O, or N, from air, removal of CO, from natural gas (CO,/CHy) or industrial flue
gas (CO2/N,), H, recovery from petrochemical streams (H»/N,, H,/CH4, H»/CO), and separation
of volatile organics from water or water vapor (Yampolskii, 2012). Furthermore, several high
value separations, such as olefin/paraffin separation (ethylene/ethane and propylene/propane),
are the target of current membrane development, as membrane-based processes would likely be
much less energy intensive than traditional separation technologies (Sanders et al 2013). Here,
we briefly review some of these key separations for several reasons: 1) to provide illustrative
examples of the energy savings that can be realized by membranes relative to conventional
technologies, 2) to describe the challenges that remain in the deployment of membranes at large
scale, and 3) to suggest that membrane separations could be useful for CO,RR products, since
many of the chemical species relevant to industrial membrane separations also appear as
products or reactants of CO,RR (e.g., CO,, CO, CH,, ethylene, methanol, ethanol, etc.)

Membranes are thin barriers that selectively permit the passage of one or more chemical species
while rejecting the passage of other species. Most commonly, membranes are comprised of
organic polymeric materials, which are generally mechanically robust and inexpensive. Other
materials, such as ceramics, metals, and supported liquid films, are employed in special
applications, but these materials are often more expensive than polymeric membranes and, in the
case of ceramics and liquid films, lack mechanical resilience (Baker 2012). Hybrid materials,
which are composites of polymers and inorganic adjuncts, can have good stability, separation,
and mechanical characteristics, but are at an early stage in their development (Bachmann et al.
2016). Because a phase change is not required to effect separation (with the exception of
pervaporation applications, discussed in Section 3.5.4), membrane systems are generally energy
efficient (Kamcev et al. 2016) compared to, for example, distillation systems. The separatory
layer of a polymeric membrane is generally very thin (~100 nm), but is supported by a much
thicker (~100 pm) high-permeability layer for mechanical resilience. For more information, see
Section 3 of the Supplementary Information.

3.5.1 Separation of air



Although not directly relevant to separation of CO,RR products, enrichment of N, from air is one
of the largest industrial membrane applications, so is worth summarizing briefly. Air separation
has been conventionally accomplished by cryogenic distillation (Section 3.3.2) or pressure swing
adsorption (PSA) (Section 3.6.4), which are typically used to produce N; at high flowrates and
purities exceeding 95%. N, is used in refrigeration, blanketing, and ammonia synthesis, among
other applications. Polysulfone [a type of poly(diphenyl ether)] is a chemically, thermally, and
mechanically resilient industrial thermoplastic that is the dominant membrane material used for
air (and H,) separations (Sanders et al. 2013). Membrane systems, which operate with feed
pressures of approximately 8-10 bar (Baker 2002), are the most economical option for N, at low
flowrates (~6 to 1,200 m*h). While membranes are capable of producing N, with purities up to
99%, the selectivity/permeability tradeoff dictates that membrane productivity at such high
product purity is low. Membranes that produce N, at 95% purity typically operate at recoveries
of 50%, but the N, recovery drops to about 25% for membranes capable of producing N» at 99%
purity (Baker 2002). (Recovery is the ratio of product to feed stream flowrates.)

3.5.2 Separation of CO; from gas
streams

Membrane systems currently compete with amine adsorption technologies for removal of CO»
from various gas streams, including industrial flue gas, natural gas, and various other products
during enhanced oil recovery (Sanders et al. 2013, Spillman 1989). These streams are complex
mixtures, with composition varying with location and time. While the development of
membranes capable of removing CO, from various mixtures has been motivated largely by
pipeline specifications limiting CO, and H,S concentrations in natural gas, membranes could
potentially also be used to concentrate CO, as a feedstock for a solar fuels generator or remove
leftover CO, from the CO,RR product stream. Cellulose acetate membranes dominate in
CO,/CH,4 (natural gas) separation applications despite the relatively low permeability of cellulose
acetate to CO, (4.8 Barrer' to pure CO,). Cellulose, the precursor to cellulose acetate, is an
abundant raw material, so cellulose acetate membranes are relatively low cost and large
membrane areas may be used to compensate for low permeability without incurring
extraordinary capital expense. Many other materials have been tested for CO,/CH, separation,
but no other suitable membranes have been found that can perform a satisfactory separation at
the feed conditions (approximately 50 °C and 65 bar). Plasticization by CO,, which tends to
increase diffusivity of all species and thus decrease product selectivity, is the most frequently
encountered challenge in this application (Baker and Low 2014).

3.5.3 Separation of hydrocarbons,
with C2H4/C2H6 and
CsH¢/CsHg as examples

The separation of unsaturated from saturated hydrocarbons (olefins and paraffins, respectively),
conventionally performed using cryogenic distillation at elevated pressure (Eldridge 1991, also
see Section 3.3.2), is energy intensive, and is an ongoing target application for membrane
development. C,H, and C3;Hs are the largest volume chemical feedstocks for the petrochemical
industry (see Figure 2), and they are obtained from petroleum refining as a mixture with light

i One Barrer is approximately equal to 3.34x107° mol Pa™ s m™.



paraffins (Eldridge 1991). Ethylene is also a commonly-reported product of CO, reduction (see
Section 2.3). The separation trains required for C,H4/C,Hs separation, for example, can cost over
a billion dollars each, and the total distillation energy consumed by olefin/paraffin separations in
the U.S. was 130 PJ in 2009 (Sanders et al. 2013), or f = ~7% (combined enthalpies of
combustion of C,H, and C3;Hs). Membrane separation could substantially reduce the energy
requirements for these separations, but current membrane materials do not exhibit adequate
selectivity. Traditional membrane materials generally have C;He/C3Hjs selectivities <5. Emerging
polyimide materials have exhibited selectivities in the range of 10-15 at 35 °C, but these
materials also have very low permeabilities (typically <1 Barrer) (Burns and Koros, 2003; Das
and Koros, 2010). Permeabilities tend to be higher for C,H4/C,Hs mixtures (1-2 Barrer), but
selectivity for this separation is poor (typically 3-5) (Staudt-Bickel and Koros 2000).

Like CO, separations, a significant challenge in developing membranes for olefin/paraffin
separations is membrane plasticization, which tends to be severe with these highly condensable
solutes (Sanders et al. 2013). Therefore, continued development of membranes with improved
selectivity and stability is needed. Even if membranes do not have the required selectivity and
permeability to perform the desired separation in a single pass, multiple-pass systems or hybrid
membrane-distillation systems could operate with substantially lower energy inputs than
conventional cryogenic distillation columns (Sanders et al. 2013).

3.5.4 Pervaporation to remove
organic CO2RR products from
water

Pervaporation combines aspects of membrane separation and distillation, and has been deployed
on large scale in two primary applications: the dehydration of concentrated alcohol solutions, and
the removal of small amounts of volatile organics from water (Baker 2012). Both of these
systems have direct relevance to CO,RR product separation. In particular, pervaporation is useful
in separating azeotropic or close-boiling mixtures that would otherwise be challenging to distill
by conventional means (Meier-Haack et al. 2001). The feed mixture contacts the membrane as a
liquid, and the permeate side of the membrane is typically held under reduced pressure such that
any solutes that pass through the membrane evaporate from the membrane surface. Permeate is
recovered in liquid form using a condenser (Sanders et al. 2013). The quality of the separation is
a function of the relative volatility of the components in the feed, the membrane selectivity, and
the operating conditions, such as temperature. In a typical alcohol dehydration application, the
water content of an ethanol feed can be reduced from 10 wt% to less than 1 wt%, avoiding the
challenges associated with distillation of an azeotropic solution (Baker 2012, Martin et al. 1998).

Membrane stability is a significant concern in pervaporation applications. To encourage the
separation of volatile components, pervaporation systems are often operated at elevated
temperatures, where alcohol/water mixtures can contribute to membrane degradation. The
removal of small amounts of volatile organics from aqueous solution (rather than small amounts
of water from alcohols) has also been demonstrated using pervaporation (Blume et al. 1990).
Generally, the optimal concentration of organic compounds in the aqueous feed is up to ~5 wt%.
Batch pervaporation systems are able to remove at least 99% of the volatile organics from such
streams.



Most current pervaporation systems are small compared to industrial distillation systems
(typically less than 5000 L/h of alcohol solution). In these small plants, the membrane cost can
be 15-40% of the total plant cost. Energetically, pervaporation requires ~700 kJ/kg of ethanol, or
f = ~2.4%, whereas azeotropic distillation requires roughly six times this amount (Baker 2012).
However, conventional distillation scales more favorably than pervaporation systems as feed
volumes increase. Current membranes do not have the required selectivity, permeability, or
stability to compete with large-scale distillation systems, but the development of improved
membranes, as well as improved heat/energy management techniques that would permit superior
process intensification, could allow pervaporation systems to capture a larger market share
(Baker 2012).

3.5.5 Estimated energy inputs for
membrane separations

The flux of solutes through a membrane is driven by a gradient in chemical potential over the
membrane, which is typically manifested as a pressure differential. The energy required to
pressurize gases can be calculated from simple thermodynamics. Assuming isothermal
compression, the energy required to pressurize gases is nRTIn(P»/P,), where n is the number of
moles of gas, R is the universal gas constant, T is absolute temperature, and P; and P, are the
initial and final pressures. Typically, membranes are pressurized to several times atmospheric
pressure. For a tenfold pressure increase (e.g., from 1 to 10 bar) at 300 K, the required energy is
5.7 kJ/mol (356 kJ/kg for CH,, or f = ~0.6%), though actual compressors are less efficient than
this, ranging from ~65-90% depending on type (Moshfeghian, 2015). Thus, for pressurization of
a 50 mol% CH,4 mixture requires an f of ~1.4-2.0%, whereas a 10 mol% CH, mixture would
require five times this ratio.

For incompressible liquids, the pressurization energy is much less than for gases, and is given by
the ratio of the pressure difference to density (Engineering Toolbox, no date — b). For instance, to
pressurize water (with density 1,000 kg/m?) from 1 to 10 bars requires only ~16 J/mol (~900
J/kg), about the same energy as a hydrostatic head of 100 m.

To estimate the embodied energy of membranes, we examined a wide range of polymers (94 in
all) in the Ecoinvent database, ranging from 30 to 236 MJ/kg (Ecoinvent, 2012). Perfluorocarbon
polymers have energies greater than 200 MJ/kg, and polysulfones used in air separation have
embodied energies of ~220 MJ/kg. Other polymers have a maximum embodied energy of 148
MJ/kg. Cellulose acetate polymers used in CO, separation have embodied energies of 99 MJ/kg,
whereas polyamides (nylons), membrane materials commonly employed in reverse osmosis
water purification and gas separations, have embodied energies of 122-137 MJ/kg (when glass
fiber composites, irrelevant for membranes, were excluded). See Figure 3.
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Figure 3. Embodied energy of various polymers. Common polymers used in membrane separations are indicated.

For all these membranes, the “active” (separatory) layer tends to be extremely thin (~100 nm)
while the support layer is much thicker (~100 pm) (Baker 2012). This support layer can be made
from the same material as the active layer, with the pore size varying across the membrane
width, or a separate material (usually polysulfone) with high permeability used as a support
layer. Regardless of the active layer material used, the support layer will dominate the total
embodied energy.

As for solvent or salt-based extraction techniques, the amount of membrane material consumed
per product separated is a key metric. However, it is important to consider that a membrane with
a lifetime of 3-5 years contributes negligibly to the overall energy invested in a separation
system: assuming polysulfone with an area of 3,600 m* is required to produce 1,000 m*/hr of gas
(11.4 mol/s),” a total thickness of 100 pm and density of 1,240 kg/m® (IDEX, 2017) requires
~450 kg of material. With an embodied energy of 220 MJ/kg and lifetime of 3 years, the
membrane embodied energy flow is ~33 GJ/yr. Assuming gas separation is CH, with combustion
enthalpy of 890 kJ/mol and 90% capacity factor, this system produces ~320,000 GJ/yr of CH..
Therefore, the embodied energy of the membrane polymer is negligible (f = ~0.01%) compared
with the combustion enthalpy of produced CH..

Here we assume permeability of 1 Barrer, pressure difference of 1 MPa, temperature of 298 K,
and active material thickness of 100 nm.



3.6 Reversible reactions to separate mixtures

In this section, we briefly discuss reversible physical or chemical bonding approaches to
chemical separations.

3.6.1 Differential solubility to
separate gas mixtures

Various approaches exist to change the concentrations of product mixtures using differential
solubility. This technique typically takes advantage of the differing solubilities of gaseous
products to preferentially partition them into a liquid solvent. An example is the use of water to
separate CO; and CH, in biogas. Known as “water scrubbing,” the higher solubility of CO»
relative to CH, allows it to preferentially dissolve in water, effecting separation. The required
energy input needed to produce 98 wt% CH, from biogas (containing ~50% CH,4 and ~50% CO)
in a 10 bar pilot-scale plant has f = ~5% (Nock et al., 2014). Similarly, poly(ethylene glycol) has
been used to remove CO, from biogas, and is estimated to require f = 7-9% to regenerate
(Luostarinen et al., 2011).

3.6.2 Temperature-swing
adsorption for CO;
separations

An example of temperature-swing adsorption is the use of monoethanolamine (MEA) to remove
CO; (and H,S) from combustion gases. MEA has been proposed for large-scale CO, capture from
power plants. The energy required to liberate captured CO, from MEA is ~4.0 MJ/kg at large
scale (Kothandara, 2010; Luis, 2016). While a number of alternatives (e.g., ammonia, other
amines, N-containing amino acids, potassium or sodium carbonate, ionic liquids) have been
proposed with regeneration energies as low as ~30% that of MEA, most have drawbacks in terms
of physical size of the absorber unit, cost, component corrosion, or solvent degradation that make
MEA difficult to improve upon. Assuming a gas stream of 90 wt% CH., in CO,, the regeneration
energy has f = 0.8%, while at lower concentration (e.g., 50 wt% CH, in CO,) this energy is a
much higher fraction (f = ~7%).

While degradation of MEA is a concern [losses of ~0.2%/hr (Supap et al., 2009) or 0.3-0.7 kg
per ton of CO, removed (Kothandara, 2010) have been reported], with experiments observing
loss rates of ~0.2%/hr (Supap et al., 2009) or 0.3-0.7 kg per t CO, removed (Kothandara, 2010),
the net energy penalty from such losses are negligible. With an embodied energy of 89 MJ/kg for
MEA (Ecoinvent, 2012) and assuming a 90% CH./10% CO, mixture, we estimate that the
additional energy loss is ~3-7 kJ/kg CHa, or f =< 0.01%. Thus, energy inputs are dominated by
MEA regeneration.

3.6.3 Molecular sieves, reversible
reagents, and biomaterials

Molecular sieves (high surface-area molecular “sponges,” or zeolites) are often used to adsorb
water, CO,, and fuel molecules of various lengths depending on pore size. The captured



substances are subsequently released through heating to ~175-315 °C, with recharge energy
(Sigma-Aldrich, 2017) estimated at ~6.0 MJ/kg water removed, assuming 70% heating
efficiency. Thus, a product such as ethanol, with 5 wt% water, will require f = ~1.0% to remove
adsorbed water, but at higher fractions of water (e.g., 50 wt%), a much larger f (~20%) would be
required.

Hygroscopic inorganic salts such as calcium chloride, or sodium, magnesium or calcium sulfate
can also be used to remove water from many organic solvents, and can be easily regenerated with
heating; for instance, sodium sulfate requires only 25 °C for full regeneration. Reactive drying
agents such as calcium hydride or lithium aluminum hydride are also very effective (Bacher,
2016), but are not designed to be easily regenerated.

Copper oxide and palladium are effective regenerative catalysts for removing O, and other
reactive gases (CO, H») from gas streams (e.g., BASF, no date). Nickel is especially reactive with
CO, forming liquid nickel carbonyl under standard conditions that is reversible with heating to
150 °C (Roberts-Austen, 1898); this process was the leading industrial technology for producing
pure nickel in the 19" century. Other metal catalysts, such as bare copper, or oxides of copper,
aluminum or zinc, are used to convert reactive species such as allyl alcohol into oxidation
products (CO, CO,, water) as well as other fuels (propanal, acrolein) (Weston and Adkins, 1929;
Schulz and Cox, 1993).

Various kinds of biomaterials, such as sawdust, cornmeal or tapioca pearls can also be used as
drying agents. Like most other materials, they can be regenerated via heating, though eventually
they become less effective and must be discarded (Wallheimer, 2011). As biomaterials, however,
they will decompose naturally and so present less of a disposal burden than inorganic materials
(and if grown without appreciable fossil fuel inputs or disturbances of land carbon stocks, their
net GHG emissions can in principle remain low).

3.6.4 Pressure-swing adsorption to
separate gases from CO2RR
products

Pressure-swing adsorption (PSA) provides another mechanism for separating gases without
requiring temperatures far beyond ambient. Typically, a zeolite is exposed to inlet gas at high
pressure, forming an adsorbed layer of the desired gas. Upon reduction of pressure, the gas is
liberated. The size of the compressor, and hence energy use, is much reduced over that of a
liquefaction plant. As an example, PSA competes commercially with cryogenic distillation for
the separation of O, from air at lower production volumes (<100 t/day) (Chong et al., 2016).
Vacuum PSA is similar to PSA, but at reduced pressure. The use of PSA to remove CO, from
biogas requires f = 15%, where the input energy is the primary energy needed to produce
electricity for compression (Luostarinen et al., 2011).

3.7 Required separation energy

Table 3 summarizes our estimates of the energy required for product separations discussed in this
Section. Since a large range of products and concentrations are covered, these estimates are



necessarily approximate, but they nonetheless provide an overall view of what is required for the
specific case of CO,RR product separations. Roughly speaking, distillation and its variants are
the most energy-intensive separation approaches, typically requiring an f of ~10% when products
are fairly concentrated (=10 wt%), and much more energy when products are dilute. This result
suggests that distillation is not likely to be a viable candidate separation technique when a
product must be separated from a significant volume of solvent or carrier gas. By contrast,
solvent-mediated separation approaches can have lower energy requirements, provided that
solvent loss rates are low (~1% per mass of product produced). Membrane-based approaches and
reversible reactions can also drive lower energy separations. However, for all separation
methods, energy requirements will vary with the target product, initial concentration, other input
stream components, specific approach used, and efficacy of implementation.

Table 3. Summary of estimated enerqy inputs required for product separation via different approaches

Separation energy

MJ/kg | f (ratio to
Separation Target Input stream | of enthalpy of
method Approach product (wt%) product | combustion)
Thermodynamic Derlveq from 16 common 1.4% to 98.5% | ~0 to ~0% to
.. enthalpies and solvents .
minimum . .. a in water 0.075 0.43%
entropies of mixing | plus NaCl
10% in water | 4.7 16%
Ethanol 2% in water 22 73%
1% in water 45 150%
Conventional 2.0 32% .
distillation (distillation
All refined Crude oil only)
products 5.8 9.3%
Induced phase (Complfete
change CH 80% in CoH, | 2.7 ;eg;ratlon)
(distillation®) == S T =20
Cryogenic CH, 50%inCO; | 25 | 951012%
distillation Olefins Olefin/paraffin 36 7 30
(C,H«/C3Hg) | mixtures ) =70
Conventional
distillation with n-Butanol 2% in water 9.0 25%
heterogenous
azeotrope
Solvent- Conventional Isopropanol | 50% in water
mediated phase | organic solvent 0.64 1.9%
separation® (e.g., hexanes)
Fluorinated 1 ~6.3%
solvents
Ionic liquids 1.31t0 3.7% to
2.5 7.3%




Common salts <0.1 <0.3%
Lithium fluoride 1.1 3.3%
)
Pervaporation Ethanol .50 70 ethanol ~0.7 ~2.4%
In water
Pressurization of 50% in ~0.8t0 | ~1.4%to
Membrane gases from 1 to 10 unwanted gas | ~1.1 ~2.0%
separation bars (pressurization CH 10% in ~40to | ~7%to
of liquids is lower) N unwanted gas | ~5.5 ~10%
Membrane 50% in ~0.006 | ~0.01%
replacement unwanted gas ) P
Water scrubbing ~3 ~5%
gfylz(‘;{hylene 50%in CO, |4t05 | 7%to9%
Temperature-swing 4.0 7.2%
adsorption with CH,4 o
Reversible monoethanolamine 0.4 0.8%
o/ 3 ~i
reactions Monoethanolamine 90% in CO; t00.003 ~0.005% to
~ (o)
solvent loss ~0.007 0.013%
. 95% in water | ~0.30 ~1.0%
Molecular sieve Ethanol 0% in water | ~6.0 0%
Pressure-swing CH, 50%in CO, |83 15%

adsorption

Note: For all methods, required energy input approximately scales inversely with target product
concentration. * See Supplementary Information, Table S3 for more information. ° Integrated
approaches can confer a 20-50% improvement over standard distillation (see Section 3.3.1). ¢
Assume 1% solvent mass lost per mass of product (energy scales linearly with solvent loss rate).

All separations require greater energy investment when product concentrations are low, with
energy scaling approximately inversely with initial product concentration. For dilute solutions of
ethanol in water, for example, the energy investment for distillation can exceed the product
enthalpy of combustion for concentrations of less than 2 wt%, so less energy-intensive
approaches are more likely to be successful.

3.8 Degree of separation

Separating relatively pure products produced by P/EC CO2RR has a number of challenges.
Product mixtures with advantageous chemical or physical properties (e.g., multiple phases,
differing solubilities, etc.) will be easier to separate, but will likely require energy inputs
somewhere in the process, such as replacing solvent lost during extraction (see Section 3.4) or
regeneration of dessicant material (see Section 3.6.3). Dilution of the target product with
unreacted feed material, co-products or inert compounds will contribute to increased separation
energy requirements. While theoretical minimum energies are indeed small, separation
technologies typically operate far from these values, with distillation perhaps serving as an
extreme example: for a dilute target product requiring energy inputs comparable to its




combustion enthalpy, the required energy could be several thousand times the thermodynamic
minimum. Solvent-mediated and membrane-based methods offer lower-energy separation
solutions, but these are neither universally available nor are they always cost-competitive with
distillation, which typically offers high product purity and high throughput.

One way to circumvent this seemingly intractable situation is to find ways to use product
mixtures “as is,” with examples given such as CH./C,H, mixtures with H,, CO, and other
impurities; ethanol/methanol mixtures; or methanol/water mixtures as inputs to the MTG
process. However, the utilization of fuel mixtures would not be trivial, given the often exacting
design specifications of current combustion devices as well as the associated infrastructure
needed to transport, store and dispense the fuels. An example of the requirements for
implementing this approach for CH4 mixtures is explored in detail in Section 5.

4 Separation flow: an example for products from electrochemical
CORR by a copper catalyst

In this section, we consider separation of a complex mixture of CO,RR products as measured by
Hori et al. (1994) arising from EC reaction of CO, and water on Cu shown in Table 1 and Figure
4. These products are grouped as follows:

e Gases: CH,4, C,Hy4, H,, CO, and acetaldehyde; CO, and water vapor (unused reactants); as
well as any carrier gases (N>, Ar, etc.). While most O, product would remain on the anode
side, some leakage to the cathode side is inevitable, so O, would also have to be removed.

¢ Liquids: Formate, ethanol, propanol, propanal, and allyl alcohol; water (unused reactant),
other solvents (in non-aqueous system), and dissolved electrolyte salts.

Figure 4 illustrates the following hypothetical separation steps:

First, gases and liquids are separated by dissimilar phases. If necessary, a degasser can be used to
purge the liquid stream of dissolved gases, and a coalescer used to remove condensable vapors
from the gas stream (see Section 3.2).

After water removal with a regenerative dessicant, the gas mixture can be used directly (pathway
(a); see Section 5) or separated using a variety of methods. Condensation and removal of
acetaldehyde by cooling gases to <20 °C would likely be performed first.

Pathway (b) involves liquefaction of C,H4 and CO», which can occur at or near room temperature
at elevated pressure (~50 and ~70 bar, respectively), allowing facile separation from other gases.
However, such separations likely will not result in pure products, and further processing is
necessary to achieve high purity. Gases such as CO and O; are fairly reactive, and if not needed,
could be selectively removed with regenerative reagents such as copper oxide or nickel (see
Section 3.6.3). The water-gas shift reaction could also be used to convert CO to H, (which also
consumes some H,O and produces additional CO,) (Newsome, 1980).



Pathway (c) offers an alternative route (useful when pressurization is unable to remove all
product gases): sequential membrane separation of C,H4, CH4 and H,, leaving N», Ar and other
gases. Membrane separation is discussed extensively in Section 3.5.

Pathway (d), staged cryogenic distillation, is more energy intensive but can cleanly separate all
the product gases. Distillation is discussed in Section 3.3.

On the liquid product side, reactive allyl alcohol can be selectively removed with a metal catalyst
(see Section 3.6.3), producing gaseous (CO, CO,) and liquid (propanal, acrolein, water) products.
Gases will phase separate from solution, though the new liquid products would have to be
subsequently separated. Remaining liquids will be a mixture of ethanol, n-propanol, water and/or
other solvent(s).

Pathway (e) provides separation via staged distillation, after using a regenerative dessicant to
remove water. Pervaporation, combining distillation with membrane separation, may also be
possible; see Section 3.5.4.

Pathway (f) is another option available for some alcohols. Ethanol might be removed with a
saturated Cs,COj solution as explored in Singh and Bell (2016), whereas n-propanol (as well as
isopropanol) can be separated via liquid-liquid extraction (LLE) or salted out using NaCl. Both
of these techniques are discussed in Section 3.4. While these alcohols would be the major
products of interest, the remaining liquids—a mixture of formate, propanal, acrolein and water—
could be combusted for heat or electricity, discarded, or subsequently separated.
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Figure 4. Possible separation approach for mixture of CO,RR products, reagents and contaminants. In addition to what is shown
in diagram, small amounts of liquids will be present in their vapor phases, and small amounts of gases will be dissolved in the

liquids, and will have to be removed as well. Abbreviations: argon (Ar), carbon dioxide (CO,), carbon monoxide (CO), ethylene
(C.Hy), hydrogen (H,), methane (CHy,), nitrogen (N,), oxygen (O.), water (H,O).



5 Opportunities to minimize separations: use of gas mixtures from
CO;RR using a copper catalyst

As noted in Section 1, there are important tradeoffs among P/EC CO>RR catalyst capability,
product separation efficiency, and compatibility with current fuel (and chemical) infrastructure.
Progress in any one of these areas, such as the efficient production of methanol, could open up
many new possibilities. By identifying the limitations of catalysis and separation, attention can
be focused on the important basic science research that could advance overall progress.
Moreover, dialog between the solar fuels community and product end users or regulators (e.g.,
petrochemical, biofuel and basic chemical industries, vehicle and equipment manufacturers, and
climate and energy policymakers) will also become essential.

In this section, we consider the case of using a mixture of several CO,RR products produced
from Cu catalysis directly as a natural gas substitute. While natural gas is not the only
application of such an approach, it may represent a near-term opportunity due to the widespread
use of natural gas as a convenient and inexpensive energy carrier that nonetheless has
appreciable GHG emissions when burned.

Natural gas is mainly composed of CH.. In the ideal case, a P/EC system would produce nearly
pure CH, with minimal separation required, and the resulting product would be injected directly
into the existing natural gas pipeline system. However, it is not yet known how to produce pure
CH, via P/EC CO:RR, so instead we explored whether the mixture of products produced via
reaction on Cu, producing CH4, CoH4, H>, CO and other gases could be used more or less directly
in natural gas pipelines, subject to certain constraints.

U.S. natural gas pipeline specifications limit inert gases to <4% (primarily CO; and N), and a
gross heating value of 950-1,150 Btu/scf (837-1,013 kJ/mol). CH,4 has a combustion enthalpy of
1,011 Btu/scf, whereas C,H, is 1,602 Btu/scf and H, and CO are both ~320 Btu/scf (most other
species produced from Cu in small quantities, including acetaldehyde, ethanol, propionaldehyde,
allyl alcohol, and propanol, have heating values >1,150 Btu/scf). Therefore, pure CH, is
acceptable, but too much of these other constituents can push the mixture outside the required
specifications. Also, almost all water must also be removed to prevent condensation/freezing in
pipelines and equipment corrosion.

Natural gas blending rules also limit the amount of H, in pipelines in order to minimize H, leaks
and metal embrittlement, although compositional tolerances are unclear. Various studies indicate
different maximum blending levels (Altfeld and Pinchbeck, 2013; Melaina et al., 2013; Hodges
et al., 2015); the overall conclusion is that the safe level for H, blended into natural gas pipelines
is <20%, and must be assessed on a case-by-case basis due to differences in pipeline materials,
operating pressures, and states of repair. Other impurities that must be completely removed from
natural gas (e.g., H.S, Hg, oils) and/or biogas (amine, chlorine and siloxane compounds)
(Luostarinen et al., 2011; Gotz et al., 2016; Corvini et al., no date) are not produced from CO,RR
so would not be problematic unless contamination or degradation of materials occurred.

As a poisonous gas, CO concentration in natural gas must also be kept extremely low to limit
public exposure from inadvertent leaks. The EPA (2016a) sets a safe limit for ambient CO



concentration at 9 ppm (8-hr. average), and 35 ppm for acute (1-hr.) exposure. To estimate the
maximum permissible CO level in natural gas, we also considered exposure limits for CHy, its
main constituent. The U.S. workplace exposure limit for CH, is 1,000 ppm (8-hr. average), and
CH, poses an explosion risk at lower concentration (5%) than it would pose as a simple
asphyxiant (AET, 2010; CDC/NIOSH, 2014). We use this latter threshold in combination with
the acute CO exposure limit of 35 ppm to provide a maximum CO concentration in pipeline gas

of 700 ppm.

Based on the results from Hori et al. (1994, 2003) with different ratios of C,H4+/CH, and
assuming that most CO,, H,O, O, and liquids were previously separated, other components will
include H, and small amounts of CO, acetaldehyde, ethanol, proprionaldehyde and other
combustibles in the gas phase. We examined six cases varying by C.H./CH,4 product ratio; see
Table 4. In all cases, CO concentrations were many times our estimated safe level; therefore, CO
levels must be reduced to almost zero. The water-gas shift reaction (Newsome, 1980) could be
used by adding sufficient water (before dehydration) to convert CO to CO, and H,; this
conversion was reflected in the table of values.

Table 4. Product distributions from Cu catalyst CO.RR reactions

Case number

1 2 3 4 5 6
Catalyst Cu Cu(100) Cu(711) Cu(511) Cu(311) Cu(111)
Molar fraction of initial product stream
Methane (CH.,) 23.2% 322% 4.4% 9.1% 29.9% 31.3%
Ethylene (C.H.) 11.8% 28.6% 29.6% 20.9% 13.2% 3.7%
Hydrogen (H.) 57.1% 28.8% 55.5% 58.1% 44.2% 44.0%
Carbon monoxide (CO) 36% 38% 39% 6.1% 86% 17.3%
Acetaldehyde (CH;CHO) 06% 14% 09% 09% 07% 1.1%
Ethanol (C.H;OH)* 06% 1.6% 1.0% 15% 04% 0.3%
Propionaldehyde (C.H;CHO)* 0.7% 13% 21% 11% 09% 0.2%

02% 03% 05% 04% 02% 0.1%
20% 20% 2.0% 2.0% 20% 2.0%

Other combustible gases®
Inerts (N, etc.)

C,H,/CH, ratio 0.51 0.89 6.67 2.28 0.44 0.12
Gross heating value (kJ/mol) 885 953 1,041 1,011 874 841
Gross heating value (Btu/scf) 1,005 1,082 1,182 1,147 992 955
Dilution with CH, to meet specifications® 0% 0% 21% 3% 0% 0%
Fraction of H, removed 83% 42% 75% 84% 74% 92%
After water-gas shift reaction®

Final CO 0.07% 0.07% 0.07% 0.07% 0.07% 0.07%

Final H, 19.8% 19.9% @ 20.0% 20.0% 19.6% 8.3%

Final inerts (including CO,)? 24% 22% 19% 26% 2.7% 4.0%



Reference* A B B B B B

@ Vapor pressures of liquid species assumed. ® Gross heating value between 950 and 1,150
Btu/scf, and maximum H, concentration of 20%. ¢ Water-gas shift reaction converts CO to CO,
and Hy; inerts include produced CO,. ¢ Assume that 95% of CO, is removed. ¢ A: Hori et al.
(1994), B: Hori et al. (2003).

We found that cases 3 and 4 fell outside the acceptable heating value range, and all cases
exceeded the 20% limit on H, (even before conversion of CO, which further increases H»
concentrations). As a result, removal of most of the H, was required; this is readily accomplished
with membrane separation, since H, is much more permeable than all other gases found in the
product mixture (Baker, 2012). Because the water-gas shift reaction also produces CO,, the
concentration of inert gases including CO, also becomes higher than the 4% pipeline limit;
various separation techniques discussed in Sections 3.5 and 3.6 could be used to remove most of
the CO, (we assumed 95% removal).

If after applying these processes, the resulting gas mixture still fails to fulfill heating value
requirements, blending with various amounts of CH, from pipeline gas will allow these mixtures
to meet pipeline specifications, and in addition, will allow more of the H, to be utilized. Four of
the six cases needed no blending and could in principle be injected directly (after water-gas shift
treatment and H, and CO, separations) into the natural gas network, provided it could tolerate
nearly 20% Ho. If the H, concentration limit is lower (e.g., 10%), then cases 2-4 would need
some dilution with pure CH, (between 10% and 46%), but the others could still be used “as is.”
Even for case 3, with nearly 50% natural gas dilution, a great deal of synthetic CH, could still be
utilized, with significant benefits for global GHG emissions.

6 CO, source considerations for net energy balance

Up until now, we have considered the energy requirements for product separation. Another key
concern in designing a CO,RR system is the source of CO,, as unlike water in most regions,”
providing it could require substantial amounts of energy, and could also result in substantial net
GHG emissions, undermining the goal of developing alternatives to fossil fuels. While others
have also examined the possible sources of CO, for synthetic fuels (e.g., Graves et al., 2011; van
der Giesen et al., 2014), to our knowledge we present the most comprehensive assessment of
CO; sources to date, along with separation energy estimates.

In general, CO, sources that could be considered as feedstocks include (see Figure 5):

1. Pure CO; from underground reservoirs (currently used for beverage carbonation,
enhanced oil recovery and other industrial CO; needs).

2. Concentrated CO, captured from flue gas (exhaust) from fossil fuel-fired power plants,
cement kilns or other industrial facilities using CCS technology. Nearly pure CO; is
available at elevated pressures, including as a supercritical fluid above 74 bar (~1,100

psi).

Ecoinvent (2012) estimates that 0.006 MJ/kg is required to produce municipal water in Europe,
and 0.012 MJ/kg for ultrapure water globally.



3. Raw flue gas from fossil-fueled industrial facilities. Flue gas from power plants contains

~3-15% CO, (Lackner, 2009) diluted in N, water vapor, trace O, and various impurities;

flue gas from other facilities is similar. Pressures are near-atmospheric but temperatures

can exceed 100 °C.

CO; emitted from fossil fuel (e.g., natural gas, petroleum) extraction operations.

Concentrated CO; captured from flue gases from biomass-fueled facilities, including

biofuel production plants (e.g., fermentation-based ethanol). Composition and properties

are similar to those of fossil fuel-based flue gases.

6. Raw flue gas from biomass-fueled facilities.

CO; contained in raw biogas (~50% by volume) that is typically separated and vented.

8. Direct use of atmospheric CO, at ~400 ppm, used raw or compressed. Major diluents are
N,, O, water vapor and dust.

9. Direct air CO, capture and concentration, producing nearly pure CO, at ~1 bar (or less).

10. CO; from seawater, producing nearly pure CO, at ~1 bar.

o e

>

—= €O,

Life-cycle GHG emissions
High
Low if CCS is dedicated
Low if emissions avoided

Direct air
CO, capture

Industrial l I I CO,RR

plant €6

Low

\

Synthetic
fuels

Ocean CO,
extraction

Biomass 4 Combustion

Fossil fuel
extraction

Natural CO,
source

Fossil fuels tered CO,

Figure 5. Potential CO; sources

In Table 5, we estimate the energy required to produce CO, from each source listed above, along
with delivered pressure, and estimates of global annual CO, flows. Relative net CO, emissions
are estimated from the approximate ratio of the net CO, emissions of a CO.RR system utilizing
the CO, source and combusting the resulting product fuel, to the same CO, source where no CO»
is diverted to a CO,RR plant, and an equivalent amount of fossil-derived fuel is combusted.
Energy estimates are provided from sources indicated in the table. Annual CO, flows are based

on global estimates with the exception of natural CO; reservoirs, where only U.S. data were
available.

Table 5. Estimates the energy required to produce CO, from each source, along with delivered pressure, and estimates of global
annual CO: flows

Relative net Estimated Annual
Concentratio | Delivered | GHG separation | global flow
CO; source n pressure emissions” energy of source
bar GJ/t CO; Gt COyyr
1 | Natural CO, ~100% Varies 100% ~0 ~0.033"




reservoir
2 | Concentrated ~100% 110-200 >100% (if 3.5-3.9 ~12-14
CO; from fossil CCS already in (power
fuel plant place) plants)
~50% (if CCS ~31-34 (all
subsequently fossil fuels)
added) 2.1 (cement
3 | Raw flue gas ~10-20% 1 ~50% ~0 plants)
from fossil fuel
plant
4 | Fossil fuel Varies Varies ~0
extraction
5 | Concentrated ~100% 110-200 ~0% 3.5-3.9° ~16+4
CO; from (surface
biomass plant vegetation)
6 | Raw flue gas ~10-20% 1 ~0 ~56-77
from biomass (biomass in
plant 2050)
7 | CO; in raw ~50% Varies ~0 2.8-3.8
biogas
8 | Direct use from | ~0.04% 1 ~0 ~15
atmosphere
9 | Concentrated ~2% 0.6-6.6
CO; from ~100% 1.1-13
atmosphere
1 | CO; from ~100% ~2.3 ~6+3
0 | seawater

Sources are documented in Section 4 of the Supplemental Information. * See text for definition. ®
U.S. only © Assume same as for source 2

In the long term, we cannot rely on fossil energy sources to provide CO, for net-zero GHG fuels.
As noted by Oslerloh (2016), any carbon-based technology must be closed-loop in order to be
sustainable. In a future where fossil fuels are no longer combusted (or their CO5 is captured and
sequestered and not available for subsequent use), all eligible sources of CO, must be net zero, or
result in net decrease in atmospheric and/or oceanic CO,. Therefore, in addition to biomass as a
primary source of energy and, after combustion, significant source of CO,, the anthropogenic
accumulations of CO; in the atmosphere (~900 Gt CO,) and ocean (~570 Gt CO,) are available
for use (Ciais et al., 2013), with profound environmental benefits if their total concentrations can
be reduced over time.

In the near term, however, using CO, captured from fossil power plant flue gases is a practical
solution, and as noted in Section can have low net GHG emissions if the CO, capture is
deliberately added for the benefit of CO,RR. Because most configurations do not require highly
concentrated CO,, low pressure CO, (possibly including CO, diluted in inert gases) could be
acceptable, which could significantly reduce energy requirements compared with currently-
envisioned CCS systems that capture ~90% of the CO; in the flue gases and deliver supercritical




CO; to an underground storage facility. For instance, at least one research group has explored
using CO; directly from flue gas, and observed little effect of dilution on CO,RR (Kim et al.
2015); for GDE-based approaches, 15% CO, in humidified air seems adequate. For direct air
capture, the required energy scales logarithmically with the change in concentration of CO,, so
roughly half the energy is needed to concentrate CO- from 400 ppm (ambient air) to 20,000 ppm
(2 mol%), as compared with concentrating to nearly pure CO..

7 Energy available for separations

The energy required for separations can be obtained from several sources in the CO,RR system:
the insolation resource, combustion of unwanted products, photovoltaic electricity and co-located
processing plants providing CO,. The feasibility of obtaining sufficient energy from these
sources is discussed in this section.

Although a CO,RR method does not need to be specified for the separations discussion, some
details need to be defined to consider an overall energy balance. The system assumed here is a
flat-plate PEC CO,RR system in thermal equilibrium with its surroundings in a desert setting
under standard solar illumination (1000 W/m?; NREL, no date) during the day, and in the dark at
night. The cell is assumed to be thin enough that thermal gains and losses are dominated by the
top and bottom surfaces. No assumptions are made about the interior configuration of the CO,RR
system, materials choices of components (other than requiring a transparent material on the sun-
facing side of the cell), or the phase of electrolytes, solvents, reactants or products (see Figure 6).

Incoming sunlight Air temperature: Cleazk_yori(ﬂ)at'on Reflected
2 o =0. Z
1000 W/m 28°C 355 W/m?2 319 W/m

Reflected or Radiative loss Convective loss

(¢ =0.10): (25 W/m2-K):
absorbed by dust 55 W/m?2 300 W/m?
100 W/m?
@ =0.90 } ‘ @ =0.10 Desired products

" e0wW/m?
S m
Stored energy for night- i 10% STF conversion ! /
time thermal management: «<———— PEC cell (40°C) ' 90 W/m? :
36 W/m? ROt |

Unwanted co-products
Insulation (backside temperature 30°C) T 30 W/m?

- Radiative loss Convective loss
Net thermal gain: (€=0.10): (25 W/m2-K):
392 W/m? 43 W/m? 50 W/m?
Ground radiation

Ground temperature Reflected

(same as air): 28°C ;;5:\5\),/737 319 W/m?

Figure 6. Energy balance of hypothetical P/EC CO-RR system

7.1 Low-grade thermal energy from the cell



Only a small percentage of incoming solar radiation can be converted into CO,RR products
(optimistic designs target 15%); therefore, large amounts of low-grade heat are available for
other uses. A simple energy-balance calculation, assuming cell operation at 40 °C and ambient
air and ground temperatures of 28 °C, reveals that ~400 W/m? of low-grade heat energy could be
made available if infrared emissivities of cell surfaces are kept low (~10%) and convective losses
are managed by avoiding excessive temperature gradients. Additional thermal energy might be
available from support structures, if they are coupled to a suitable heat transfer system. Note that
a small amount of thermal energy (36 W/m?) must be stored in order to manage thermal losses
during nighttime (see Section 5 of the Supplemental Information for details).

However, maintaining cell operating temperatures within a reasonable range (e.g., 0 to 100 °C;
Stevens and Weber, 2016) requires high heat flow, so absorbed heat must be quickly moved away
from the cell and into well-insulated storage. Conversion of heat to useful energy (electricity or
mechanical work) is extremely inefficient when the temperature difference is small; assuming a
difference between hot (T4) and cold (Tc) temperatures of 10% (e.g., 330 K and 300 K,
respectively), the best one can expect (Carnot efficiency) is 1 — Tw/Tc or also 10%. As real
systems can achieve only a fraction of this efficiency (~60% for efficient thermal systems and
<20% for thermoelectric devices), the actual useful energy from such a heat source may therefore
be ~2-6%, or ~8-24 W/m* assuming 392 W/m? of thermal energy were available. Thus, a trade-
off exists between maintaining lower operating temperatures and a higher value of stored thermal
energy.

Given the low expected conversion efficiencies and high convective losses under realistic
conditions, it is prudent to assume that no useful energy is available from low-grade thermal
energy in the cell, other than storage to manage nighttime thermal losses (which could be
significant). However, other types of energy sources, discussed below, may provide useful
benefits for separation.

7.2 Undesired co-products

Products other than the desired (target) product, known as co-products, could be used in a fuel
cell or combustor to generate high-grade heat or additional electricity, provided they are
separated efficiently from the target products. Combustion-based electrical efficiency is typically
~30-40%, but it could be boosted to ~60% if a fuel cell is used or a steam bottoming cycle is
added. Combustion to produce heat is typically ~60-90% efficient, depending on the amount of
heat recovery included. Thus, optimistically assuming that 70% of CO,RR products (weighted by
combustion enthalpy) is the desired fuel, 30% would be undesired co-products. Therefore, for an
overall 10% efficient solar-to-product process, the combustion of co-products could provide ~10
W/m? of electricity or ~20-30 W/m? of high-grade heat. An excellent example of such a co-
product would be CO or formate that, while undesirable as a commodity fuel, could still be
harnessed for its high-grade heat when combusted.

Another possible use of co-products is to direct them into the anode chamber where they would
be oxidized with produced O, for energetically favorable (and probably low cost) clean-up. This
would have the added benefit of partially reducing the overpotential requirement for the anode,



increasing system performance. However, if high temperatures are needed to facilitate product
separation, this would not be the best use of these co-products.

In either case, in order to minimize CO, emissions to the atmosphere, the CO, generated in the
combustion process would need to be captured and re-used. This could be as straightforward as
reinjecting the resulting effluent, which if burned in pure O, (which is also produced by the P/EC
device) would be composed only of CO, and water, into the input side of the cell.

7.3 Waste heat from CO, source when collocated with CO,RR

If flue gas from a fossil fuel- or biomass-based industrial process like a power plant is employed
as a CO; source (see Section ), substantial waste heat may be available to the P/EC system.
Modern simple cycle gas turbines and many industrial thermal systems have flue gas
temperatures of >500 °C. Thermal energy from this flue gas is sometimes used to drive a steam
cycle to produce additional power, resulting in a flue gas temperature of ~100-200 °C. Even this
low temperature exhaust could be useful if captured for use in the P/EC plant. Moreover, the
amount of thermal energy contained in flue gas is several times higher than that of the CO, alone,
because CO, typically comprises only ~15% of the total mass (the balance comprising N,, water,
O, and trace contaminants). One company (Global Thermostat) is utilizing power plant waste
heat to drive the capture of CO, from ambient air (Global Thermostat, 2017). If collocated
adjacent to CO»-emitting power plants, the flue gas could provide ample thermal energy to drive
the downstream separation process. Section 9 discusses the possibility of CO, sources in the
deserts of the southwestern U.S., where solar insolation is expected to be highest for PEC
CO;RR.

8 Embodied energy and energy return on energy investment

The separation energy requirements and energy source considerations can be combined with
estimates of the embodied energy of PEC systems to evaluate whether a CO,RR system has the
potential to be net energy positive as a product source. A detailed evaluation of a PEC water
splitting installation has been described previously (Zhai et al., 2013; Sathre et al., 2014, 2016),
and can be used as a reference point for PEC CO,RR system estimates. A brief summary is
provided in Section 6 of the Supplementary Information. This system, which in addition to the
water-splitting device itself contained all balance-of-plant components (panel supports, water and
gas handling equipment, pipes, roads, electrical tie-ins, and monitoring systems), was modeled
over an assumed 40-year plant life cycle, and all energy inputs and outputs were considered. The
EROEI for water splitting is defined as:

TxE,
E,+T xEy,+E,

EROEI =

where T = service life of the plant (years)
Ey = energy (HHV) in H, produced in 1 year (PJ/yr)
Ep = energy used to produce the plant (PJ)



Eo = energy used to operate the plant for 1 year (PJ/yr)
Ep = energy used to decommission the plant (PJ)

We divided the energy inputs into active PEC cell components (light absorbers, catalysts,
conductive materials, membrane), inactive PEC components (encapsulation), balance of system
components (panel supports, water and gas handling equipment, pipes, roads, and monitoring
system), annual operations, and end-of-life decommissioning. Our overall energy calculations
indicated that a plant producing 610 metric tons (t)/day H, (1 GW annual average) would have a
40-year lifetime energy investment of 540 PJ and energy production of 1261 PJ, for an EROEI of
2.34. That is, over 40 years the plant produces 2.34 times the energy required to construct,
operate and decommission it. While positive, this value is low compared with other renewable
energy systems other than U.S. corn-based ethanol (see discussion in Sathre et al., 2014), which
is not surprising at this early stage of technology development.

It was well beyond the scope of this paper to estimate the embodied energies of each possible
CO:RR configuration outlined in Section 2. However, we can use the water-splitting analysis as a
starting point for estimating total system energy and EROEI of a P/EC CO,RR system, making
some simple estimates of the additional embodied energy requirements of a P/EC CO,RR
system. Specifically, we consider an aqueous system with the following modifications:

e Multi-layer light-absorbing junction to provide the larger voltages required to facilitate
CO;RR

¢ Additional piping to provide CO, to the reactor and to remove liquid products (in
addition to gaseous products)

The additional embodied energy required to perform the separations is not included; the
estimates provided here therefore provide an upper limit to the system efficiency.

For the multi-layer light-absorbing junction, we assume the high case calculated for the water-
splitting system, reflecting use of high efficiency tandem III-V light absorbers. This assumption
increases the lifetime energy inputs by 78 PJ, reducing the EROEI to 2.04.

The additional embodied energy of piping will be dominated by gases; liquids require far less
volume. We assume that CO, piping within the plant carries the gas at atmospheric pressure.
Conservatively assuming that the system produces one mole of products per mole of CO; (e.g.,
exclusively C; products), the CO, piping will have the same diameters as the H, piping in the
PEC design. If we assume that 50% of products are gases, then the required volume of piping
would be equal to that of the optional O, products in the PEC design, carrying half the volume as
that of the CO.. For C,. gases, the required volume would be less, and liquid products would
require even less piping, because liquids take up much less space than gases. In total, the
increase in lifetime energy inputs is 6 PJ, with a combined decrease in EROEI to 2.02.

Therefore, in order for EROEI to remain above the break-even point of one, the additional
energy requirements of separation and CO, production, including the embodied energy of
equipment, must be no greater than approximately half of the product enthalpy of combustion.



The H, PEC system design utilizes outside electricity inputs to provide energy for plant
operations. This term appears in the denominator of the EROEI expression, and is the dominant
term there, accounting for 86% of its lifetime energy use (though note that the solar energy
captured and converted into H; is nearly three times this value). Therefore, additional energy
requirements for CO,RR systems for separations (pumping, product storage, solvent and/or
membrane replacement, etc.) and CO, production, along with embodied energy of equipment,
will further decrease the EROEI. As discussed above, this energy can vary from negligible
amounts if product mixtures can be used as-is or in the case that desired products self-separate
from unwanted products and solvents, to situations where the separation energy can exceed the
enthalpy of the products (e.g., for dilute solutions of ethanol in water separated by distillation). If
the CO, can be provided at no net energetic cost, and all of the required separation energy can be
derived from waste energy sources (as discussed in Section 7), then the only additional term in
the EROEI equation will be the embodied energy of the separation equipment, which however
could still be substantial.

A far larger concern will be the overall solar-to-product conversion efficiency, which for our
modeled H, PEC system was 10%. If a CO.RR PEC system is only able to achieve 5% solar
energy-to-desired product efficiency (e.g., Gurudayal et al., 2017), that decrease alone will lower
the EROEI by a factor of two, because product energy appears in the numerator. Using the
estimates provided above, this single factor would reduce the EROEI to 1.01, which means the
system would barely produce more energy over its lifetime than it consumes—an unsustainable
situation. Therefore, high product efficiency is of primary concern (though see Discussion
section on trade-offs between product selectivity and energy available for separations).

9 Discussion

An important consideration for CO,RR separations is that the approaches summarized in Section
3 are typically used for continuous flow operations with a constant feed. For solar-driven
systems, even if products are stored overnight, the diurnal cycle suggests that constant product
output would likely not be possible throughout the year, due to large seasonal fluctuations.
Therefore, unless storage of raw (unseparated) products is provided on a large scale, or systems
are driven continuously by non-solar resources (such as grid electricity), separation efficiencies
will likely be lower due to fluctuations in product output. However, there may be an advantage in
deferring the separation process until nighttime, as air temperatures tend to be cooler, boosting
thermal gradients. Therefore, an advantage in separation efficiency might be realized, if
unseparated products could be efficiently and inexpensively stored over half a diurnal cycle.

From the discussion of available energy for separation (Section 7), it appears that at least ~10
W/m? of electricity or ~20-30 W/m? of high-grade heat could in principle be made available from
energy not used for producing target products. Moreover, copious amounts of thermal energy of
at least ~100-200 °C would be available from flue gas if the CO,RR plant were collocated
adjacent to a power plant or other industrial process.

Estimates in Table 3 indicate that distillation could require anywhere from 3% to >20% of the
combustion enthalpy of the target product, depending on initial concentration, desired purity, and



scale. Non-distillation approaches would consume less energy. However, if a CO,RR system
could produce ~60 W/m? of desired products (as assumed in Section 7), in many cases less than
10 W/m? of energy may be required for separation, which seems comfortably within the available
resources of a well-designed, high efficiency system. It is possible that very low concentrations
of desired products or multiple undesired co-products could exceed the available energy to
separate them, but in most cases, it appears that no external energy sources other than sunlight
might be needed to produce separated products at high purity from a CO,RR system. However,
additional embodied energy of the capital equipment necessary for these required
transformations will further reduce the EROEI of such a plant.

One important trade-off to consider in designing a CO,RR device is maximizing desired product
selectivity against maximizing total product yield. While the former would appear to always be
desirable, producing larger amounts of unwanted co-products for combustion could provide
energy (in particular, high-grade heat) needed for separation of desired products—which could
prove advantageous and even critical to ensure a high EROEI. Therefore, an optimized system
might use a catalyst that produces less of the desired product but overall higher total product
yield, in order to have ample energy available for separation of those products.

If pressurized sources of CO, are already available, it might be beneficial to utilize the excess
compression energy to help drive separations, or to use it in systems that can handle high
concentrations of CO,, such as high-current EC systems or concentrated-sunlight PEC systems.
Moreover, if the CO, source is available in close proximity to the CO,RR plant at elevated
temperature, the excess thermal energy could be used to advantage in driving separations. While
collocation of a plant near CO, sources may not be compatible with high insolation areas, many
power plants currently exist in the southwestern U.S. desert region: about 45 in Arizona and New
Mexico alone, and >140 including southern California, southern Nevada, and western Texas.
Together, these plants emitted 131 Mt of CO, in 2015 (EPA, 2016b); see Figure 7. Assuming
90% of emitted CO, was converted into products, this would be sufficient to produce 2.39 EJ of
CH,4 (2.0% of global demand), 2.03 EJ of ethanol (6.1% of global gasoline demand), or 1.89 EJ
of C,H4 (25% of global demand).
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Figure 7. Map of CO- emissions from power plants in the desert southwestern U.S. CO, emissions within blue box were 131 Mt in
2015. Source: EPA (2016b).

For standalone systems, the EROEI must be as high as possible. However, if low-GHG
electricity is plentiful and can be used to drive CO, capture when it is not otherwise needed (for
instance, at midday when there is excess solar electricity, or at night when excess wind or nuclear
electricity is often generated), then it might be permissible for the EROEI to be lower. Also, in
order to stabilize atmospheric CO,, it may be necessary to expend additional energy. CO,RR
should not be considered as directly competing with fossil fuels today, but rather in a future
where the full externalities of fossil fuel combustion are accounted for, and other energy options
including H> and electricity are able to fully compete in the marketplace. When fuels must be
synthesized exclusively from low-GHG resources, the principal concern becomes the most
sustainable and economic way of doing so, rather than whether solar fuels can compete with
fossil fuels.

10 Conclusions

In this paper, we have considered a P/EC CO, reduction system in terms of energy return on
energy invested (EROEI), that is, whether the energy embodied in chemical products would be
more than the energy required to construct and operate a full system. While the CO, reduction
technology to make products beyond CO and formate is at a very early stage, the reality that
those products (alkanes, alkenes, alcohols, aldehydes and carboxylic acids) are likely to be
formed in mixtures necessitates consideration of separations as an integral part of the energy
balance. Product separation energy is potentially large and must be minimized, both in terms of
operational as well as one-time (capital) energy investments. Based on estimates for a large-scale
H, PEC plant, in order for the EROEI of a CO,RR PEC plant to remain above the break-even



point, the energy requirements of separation, as well as CO, production and equipment embodied
energies, must be no greater than approximately half of the product enthalpy of combustion—a
tall challenge. If waste energy can be utilized to drive separations (or indeed other plant
operations), the net energy balance and EROEI can be improved. More fundamentally,
identification of catalysts that can convert CO into pure or nearly pure single products would be
of great benefit to the sustainability of the technology. However, the possibility of using
unwanted products for combustion to produce high-grade energy (high temperatures and/or
electricity) needed for product separation suggests that an optimal system may somewhat favor
total product yield over high target product selectivity.

Two additional options available to improve the net energy balance have been discussed. Direct
production of mixtures that are useful with only minimal post-processing will reduce the energy
cost of separations. If the total energy balance is defined to include CO, capture, the source of
CO; can affect energy cost. However, the required CO, purity and/or pressure for CO.RR may be
lower than the standards assumed for many CO, capture processes; if these standards can be
relaxed, energy and cost savings would ensue.

Parkinson (2016) argued that the complexity and hence cost of a CO,RR plant would be many
times that of an H, plant, and therefore that carbon-containing fuels should be made from H, and
CO,, via the reverse water-gas shift and Fischer-Tropsch processes. However, a CO, source is
needed regardless of the preferred synthesis route. We agree that if H, is easier to make (e.g.,
more practical, cheaper, efficient, net energy positive) than CO,RR, this strategy will become the
dominant pathway. But this research is still in its early stages, and it has not yet been proven that
the H>-based production route to fuels is superior to direct P/EC CO,RR approaches.

It is evident that a focus on just one step in the P/EC conversion of CO; into useful products does
not enable the sustainability and impacts of the technology to be accurately assessed. Progress on
CO:RR technologies requires integrated, end-to-end system designs and analyses to be
developed that include energy, economic and GHG emission metrics. Moreover, by identifying
the limitations of catalysis and separation, attention can be focused on the important basic
science research that could advance overall progress, and dialog between the solar fuels research
community and product end users as well as policymakers will be important to continued
progress. Advances will enable the analysis presented here to be refined in future. While still
extremely challenging, the necessity of replacing GHG-emitting fuels with net zero GHG
alternatives in the 21* century makes this a compelling and worthwhile goal.
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