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Broader context

Evaluating the techno-economic potential of
defossilized air-to-syngas pathwaysy

Hussain M. Almajed, ©2®° Omar J. Guerra, {2 ¢ Wilson A. Smith, {2 @°<9
Bri-Mathias Hodge (2 **“*" and Ana Somoza-Tornos () ¥

Defossilizing the chemical industry using air-to-chemical processes offers a promising solution to
driving down the emission trajectory to net-zero by 2050. Syngas is a key intermediate in the chemical
industry, which can be produced from electrolytic H, and air-sourced CO,. To techno-economically
assess possible emerging air-to-syngas routes, we develop detailed process simulations of direct air CO,
capture, proton exchange membrane water electrolysis, and CO, electrolysis. Our results show that
renewable electricity prices of <$15 per MW h enable the replacement of current syngas production
methods with CO, electrolysis at CO, avoidance costs of about $200 per t-CO,. In addition, we identify
necessary future advances that enable economic competition of CO, electrolysis with traditional syngas
production methods, including a reverse water gas shift. Indeed, we find an improved CO, electrolysis
process (total current density = 1.5 A cm™2, CO, single-pass conversion = 54%, and CO faradaic
efficiency = 90%) that can economically compete with the reverse water gas shift at an optimal cell
voltage of about 2.00 V, an electricity price of $28-42 per MW h, a CO, capture cost of $100 per
t-CO,, and CO, taxes of $100-300 per t-CO,. Finally, we discuss the integration of the presented
emerging air-to-syngas routes with variable renewable power systems and their social impacts in future
deployments. This work paints a holistic picture of the targets required to economically realize a defossi-
lized syngas production method that is in alignment with net-zero goals.

Climate change has already caused increases in heat waves, wildfires, and sea levels worldwide. With increasing global CO, emissions reaching an all-time-high of
more than 36.8 Gt-CO, in 2022, the world is furthering away from net-zero emission targets. Along with energy decarbonization efforts, CO, capture from point
sources and air plays a significant role in driving the trajectory down to the net-zero emission point by mid-century. Air-to-product processes offer defossilized

pathways to pursue carbon neutrality while benefiting from economic incentives. To date, there has been a lack of rigorous modeling and techno-economic studies
on emerging air-to-syngas pathways. The present work aims to fill that gap by providing a thorough assessment of integrating direct air CO, capture (DACC) with
CO, and H,0 electrolysis systems to produce syngas, a key intermediate in the chemical industry. A comparison of such an emerging route with traditional ones is
given to guide further DACC-electrolysis research towards relevant targets. In addition, we provide carbon pricing targets, integration with variable renewable
energy considerations, and social implications of deploying such pathways, composing a comprehensive overview of upcoming challenges to stakeholders.
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CO, in 2022.' Even with accelerated reductions in CO, emissions,
it is inevitable that the global temperature increase will exceed
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uncertainty around how further increases will impact humanity
highlights the importance of keeping the increase in global
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industries must stop emitting CO,, and further efforts must be
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devoted to removing greenhouse gases permanently from the
atmosphere to offset human-generated CO, emissions from
other sectors.

Out of the 36.8 Gt-CO, emitted in 2022, about 8 Gt-CO, came
from the transportation sector,' which currently relies heavily
on hydrocarbon fuels. Ideally, decarbonizing the transportation
sector using renewably-driven electric vehicles (EVs) or using
hydrogen-fueled (H,-fueled) vehicles would reduce the annual
8 Gt-CO, contribution substantially. However, continued human
reliance on carbon-based products would also require defossiliz-
ing the chemical industry, and sourcing the carbon from non-
fossil feedstocks (e.g., air, sea/oceanwater, and biomass).
Therefore, chemical and fuel production pathways that encou-
rage a circular carbon economy, a decarbonized energy sector,
and a defossilized chemical industry should be pursued to help
in limiting the global temperature increase to <2 °C.

Several reports®® deem that point-source CO, capture
(PSCC) and carbon dioxide removal (CDR) technologies will
play a significant role in pursuing a net-zero emission world.
PSCC technologies have been well studied and adopted com-
mercially in several regions of the world (e.g., in Saudi Arabia,
the United States, Australia, and China).®™"' On the other hand,
CDR technologies, including bioenergy with carbon capture
and storage (BECCS) and direct air CO, capture (DACC), have
not been adopted commercially yet. Their technology readiness
levels (TRLs), based on the definition given by the international
energy agency (IEA), range from 1 to 6, with ocean alkaliniza-
tion and enhanced weathering being at a TRL of 1-3 and BECCS
and DACC being at a TRL of 6.” BECCS offers an attractive
CO, capture cost of $13-120 per t-CO,,'° however its impacts on
food security,>'*™*® biodiversity,>'*'*'® crop prices,"*"*
deforestation,"® and human rights®'® raise concerns about its
deployment at large scales. DACC can overcome such chal-
lenges by offering modular designs,””° low to no competition
with food lands,*®*! and flexible locational possibilities.**>*
However, its wide literature projected cost range of roughly
$100-1000 per ton of CO,>* suggests a high uncertainty of the
DACC capture cost estimates. In addition, it is generally more
expensive than BECCS, largely due to expensive sorbents,*
high contactor costs,>* and/or high energy demands for regen-
erating the captured CO, and the solvent/sorbent.'® Therefore,
discovering less-expensive capture materials and improving the
DACC process energy efficiency should be targeted to advance
DACC towards commercialization. In parallel, however, explor-
ing integration pathways that valorize captured CO, is essential
in improving the market potential of DACC technologies by
creating a product that can be sold to recover at least a portion
of the costs.?

The two main DACC methods use either a liquid hydroxide
solvent or a liquid/solid amine sorbent to capture CO, from the
atmosphere.” Several researchers have reviewed both
technologies,'”'%*® highlighting their benefits and downsides.
Solid amine-based DACC can leverage waste heat as an energy
supply for the low-temperature (80-120 °C) CO, regeneration
step. It is also able to capture water along with CO, from air
using the same solid sorbent, although this can impact the CO,
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capture efficiency and system durability.”” However, its main
weakness is the high cost required to capture CO, from the
atmosphere ($,0,; 500-600 per t-CO,), which is mainly due to
the specially-designed sorbent as it accounts for about 50% of
the total CO, capture cost due to its frequent replacement.'”>*
On the other hand, the current state-of-the-art liquid hydroxide-
based DACC design uses traditional heat sources (e.g., from
burning natural gas) to supply enough heat for the energy-
intensive calcination step, which demands an elevated tem-
perature of 900 °C. However, this design leverages already-
commercialized equipment and technologies that are manu-
factured at scale today, reducing the total capture cost estimate
to $,016 94-232 per t-CO,,?® with the minimum cost represent-
ing an optimistic scenario (electricity price = $30 per MW h,
capital recovery factor = 7.5%, plant = mature plant; TRL 11).

Regardless of the capture method, the captured and regen-
erated CO, can either be stored or converted into higher-value
products. Both end uses are essential for reducing emissions
while pursuing carbon neutrality.?® Storing CO, in geological
formations enables the pursuit of net-zero emission targets.
However, existing policies that incentivize storage of the cap-
tured CO, do not sufficiently cover the cost of most DACC
plants today. A quick comparison between today’s baseline cost
estimates of DACC ($163-1000 per t-CO,) and current carbon
incentives, such as the 2022-updated U.S. 45Q tax credit ($180
per t-CO, sioreq for DACC®®) and the European emission trading
systems (EU ETS) (Feb. 2023 trading CO, price &~ $100 per
t-C0O,*"), illustrates this discrepancy. Utilization of the captured
CO,, on the other hand, allows DACC to cover at least some of
its costs while benefiting from increased CO, tax credits as an
additional revenue stream. Additionally, it could help defossi-
lize the chemical industry by sourcing its carbon feedstock
from air instead of fossil fuels.

Several researchers have investigated the integration of CO,
capture from air with (bi)carbonate and carbamate reductions.**™”
These pathways eliminate the need for the energy-intensive
regeneration step. However, these conversion technologies
are still in their early-stage development, suggesting higher
uncertainties around their eventual costs and practical
performance.*® CO, utilization using both thermochemical
and electrochemical methods can overcome this challenge
since these technologies are more technologically mature than
(bi)carbonate or carbamate reductions today.

Thermochemical and electrochemical CO, conversion can
produce high-value products such as CO, syngas (i.e., a mixture
of CO and H,), formic acid, methanol, and ethanol. Syngas,
in particular, is an essential industrial feedstock for the pro-
duction of several chemicals and fuels, including methanol,
dimethyl ether (DME), ammonia, and Fischer-Tropsch
products.®>*° 1t is conventionally produced via dry methane
reforming (DMR), partial oxidation (POX), and steam methane
reforming (SMR) at H,:CO ratios of 1:1, 2:1, and 3:1,
respectively.’® These processes have a TRL of 8-9, indicating
adoption at the commercial scale. Reverse water gas shift
(RWGS) is another well-established technology that can pro-
duce 2:1 syngas from a feed of CO, and H,, which is commonly

This journal is © The Royal Society of Chemistry 2023
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used in methanol synthesis as demonstrated by Joo and co-
workers.*! This technology is implemented in a process called
the CAMERE process, which has a TRL of 6-7.%>** Depending
on the desired syngas ratio, a syngas production method can be
selected. For example, an H,:CO ratio of 2:1 is needed to
synthesize Fischer-Tropsch products using cobalt-based
catalysts,** suggesting POX or RWGS to be the most suitable
syngas production methods. However, it is worth noting that
the four syngas production methods that are mentioned here
require elevated temperatures (> 600 °C)***>*° that are currently
supplied via fossil-based energy sources. Although electrification
(e.g:, using electric heaters) will play a key role in tackling this
issue, the path of the adoption for elevated temperatures of
>600 °C is unclear.*’” Alternatively, the emerging field of CO,
electrolysis can operate at ambient temperature and pressure,
easily utilizing renewable electricity to convert a feed of CO, and
H,O0 into syngas at tunable ratios.

The electrochemical reduction of CO, (CO,ER) to CO at low
temperatures (<100 °C) has been extensively investigated.*®™°
The faradaic efficiency towards CO (FEqo), operational stability,
CO, single-pass conversion, total cell voltage, and total current
density are typically used as figures of merit to assess the
overall process performance.>*' Although low-temperature
CO,ER studies have achieved high FEco (>80%), high current
density (=200 mA cm™?), and moderately low cell voltage (2.5~
3.0 V), they have not yet demonstrated sufficient electrolyzer
operation stability for industrial implementation (i.e., 44000 h
lifetimes, similar to water electrolysis), and they have not
yet achieved all industrial benchmarks concurrently.>® Indeed,
the TRL of low-temperature CO,ER is in the range of 3-5.
Therefore, further assessments of future scenarios can clarify
which figures of merit to pursue in a specific context (e.g., for
integrated DACC with CO, utilization routes).

Although significant research efforts have been devoted to
the analysis of integrated carbon capture and utilization, there
is still a research gap regarding the process modeling and
techno-economic assessment (TEA) of integrated DACC with
carbon electrolysis, with only three studies attempting to guide
research based on their TEA results. Daniel et al.>* assessed the
integration of DACC with a high-temperature (>600 °C) solid
oxide electrolysis cell (SOEC) for the production of syngas and
found a significant contribution to the capital and operational
expenditures (CAPEX and OPEX) from the SOEC due to using
large amounts of precious materials and requiring complex
manufacturing processes. Their study suggests that the SOEC
field should focus on capital cost reductions of the electrolyzer
along with energy efficiency improvements. However, the
authors focused on an older version of hydroxide-based DACC
and on high-temperature CO, electrolysis, and they have not
considered equilibrium and kinetic factors in their process
modeling, which enables advanced physics-based models to
improve on their TEA conclusions. Moreno-Gonzalez et al.>®
assessed several pathways for producing syngas at an
H,:CO ratio of 2.5, with the goal of comparing the TEA
performance of electrochemical pathways to that of a conven-
tional thermochemical one (namely, RWGS). They found no

This journal is © The Royal Society of Chemistry 2023
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economic competition of gaseous and liquid CO, electrolysis
with RWGS when integrated with DACC today. However, in a
future scenario, in which the performance of CO, electrolysis is
improved, the authors found both electrolysis pathways to
compete economically with RWGS when integrated with DACC.
This study also relied on modified literature cost estimates and
is not supported by fully integrated process modeling results.
In addition, some of the chosen assumptions were inconsistent
with state-of-the-art assumptions that are commonly used in
the literature. For instance, the authors assumed a proton
exchange membrane (PEM) water electrolyzer cost of $600-
1500 per kW, which is more than 2.5 times higher than that
estimated by the widely-used H,A production model (i.e., $233-
460 per kW).>® Debergh et al.>” techno-economically assessed
the integration of DACC with CO, and (bi)carbonate electrolysis
systems for 2:1 syngas production. They found DACC integra-
tion with (bi)carbonate electrolysis to be more economical than
its integration with CO, electrolysis, mostly due to minimizing
downstream separation and DACC capital costs. However, this
claim is dependent on the electricity price as (bi)carbonate
electrolysis consumes more electricity (i.e., less energy efficient)
than CO, electrolysis. In addition, their study did not consider
kinetic or equilibrium effects that could influence practical
integration of DACC with electrolysis. Indeed, it is still ques-
tionable whether the (bi)carbonate electrolyzer is able to regen-
erate the hydroxides or if additional major equipment is
needed to accomplish that step. Thus, thorough TEA studies
that are based on rigorous process modeling results, which
consider equilibrium and kinetic factors, and that consider
realistic assumptions are still absent from the literature of
integrated DACC with carbon electrolysis.

Herein, we attempt to fill in that gap by modeling and
assessing the integration of a liquid hydroxide-based DACC
plant with both a thermochemical and an electrochemical
pathway to produce syngas; namely, RWGS and CO,ER. We
consider sourcing the H, from PEM water electrolysis (PEMWE) for
both routes. However, for the RWGS route, we additionally consider
sourcing the H, from SMR due to the fact that SMR-RWGS is a well-
established integrated process today. Furthermore, we base our
process designs on some of the most recent literature, including
Keith et al,”® Rezaei and Dzuryk,'® and Wen and Ren et al>*
We estimate technical (i.e., carbon efficiency, energy consumption,
and marginal energy-associated CO, emissions) and economic
(Ze, energy cost, capital costs, variable operational costs, fixed
operational costs, and total product cost) metrics to compare the
current and future states of considered pathways. Additionally, we
perform sensitivity analysis on several measures by varying each
individually while keeping the others constant at the baseline
values. Finally, we investigate the effects of H, and electricity prices
on the total syngas production cost of both pathways in an
optimistic future scenario for the CO,ER to define research targets
that enable the electrochemical pathway to economically compete
with RWGS when integrated with DACC. The novelty of the present
work is centered around three main points: (i) developing a verified
DACC process model in Aspen Plus that considers equilibrium
and kinetic interactions, (ii) developing an electrolyzer model that

Energy Environ. Sci.
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calculates mass and energy balances and correlates the produc-
tion rate, current density, and cell voltage together using the
simple power and Butler-Volmer equations, and (iii) assessing
the economic feasibility of electrochemical and thermochemi-
cal pathways when integrated with DACC in several future
scenarios. This effort aims to guide future DACC-electrolysis
research towards relevant metrics that would significantly
improve the techno-economic performance of DACC-CO,ER
routes when compared with DACC-RWGS.

2. Process description

2.1. Liquid hydroxide-based direct air CO, capture (DACC)

The proposal of CO, capture from air by Lackner et al>
considered calcium hydroxide as a capture agent due to its
high binding energy (AH° = —109 kJ mol ')*® with CO, and
well-established CO, absorption chemistry. Subsequent work
by Zeman and Lackner®® realized the benefit of integrating
calcium looping with solvent regeneration to create a two-cycle
process that is able to regenerate the hydroxide solvent and the
captured CO, concomitantly. Today, the state-of-the-art
hydroxide-based DACC process design, as developed by Carbon
Engineering, uses the same two-cycle process, however with
potassium hydroxide as the capture agent due to its higher CO,
absorption kinetics.>®

The main components of the state-of-the-art process design are
the air contactor, pellet reactor, calciner, and slaker (Fig. 1a). The
air contactor is the place where CO, is in direct contact with the
hydroxide solvent, allowing the spontaneous formation of (bi)car-
bonates (eqn (1)). The (bi)carbonates are then fed to the pellet
reactor along with a 20% calcium hydroxide slurry (lime) to
regenerate the hydroxide-based solvent and form calcium carbo-
nate (eqn (2)). Subsequently, the calcium carbonate is pre-heated
in the slaker and fed to the calciner, in which it is decomposed at
900 °C to calcium oxide (quicklime) and concentrated CO,
(eqn (3)). The solid quicklime is co-fed with water to the slaker
for lime regeneration (eqn (4)), whereas the gaseous outlet stream,
containing the captured CO,, is dehydrated and compressed
before storage or transportation. It is worth noting that the
calciner takes in a feed of CH, and O, for combustion to generate
sufficient heat for the calcination (eqn (5)), which reduces the
mass composition of CO, in the gaseous outlet stream.>®

— K2C03(ag) + H200q)
AHggc = —95.8 kI mol™! 1)

K2C03(aq> + Ca(OH)z(aq)*> CaCO3<S) + ZKOH(aq)
AHyg = —5.8kImol™!  (2)

CaCOs(;) — CaO) + COsy) AHagge = 178.3kImol™"  (3)

CaO(S) + HzO(aq) — Ca(OH)z(aq)
AH o = —63.9kJ mol ™! (4)
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CHy4 +20; — CO; +2H20  AHagq¢ = —890.6 kJ mol ™!
®)

2.2. Reverse water gas shift (RWGS)

The RWGS reaction requires a feedstock composed of CO, and
H, to produce CO and H,0 as shown in eqn (6) below."®” The
endothermicity of the RWGS reaction, as well as the presence of
Sabatier side reactions, as shown in eqn (S5)-(S7) (ESIY), restrict
the use of RWGS at low temperatures.>” > Thus, temperatures
equal to or higher than 700 °C are necessary to increase the CO
selectivity in the product stream.®® Carbon formations are other
possible side reactions, eqn (S8)-(S10) (ESIT), that can cause
blockage of catalyst active sites, resulting in catalyst degradation,
and thus interruption of the RWGS process.”®"® In addition, CH,
pyrolysis, eqn (S8) (ESIT), is preferred at high temperatures®® and
can compete with the RWGS reaction, eqn (6), strongly.*®

CO, +Hy < CO+HyO  AH,p = 42kJ mol ™! (6)

Since RWGS is a well-established process, we plan to reference
an already-built plant simulation. Rezaei and Dzuryk*® present a
thorough process model of a RWGS plant that produces 2:1
syngas from a feed of CO, and H,. The plant is mainly composed
of a RWGS reactor that is operated at 1000 °C, a monoethano-
lamine (MEA) CO, absorption setup that recycles unreacted CO,,
and some downstream processing steps to arrive at feedstream
conditions that are fit for FT-synthesis. Fig. 1b shows the process
flow of the considered RWGS plant. For simplicity, Fig. 2 shows
only the RWGS reactor.

2.3. Low-temperature CO, electrolysis

The electrochemical reduction of CO, can produce a wide
variety of products at ambient temperature and pressure, which
strongly depends on the used catalyst, reactor configuration,
and operating conditions. The selective reduction of CO, to CO
(eqn (7)) is the most technically mature pathway, which can be
accomplished using metallic electrocatalysts, such as Ag, Au,
and Zn, or molecular electrocatalysts such as Co-pc.®'~** However,
depending on the availability of protons near the cathode, the
competing hydrogen evolution reaction (HER), shown in eqn (8),
may dominate the catalyst surface, suppressing CO,ER from
proceeding forward. Alkaline conditions have shown the ability
to relatively suppress the HER, but they favor (bi)carbonate
formation (eqn (1)),** which would result in CO, losses that
increase the downstream CO, separation costs. Indeed, embra-
cing the produced H, might benefit researchers in optimizing for
the most relevant performance in the context of syngas produc-
tion. In other words, aiming for syngas production rather than
pure CO production allows CO,ER researchers to focus on
improving metrics other than selectivity (FEco), such as CO,
single-pass conversion, which can lower the cost of downstream
separation, or operational stability, which can lower both the
CAPEX and OPEX of the electrode, catalyst, and membrane
replacements. On the anode side, the most common reaction
that pairs with cathodic CO,ER is the oxygen evolution reaction
(OER), which can use either a Ni electrocatalyst or an IrO, anode

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Simple block flow diagrams of (a) liquid hydroxide-based DACC, (b) reverse water gas shift, (c) CO, electrolysis, (d) H,O electrolysis, and (e) steam
methane reforming. The fire symbol represents fossil-based thermal energy and the lightning bolt symbol represents electricity, which can be sourced

from renewables.

under acidic conditions (eqn (9)).

CO; + H,O+ 2 — CO+20H™

AH g = 108.8 kJ mol ™! ?)

2H" +2¢” — Hy AH,yg = 0kImol™! (8)

20H™ — 0.50; + HO + 2 AHyg = 1742kImol™" (9)

In all low-temperature gaseous CO, electrolysis processes, the
outlet gas mixture always contains unreacted CO, due to the low
CO, single-pass conversion. Therefore, separating CO, from this
gas mixture and recycling it back to the reactor is a key step in CO,
electrolysis. This step can be accomplished by several methods
including MEA CO, absorption and pressure swing adsorption
(PSA), which are both used widely in industry.”*

Furthermore, a limited number of CO,ER studies have
explored systems and components that target syngas production
ata 2:1 H,: CO ratio as a product.>**>% However, these studies
have either not achieved relatively high current densities
(=200 mA cm?) or have used liquid (bi)carbonate as the inlet
to the electrolyzer instead of gaseous CO,. In addition, the
focus on co-electrolysis of CO, and H,O to syngas has been on

This journal is © The Royal Society of Chemistry 2023

high-temperature techniques (e.g:, SOEC) rather than low-
temperature ones. Although SOEC is believed to be a promising
technology for CO/syngas production,®” it is outside the scope
of the present study. Thus, we will consider a parallel low-
temperature electrolysis of CO, and H,O, in which CO, and
H,0 are reduced in alkaline and PEM electrolyzers, respectively.
To clarify, the two electrolysis processes are performed in
separate electrolyzers.

It is worthwhile to mention that there are multiple growing
start-up companies that are attempting to scale up low-
temperature CO, electrolyzers, including twelve,®® dioxide,®®
and OCO.”® However, the commercial deployment is yet to be
realized, which is why integrated process and techno-economic
models that consider industrial scales are needed to push this
field forward.

2.4. Water electrolysis

Water electrolysis refers to an electrochemical process in which
water is electrochemically converted into oxygen and hydrogen
according to eqn (10). The three main commercial water
electrolysis technologies are alkaline water electrolysis (AWE),
PEMWE, and SOEC.”* In AWE, the cathode reduces water into
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Fig. 2 Process flow diagram of the investigated pathways, exhibiting the integration of hydroxide-based DACC with RWGS and with the CO,ER.
The yellow-colored monolith in the air contactors represent KOH wetting. The percentages of the CO, stream are based on mass.

H, and OH™ (eqn (11)), which crosses a membrane (either a
diaphragm or an anion exchange membrane (AEM)) to the
anode side where it is oxidized to produce O, (eqn (9)). PEMWE
oxidizes water into O, and H' at the anode (eqn (12)), which
then crosses a cation exchange membrane (CEM) from the
anode to the cathode side, where it is reduced to H, (eqn (8)).
In an SOEC reactor, water is reduced to H, and O*~ (eqn (13)) at
high temperatures (=600 °C). The oxide anion crosses a solid
oxide membrane from the cathode to the anode, where it is
oxidized to produce O, (eqn (14)). Further discussion about the
three technologies can be found elsewhere.”"”>

H,0 — Hy +0.50; AHjpe = —285.8kImol™!  (10)

2H,0 +2¢~ — Hy +20H™  AH,g = 111.7kImol™! (11)

Hy0 —0.50; +2¢” +2H" AH,o0 =—285.8kJmol™!  (12)
H,0+2e” —Hy+0% AH,gq =—285.8kImol™"  (13)
0% = 03+2¢~ AH,oq =0kJmol ™! (14)

Out of the three methods, AWE is the most mature and stable
technology with the possibility of using non-noble metals as
catalysts, thus reducing the total production cost of the
process.”! PEMWE is an emerging commercial water electro-
lysis technology that is able to achieve higher current densities
(0.6-2 A cm?) and produce high-purity hydrogen.”* However,
due to its lower TRL and use of Pt-group metals in the electro-
des, it is still challenged with lower durability and higher
capital costs as compared to AWE.”"”> Nonetheless, multiple
research efforts have focused on PEMWE rather than AWE due
to its projected cost reductions and technological development
in the upcoming decade.”” SOEC is also projected to be a major

Energy Environ. Sci.

water electrolysis technology by 2030 and beyond because of its
high energy efficiency (>95%), however the durability of SOEC
is relatively low (500-2000 h) when compared with AWE
(100 000 h) and PEMWE (10 000-50 000 h).”* For these reasons,
we choose PEMWE as the water electrolysis technology in our
study and reference 4.3 kW h Nm™>-H, as the power consump-
tion, which is consistent with previous studies.”*”?

2.5. Steam methane reforming (SMR)

SMR is a widely deployed process in the chemical industry for
efficient H, production.”*”> The process takes in a feed of CH, and
H,0 to produce syngas at an H,: CO molar ratio of 3* (eqn (15)).
Similar to RWGS, the referenced SMR process design uses an SMR
reactor and an MEA CO, absorption setup to generate a concen-
trated H, stream (Fig. 1e). Note that the main purpose of the MEA
CO, absorption setup is to clean the H, stream from CO, and
other gases instead of capturing CO, from a point source. Conse-
quently, the environmental impact of SMR is still concerning,”>”®
limiting its potential further usage in future carbon reduction
scenarios. This has motivated its integration with CO, capture to
produce blue hydrogen, which has been pursued by several
researchers.”’®’””® To account for this shift, we will discuss both
options (i.e., emission and recycling of CO,) in Section 5.1.*°

CH; +H,0 — CO +3H; AH,gy =206kJmol™'  (15)

3. Methodological approach
3.1. General method

We leveraged Aspen Plus, Aspen Energy Analyzer (AEA), and
spreadsheet calculations to estimate mass and energy balances
of DACC, PEMWE, and CO,ER. To accomplish the study
objectives, we built DACC and electrolysis models that consider

This journal is © The Royal Society of Chemistry 2023
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simple kinetics and thermodynamics. Then, we assessed and
validated our results with literature estimates to assure consis-
tency in the results. After that, we used our modeling results to
build a techno-economic model that is able to estimate CAPEX,
OPEX, and total syngas production costs. Finally, we used
our techno-economic model to perform sensitivity and future
scenario analyses on the emerging air-to-syngas routes. For
further details on the methods used in this study, we refer the
reader to Notes S1 and S2 in the ESL¥

3.2. DACC model verification

Since we are modeling the Carbon Engineering DACC process,
we use Keith et al.’s pilot-plant-validated results®® to verify our
model. For the purposes of verifying our model, we focus on the
first configuration of Keith et al.’s study, which utilizes natural
gas and pressurizes the regenerated CO, to 150 bar.*® Fig. S1
(ESIT). shows minimal differences between our and Keith
et al’s modeling results. Specifically, we look at the mass flow
rates of CO,, H,0, O,, and N, in the gas outlet of the contactor
and calciner models as well as the mass flow rate of CaO in the
solid outlet of the calciner model. We find the mass flow rate
difference to consistently be less than 5% for all components
except for O, in the outlet gas stream of the calciner, which
shows a difference of 10%. This higher percentage is due to the
different methane (and thus, oxygen) inlet flow rate to the
calciner, which is lower in our model (12.75 t-CH, per h) than
in Keith et al.’s model (13.4 t-CH, per h).”® The lower methane
inlet flow rate is an optimized value that sets the net heat duty
of the calciner to zero, meaning that we supply the amount of
heat needed by the calciner unit according to our Aspen model
calculations. Moreover, for the other parts of the DACC plant,
we also find consistent results with Keith et al.’s findings.?® For
instance, our model predicts that we need to make up 3.6
t-CaCO; per h to the plant, recycle 4.7 t-CaCOj; per h to the pellet
reactor, and recycle 22.6 t-CaCO; per h to the calciner, as shown in
Tables S10 and S11 (ESIT). Keith et al. calculate these values to be
3.5, 4.5, and 21.5 t-CaCO; per h, respectively.”® In addition,
Table 1 shows the mass flow rates of a subset of key streams
from Keith et al’s study®® and from our model, and Tables S9-S12
(ESIt) summarize all important mass balances of the air con-
tactor, pellet reactor, calciner, and slaker for the 1 Mt-CO, per year
plant. We find consistent results between our model and Keith
et al’s pilot-plant-based model,*® verifying our simulation to be
applicable for further scaling-up and TEA calculations.

3.3. Electrolysis model application

We apply our electrolysis model (Note S1.3. in the ESIT) to Wen
and Ren et al.’s study that scaled up the CO, electrolyzer from

Table1 Mass flow rates of key streams from our and Keith et al.'s models

[t per h] Keith et al.  This work  Difference (%)
Air inlet to AC (defined) 251000 251000 0.00
Depleted air from AC 252000 251360 0.25
CaCOj; inlet to calciner 300 278 7.33
CO, from calciner 166 164 1.20

This journal is © The Royal Society of Chemistry 2023
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1 em® to 100 cm?, achieving a total current density of
612 mA cm 2 at a cell voltage of 3.3 V, an FEgo of >90%,
and a CO, single-pass conversion of about 27%.>* The exchange
current density and charge transfer coefficient were taken from
an earlier publication of one of the authors,”® and their values
are reported to be 8.42 x 10~* mA ecm ™2 and 0.201, respectively.
In addition, we use a 4% loss percentage of the inlet CO, as
reported by the reference study.”* This loss is attributed to
carbonate formation and crossover from the catholyte to the
anolyte, which is assumed to not release CO, in the anodic side,
according to the findings of our reference study.>* It is worth
noting that we assume the accumulation of carbonates in the
catholyte and anolyte to not influence the performance of the
system. However, in our economic analysis, we consider an
equivalent amount of HCI to be purchased at its market price
(84 per t-HCI80) to titrate the anolyte to the desired pH and
consider purchasing some KOH at its market price (~$450 per
t-KOH81) to recover the lost amounts of K™ to KCL

In addition to CO, electrolysis, we apply the present model
to PEMWE, simply calculating its mass and energy balances.
We define the cathodic and anodic reactions to be the HER
(eqn (8)) and water oxidation (eqn (12)), respectively. The
required inputs to this model were the inlet flow rate of water
and its conversions to H, and OH ™, which are assumed to be
100%. Eqn (S11) and (S17) (ESIt) were used to calculate the
total current and the total power needed for water electrolysis,
respectively. Therefore, the outputs were the product mass flow
rates and the power consumption of the process.

4. Modeling results

4.1. Scaling up the DACC model

To perform our analysis, we increased the capture rate of the
1 Mt-CO, per year DACC plant model to match the CO, feed rate
needed for producing 2.2 Mt-syngas per year. The modularity
of our air contactor model allows us to multiply the flow rate of
the captured CO, stream by the number of air contactors
required to capture the necessary amount of CO, for each
pathway.

The referenced RWGS model*® requires a feed of CO, equal
to 3.04 Mt-CO, per year whereas the referenced scaled-up CO,
electrolysis system®* requires 2.91 Mt-CO, per year to produce
2.26 Mt-syngas per year. For the DACC process in the DACC-
PEMWE-RWGS and DACC-SMR-RWGS routes, 3350 air contac-
tor units were used to capture 2.12 Mt-CO, per year, which was
combined with 884 kt-CO, per year from the combustion of
CH,. This combination yielded 3.01 Mt-CO, per year, equivalent
to the production of 2.26 Mt-syngas per year. The number of air
contactors was reduced to 3030 units when we consider the
recycling of captured CO, in the DACC-SMR(w/CCU)-RWGS
pathway. The 3030 air contactors were able to capture 1.83
Mt-CO, per year and the combustion of the required methane
generated 897 kt-CO, per year to yield 2.72 Mt-CO, per year. The
remaining 295 kt-CO, per year were recycled from the PSCC
step in the SMR process design, which was combined with the
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2.72 Mt-CO, per year to get 3.01 Mt-CO, per year Le., the
required inlet flow rate of CO, to the RWGS reactor.

On the other hand, the CO,ER pathway uses 3205 air con-
tactor units to capture 2.03 Mt-CO, per year. This amount was
then mixed with 847 kt-CO, per year from methane combustion
in the calciner to yield a total capture rate of 2.88 Mt-CO, per
year. It is worthwhile noting that the number of required air
contactors at the given capture rates for both routes is only about
two times that used to capture 1 Mt-CO, per year, simply due to
the usage of CO, from methane combustion in the calciner.

To put these results into visual context, the number of air
contactors needed for all routes is equivalent to about 0.11 km?,
or 16 FIFA-recommended football fields. It is also worth noting
that these calculations assume 100% plant utilization, which is
unrealistic. However, this assumption should not affect this
specific analysis as the plant utilization would be applied to
both the CO, feed requirement for RWGS/CO,ER and to the
CO, capture rate for DACC in later analysis.

The flow rates into subsequent units (e.g., pellet reactor,
slaker, and calciner) were also scaled-up by an appropriate
amount to allow for processing the higher amount of captured
CO,. The amount of methane, and thus oxygen, that is fed to the
calciner was scaled up such that the calciner’s heat duty is equal
to zero, assuring just enough heat supply for calcination. In
addition, the make-up amount of CaCOj; fed to the pellet reactor
was scaled up to 7.4 and 7.1 t-CaCO; per h for DACC-PEMWE-
RWGS and DACC-PEMWE-CO,ER, respectively, which account
for the increased losses of CaCO; at the larger scales. Tables S13—
S20 (ESIt) summarize the mass flow rates of both studied routes.

Plant heat integration, as leveraged by AEA, indicates that
the DACC plant requires 577.7 MW and 550.3 MW of thermal
energy when integrated with RWGS and CO,ER, respectively.
This is equivalent to a natural gas input of 8.58 and 8.55 GJ per
tonne of air-sourced CO,, respectively, which is consistent with
the gas input estimate from Keith and colleagues (8.81 GJ per
t-CO,).”® The lower gas input can be attributed to the different
CO, downstream processing. The referenced RWGS and CO,ER
processes takes in CO, at a temperature of 25 °C and a pressure
of 1 bar. Therefore, we adjusted our model to include a cooler
that reduces the outlet temperature to 25 °C, and we removed
the compression stages to keep the pressure at 1 bar, resulting
in a lower energy requirement than estimated by Keith and
colleagues’ first configuration.”® The estimated energy con-
sumptions of the DACC plant for each pathway will be used
later in our analysis to calculate the total energy consumption
of the investigated routes before estimating the total OPEX.

4.2. Electrolysis model

To keep the CO production rate constant, we estimate a
required feed of 1231 t-CO, per h to produce 211.6 t-CO per h
at a FE¢o of 90% and a CO, single-pass conversion of 27%. For
this production rate, the total current is estimated to be 450 x
10° A. Considering a scaled-up electrolyzer area of 73 531 m?, the
current density is calculated to be 612 mA cm ™2, reproducing the
results of our CO, electrolysis ref. 54. On the other hand, the
anodic reaction produces 116.4 t-O, per h as a by-product, which
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can be sold at a market price of about $100 per t-0,.%* For a cell
area of 100 cm? per cell, as given by our CO, electrolysis ref. 54,
an electrode area of 73531 m?, and a cell-to-stack ratio of 200
cells per stack, one would need about 36 766 stacks to produce
the given CO amount, which is a significantly large number.
Increasing the cell area from 100 cm® to 1 m” can significantly
lower this number to 368, which is more reasonable and
manageable than 36 766. Regardless, for this setup, we find the
power consumption of the CO, electrolyzer to be 1484 MW.
Unfortunately, low-temperature CO, electrolyzers to CO are not
commercial yet, thus we are unable to compare this number
with metrics of current commercial CO, electrolyzers. However,
assuming a power capacity of 20 MW for a single CO, electrolysis
module in the next 5 years, one would need 75 electrolysis
modules to produce 211.6 t-CO per h.

PEM H,O electrolyzers, on the other hand, are near the
commercial stage. Indeed, Siemens’ PEM water electrolyzer full
module array, Silyzer 300, is planned to currently operate at a
power capacity of 17.5 MW to produce 0.1-2 t-H, per h.®* We
estimate H, production via PEMWE in the CO,ER pathway to be
about 28.6 t-H, per h at an electrolyzer power consumption of
1444 MW and a current density of 2 A em 2. This calculation
suggests that we would need roughly 83 Silyzer 300 module arrays
to produce the required amount of renewable H, in the DACC-
PEMWE-CO,ER route with each system producing approximately
0.345 t-H, per h. We also find the electrode area to be 38 004 m?,
indicating that a Silyzer 300 module array would need a total
electrode area of about 460 m”. Similarly, for the RWGS pathway,
PEMWE produces about 45.4 t-H, per h at an active electrode area
of 60232.9 m® and a power capacity of 2289 MW. These results
suggest that we would need 131 Silyzer 300 module arrays with
each having a total electrode area of approximately 460 m>.

An important point is the 1.5-2.3 GW-scale water electrolyzers
that we calculate as necessary to produce 2.2 Mt-syngas per year.
Today, the highest capacity rating for water electrolyzers is in the
range of 10-100 MW, which would be insufficient to meet
renewably-driven electrolytic hydrogen production targets.®*
Thus, new water electrolysis facilities that are at the GW-scale
are still needed. Indeed, the average size of new water electrolysis
projects in 2030 is expected to be about 1.4 GW.5*% Therefore,
although the scale presented here might seem significant (~1.5-
2.3 GW), it is well within the projected range needed to reach
electrolytic hydrogen production goals.

5. Techno-economic results

In this section, we techno-economically assess an electroche-
mical and a thermochemical pathway that convert air-sourced
CO, into syngas. We include sensitivity and future scenario
analyses to provide guidance on the required benchmarks for
commercializing the DACC-PEMWE-CO,ER pathway.

5.1. Technical and economic metrics

Current conventional syngas production pathways supply H,
from fossil-based methods, such as SMR. To fairly compare

This journal is © The Royal Society of Chemistry 2023
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CO,ER to RWGS as a CO, utilization technique in the presented
context, we need to consider both SMR and PEMWE as H,
production methods in the RWGS pathway. In this section, we
will discuss the carbon efficiency, energy consumption and
cost, and marginal energy-associated CO, emissions of four
routes: (1) DACC-SMR-RWGS, (2) DACC-SMR(w/CCU)-RWGS,
(3) DACC-PEMWE-RWGS, and (4) DACC-PEMWE-CO,ER. It is
worth mentioning that CCU in the second route refers to CO,
capture and utilization.

5.1.1. Carbon efficiency. We define carbon efficiency to be
the ratio of moles of carbon in the desired product to the moles
of carbon in the carbon-based reactants (Note S4.1 in the ESIT).
Fig. 3a exhibits the carbon efficiency of the full DACC-SMR-
RWGS, DACC-SMR(w/CCU)-RWGS, DACC-PEMWE-RWGS, and
DACC-PEMWE-CO,ER routes, which we calculate to be 36.49%,
40.19%, 56.34%, and 20.12%, respectively. The SMR depen-
dence on methane as a reactant to supply H, reduces its carbon
efficiency significantly due to the fate of CO,, which we assume

(@)
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to be emitted to the atmosphere in the first route, resulting in
its lower carbon efficiency when compared to DACC-PEMWE-
RWGS. Recycling the CO, results in a higher carbon efficiency,
albeit still less than DACC-PEMWE-RWGS. Furthermore, we
find DACC-PEMWE-CO,ER to have the lowest carbon efficiency,
which is mainly due to the low single-pass conversion of CO, in
the CO,ER (27.0%) as compared to that of the RWGS process
(75.6%). Kas et al. report that the limiting CO, single-pass
conversion to CO may be close to 60% due to competition
with homogenous reactions where CO, spontaneously forms
(bi)carbonates when in contact with the electrolyte and does
not participate in the CO,ER.*® Indeed, to the best of our
knowledge, the highest experimental stable single-pass CO,
conversion for gaseous alkaline CO,ER to CO was in the range
of 45-50%.%7 At a CO, single-pass conversion of approximately
50%, DACC-PEMWE-CO,ER can be as carbon efficient as
DACC-SMR-RWGS but will still be less carbon efficient than
DACC-PEMWE-RWGS. However, if major changes in the reactor
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(a) Carbon efficiency, (b) electrical and thermal energy consumption, (c) total energy costs, and (d) marginal CO, emissions associated with the

energy sources for each of the three pathways. Electrical and thermal energy prices are assumed to be $45 per MW h and $5.03 per GJy, respectively.

The marginal emission factor for natural gas is referenced to be 210 kg-CO, per MW h,,&8

assumed to be 0 kg-CO, per MW hg,.
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designs are implemented, the competition between the desired
CO, conversion to CO and the undesired conversions to bypro-
ducts could be eliminated, resulting in the potential to break
the CO,ER carbon efficiency limit. For instance, the utilization
of a bipolar membrane (BPM) in bicarbonate electrolysis allows
for CO, to be produced in-situ, which can surpass the 60% limit
imposed by the CO,ER. Indeed, Lees et al. achieved a CO,
utilization rate of about 70% in a bicarbonate flow cell reactor
that utilizes a BPM as the separating membrane.*® At this
conversion, the CO,ER and RWGS routes have very close carbon
efficiencies of 52.16% and 56.34%, respectively. Improving
such designs to have higher CO, single-pass conversions as
well as increasing the CO, capture fraction can improve the
carbon efficiency of both routes to achieve >70%.

5.1.2. Energy consumption and cost. Fig. 3b shows the
thermal and electrical energy requirements of the four studied
routes. We find electricity to dominate the total energy con-
sumption of DACC-PEMWE-RWGS and DACC-PEMWE-CO,ER,
mainly due to the high amount of electricity required for
electrolysis processes. On the other hand, DACC-SMR-RWGS
and DACC-SMR(w/CCU)-RWGS mostly consume thermal energy
to operate the SMR reactor at 1000 °C. Additionally, we find the
electrical energy consumption of DACC-PEMWE-RWGS to be
lower than that of the CO,ER pathway due to the use of both
electrolysis systems (PEMWE and CO,ER) in the latter route as
opposed to only one electrolysis system in the earlier one. On
the other hand, we find a higher thermal energy consumption
for the RWGS pathways compared with that of the CO,ER
pathway due to powering the RWGS reactor using additional
thermal energy along with the SMR reactor in the first two
routes. Translating this into energy cost demonstrates the
dominance of thermal energy in the first two routes and of
electricity in the latter ones (Fig. 3c). The higher electricity cost
is due to the assumed high constant renewable electricity price
($45 per MW h,) compared to the assumed low thermal energy
price ($18 per MW hy,). It is worth noting that NREL’s annual
technology baseline (ABT) tool predicts the utility-scale solar
PV levelized cost of electricity to be within the range of $12.5-
52.4 per MW h for all U.S. states between the years 2024 and
2050.%° Nevertheless, further work should be devoted to
elucidating the effect of uncertain electricity prices on the
economic performance of CO, electrolysis. For the calculations
presented in this section, we refer the reader to Note S4.2.
in the ESL.}

It is worthwhile noting that the considered SMR process
design requires the use of an MEA CO, absorption setup, which
is used to remove CO, from the H, product stream. Intuitively,
recycling the captured CO, would be the best option when
integrating SMR with RWGS. However, to provide a more
holistic overview, we consider both the recycling and emission
of the captured CO,. The recycling of CO, to the RWGS reactor
lowers the amount of CO, that needs to be captured via DACC,
which results in a slightly lower energy consumption and cost
(Fig. 3b and c). Note that almost half of the significant thermal
energy consumption in the first two routes is used to operate
the SMR reactor at 1000 °C and 34 bar. Therefore, only a small
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difference is observed in the estimated energy consumption
and cost, as can be seen in Fig. 3b and c.

5.1.3. Marginal energy-associated CO, emissions. The
energy-associated CO, emissions can be estimated using a mar-
ginal emission factor, which is defined as the change in CO,
emissions due to the additional generation/consumption of a unit
of energy.®® We set the marginal emission factor of natural gas,
solar, and wind to be 210, 0, and 0 kg-CO, per MW h, as reported
by Huber and colleagues.® Fig. 3d shows this metric for the four
studied pathways. We find that recycling the captured CO, from
SMR to RWGS results in slightly lower marginal energy-associated
CO, emissions. Remember that the main difference in energy
consumption for the two SMR pathways is the amount of CO,
produced via DACC. Thus, the emission difference is due to the
lower thermal energy usage of the DACC plant. Furthermore, we
observe a trade-off between energy consumption/cost and mar-
ginal energy-associated CO, emissions. In other words, although
the CO, electrolysis pathway consumes more energy, its marginal
energy-associated CO, emissions are estimated to be lower than
those from the conventional RWGS pathways. The scale of this
trade-off should help decision makers as to whether the emerging
pathway is a competitive alternative.

Currently, DACC-PEMWE-CO,ER might not be the most
economic option to replace the conventional RWGS pathways.
We estimate that it would require an additional $1146 million
per year for a CO, emission reduction of 1.49 Mt-CO, per year
with DACC-PEMWE-CO,ER replacing DACC-SMR-RWGS. This
number translates to a CO, avoidance cost of $769 per t-CO,-
avoided at electricity and natural gas prices of $45 per MW h
and $5.03 per GJ, respectively. Through similar calculation and
using the same assumptions for the electricity and natural gas
prices, we estimate the replacement of DACC-SMR-RWGS by
DACC-PEMWE-RWGS to require a CO, avoidance cost of $576
per t-CO,-avoided. Reducing the electricity price by $5 per MW
h reduces the two CO, avoidance costs of DACC-PEMWE-CO,ER
and DACC-PEMWE-RWGS by $95 per t-CO,-avoided and $72 per
t-CO,-avoided, respectively. Indeed, an electricity price of $15
per MW h results in a CO, avoidance cost of <$200 per t-CO,-
avoided. Therefore, increasing CO, taxes while reducing elec-
tricity prices might enable SMR replacement with PEMWE
when using RWGS for syngas production. Additionally, it can
allow CO,ER to compete with RWGS in today’s scenario,
where SMR is conventionally used as a H, production method.
Nonetheless, performing sensitivity and future scenario ana-
lyses on relevant parameters and investigating future scenarios
should elucidate how CO,ER may compete with RWGS when
integrated with hydroxide-based DACC and PEMWE. Thus, we
pivot away from DACC-SMR-RWGS and DACC-SMR(w/CCU)-
RWGS hereinafter.

5.1.4. Capital and operational cost estimation. Estimating
the capital and operational costs requires equipment sizing and
cost information, which can be obtained from historical data
and process modeling results. Table 2 summarizes the major
equipment and their sizing parameters that are used to esti-
mate their installed equipment costs (IECs) for both DACC-
PEMWE-RWGS and DACC-PEMWE-CO,ER. In this work, we

This journal is © The Royal Society of Chemistry 2023
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Table 2 Equipment information, sizing, conditions, and installed 2021 costs for a syngas production rate of 23100 kmol-syngas per h (2.26 Mt-syngas
per year) at an H,: CO ratio of 2 for DACC-PEMWE-RWGS and DACC-PEMWE-CO,ER

Equipment

Sizing parameter and notes

Installed cost ($)

DACC - PEMWE - RWGS pathway
Direct air CO, capture plant

Air contactor Fans, centrifugal® 146.43 x 10°
V=1.34 x 10° m® h™%; 3350 units
Structured PVC packing” 636.24 x 10°
Volume = 175 m?; 3350 packings
Single-stage centrifugal pump® 3.10 x 10°
V=134.78 L s~ '; 21 pumps
Pellet reactor Forced circulation crystallizer” 144.05 x 10°
Solids capacity = 1.78 kg s *; 101 units
Slaker Fluidized bed dryer® 8.27 x 10°
Fluidization velocity = 1 m s™'; 25 units
Calciner Cylindrical furnace® 125.44 x 10°
Duty = 4.60 MW; 84 units
Air separation unit (ASU) Referenced from Keith et al.*® 148.60 x 10°
Heat exchange network (HEN) Generated using AEA, estimated using Towler and Sinnot 804.33 x 10°
Total installed costs 2.02 x 10°
Proton exchange membrane water electrolysis
H,0 PEM electrolyzer? Crer = $460kW~Th™!;  jyg, =2Acm™2 Ve =19V 1.65 x 10°
Total installed costs 1.65 x 10°
Reverse water gas shift plant*®
Total installed costs® 139.93 x 10°
DACC - PEMWE - CO,ER pathway
Direct air CO, capture plant
Air contactor Fans, centrifugal® 140.09 x 10°
V=133668.2 m* h™'; 3205 units
Structured PVC packing” 608.70 x 10°
Volume = 175 m?; 3205 packings
Single-stage centrifugal pump ¢ 2.96 x 10°
V=134.78 L s™'; 20 pumps
Pellet reactor Forced circulation crystallizer” 137.39 x 10°
Solids capacity = 1.79 kg s™'; 96 units
Slaker Fluidized bed dryer® 7.94 x 10°
Fluidization velocity = 1 m s~ '; 24 units
Calciner Cylindrical furnace® 119.51 x 10°
Duty = 4.60 MW; 80 units
Air separation unit (ASU) Referenced from Keith et al.*® 142.17 x 10°
Heat exchange network (HEN) Generated using AEA, estimated using Towler and Sinnot;”° 756.22 x 10°
Total installed costs 1.92 x 10°
Proton exchange membrane electrolysis cell
H,O PEM electrolyzer? Crer = $460kW'h7!;  jy, =24cm™%; Ve =19V 1.04 x 10°
Total installed costs 1.04 x 10°
CO, electrolysis
CO, electrolyzer? Crot = $460kWTh™1s jeoacral = 0.55Acm™2; Ve = 3.5V 2.20 x 10°
Pressure swing adsorption Vet = 1000 m> h™%; Cpef = $1.989 x 10 scaling factor = 0.70
Vcathode = 312, 335.26 m®> h™* 323.08 x 10°
Vanode = 297, 124.68 m® h™* 311.98 x 10°
Total installed costs 2.84 x 10°

“ The instrumentation estimate and parameters were taken from Woods when estimating the IEC.°* ? An installation factor of 3.2 was used for the

PVC packing, as calculated by McQueen et al. from Keith and colleagues’ given data.
for both H,0 and CO, electrolyzer cost estimations. ® The full cost breakdown of the

estimating the IEC. ¢ We refer to the H,A production model®?

RWGS plant can be found in Rezaei and Dzuryk’s work.*®

consider the total IECs to be equivalent to the total inside
battery limit (ISBL) costs, which include both direct (e.g., major
process equipment costs) and indirect (e.g., construction costs
and insurance) field costs. Additionally, we consider a plant
production rate of 2.26 Mt-syngas per year for both routes and
an H, : CO ratio of 2: 1, and we extrapolate the installed costs to
the year 2021. As mentioned above, we no longer consider the

This journal is © The Royal Society of Chemistry 2023

17:28 ¢ parameters were taken from Towler and Sinnot®® when

DACC-SMR-RWGS or DACC-SMR(w/CCU)-RWGS hereinafter as
we are mostly interested in assessing the emerging, more-
environmental routes.

Fig. 4 shows the ISBL (i.e., capital) cost breakdown structure
of each pathway, considering a plant utilization of 90%. We
find the air contactors, DACC heat exchanger networks (HENS),
and electrolyzers to be the three largest contributors to the
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Fig. 4 ISBL cost breakdown structure of (a) DACC-PEMWE-RWGS and (b)
DACC-PEMWE-CO,ER, showing the percentages of cost components.
Exploded: electrolyzers.

capital cost of both routes. Notably, the capital costs of electro-
lyzers takes up the majority of the total ISBL costs of both
routes with shares of 28% and 30% in DACC-PEMWE-RWGS
and DACC-PEMWE-CO,ER, respectively. HENs and air contac-
tors are ranked second with significant shares of 26-27% and
21% in the RWGS and CO,ER pathways, respectively. This
result suggests that improving and optimizing the electrolyzer
and DACC process designs is critical for reducing the total
capital cost.

Furthermore, particular attention should be paid to the
downstream PSA separation step in the DACC-PEMWE-CO,ER
pathway. We find the CAPEX of downstream PSA separation
and the CO, electrolyzer to be of a similar magnitude, demon-
strating the importance of maximizing the CO, single-pass
conversion. This finding supports some recent efforts that
investigated the importance of downstream separation of CO,
in the CO,ER.’>® However, it is worth noting that a trade-off
might exist between CO,ER performance and downstream
separation costs, encouraging further studies of downstream
separation on the CO,ER to CO, similar to a recent effort that
investigated this trade-off for CO,ER to ethylene.”*

Fig. 5 exhibits the breakdown of the total syngas cost (in %)
into CAPEX, variable OPEX, and fixed OPEX of each process
included here - i.e., DACC, PEMWE, RWGS, and CO,ER-as well
as the electricity cost of the whole pathways. Note that elec-
tricity costs are excluded from the variable OPEX amounts and
are included as a separate component in Fig. 5. The OPEX also
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Fig. 5 The percentages of CAPEX, variable OPEX, electricity costs, and
fixed OPEX of each technology for (a) DACC-PEMWE-RWGS and
(b) DACC-PEMWE-CO,ER pathways. Exploded: CAPEX fractions. Non-
exploded: OPEX fractions. Note that the vOPEX percentage excludes
electricity costs, which has its own contribution.

considers a plant utilization of 90%. We find both the RWGS
and CO,ER pathways to be OPEX-intensive with OPEX shares of
about 66% (sum of all OPEX components) of the total syngas
cost, which is dominated by electricity costs in both routes.
This result highlights the essential role that electricity prices
will play in reducing the total syngas production costs of air-to-
syngas routes. However, wholesale electricity prices vary in
time, and the least cost renewable energy sources (wind and
solar PV) have both variable and uncertain outputs. Thus,
future studies should explore and assess the integration of
such pathways with solar and wind power plants as well as with
future electricity grids that includes a significant portion of
renewable sources in their mixtures.

Moreover, any further energy efficiency improvements
would reduce the electricity cost contribution significantly,
especially for the second route because the CO,ER is assumed
to have an energy efficiency of less than 45%. In the present
scenario, the total syngas production cost via the RWGS and
CO,ER pathways are $1.09 per kg-syngas and $1.25 per kg-
syngas, respectively. Increasing the CO,ER energy efficiency to
81%, equivalent to operating at 1.82 V, can reduce the total
syngas cost of DACC-PEMWE-CO,ER by 13.1%, enabling CO,ER
to economically compete with RWGS in the studied configu-
ration at the considered CO,ER performance (i.e., total current

This journal is © The Royal Society of Chemistry 2023
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density = 612 mA cm™ %, CO, single-pass conversion = 27%,
FEco = 90%, cell voltage = 3.30 V).

Furthermore, the contribution of DACC in the total produc-
tion cost of syngas is of interest to the DACC community. Our
TEA estimates the CO, capture cost of hydroxide-based DACC to
be approximately $220 per t-CO,. This cost accounts for 29.7%
and 24.2% of the total production cost of syngas for DACC-
PEMWE-RWGS and DACC-PEMWE-CO,ER, as shown in Fig. 5.

5.2. Sensitivity analysis

To understand the effect of different technical and economic
parameters on the total syngas production cost, we performed
sensitivity analysis. We kept the Butler-Volmer relationship
implemented, meaning that we assumed no improvement in
the electrolyzer design here. Consequently, the effect of current
density and cell voltage on the total syngas cost will be
embedded in the variations of the CO, electrolyzer area and
FEco. For further information on this point, we refer the reader
to Note S1.3 in the ESI.f In the Future scenarios section,
however, we will consider electrolyzer design improvements.

Table 3 summarizes the three considered cases for the
sensitivity analysis of both routes. For both pathways, we
consider PEM H,O electrolyzer CAPEX, electricity prices, H,
production costs, CO, capture costs, and natural gas prices. In
the CO,ER pathway, we additionally consider CO, electrolyzer
CAPEX, CO, electrolyzer area, CO, single-pass conversion, and
FEco. We focus this sensitivity analysis mostly on improving
CO,ER as a CO, utilization method since it is a less mature
technology than RWGS. Note that the conservative and future
cases represent £33% of the baseline case. However, for FEo,
100% FEo is assumed in the future case.

The tornado plots in Fig. 6 show that the total syngas
production cost (TPCgypngas) 0f DACC-PEMWE-RWGS ($1.09 per
kg-syngas) is lower than that of DACC-PEMWE-CO,ER ($1.25
per kg-syngas), which should be expected since RWGS is more
technologically mature than CO, electrolysis. Furthermore, we
find the H, production cost and the electricity price to be the
main drivers of both routes. However, the TPCgygas Of the first
pathway is more sensitive to H, production costs whereas the
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Fig. 6 Sensitivity analysis on technical and economic metrics for (a)
DACC-PEMWE-RWGS and (b) DACC-PEMWE-COER.

TPCgyngas Of the second pathway is more sensitive to electricity
prices. This is most likely due to the higher required amount of
H, for RWGS than for CO,ER and due to the greater electricity
dependence of the CO,ER pathway. Regardless of the order, it is
worth noting that the H, production costs also heavily depend
on electricity prices since we are assuming H, production via
electrolysis. Thus, it is safe to say that the electricity price is the
main cost driver of the presented pathways.

Moreover, we find a significant sensitivity of the TPCgyngas Of
both routes towards the CO, capture cost, indicating that DACC
process improvements are still needed to enable commercialization
of an economic air-to-syngas process. As shown in Fig. 4, the air

Table 3 Sensitivity analysis parameters and cases for both emerging routes. Grey results are outputs of varying a parent parameter (i.e., Electrolyzer Area

or FEco)
DACC-PEMWE-RWGS DACC-PEMWE-CO,ER

Parameter Conservative Baseline Future Conservative Baseline Future
Electricity price ($ per MW h) 60 (+33%) 45 30 (—33%) 60 (+33%) 45 30 (—33%)
H, production cost ($ per kgH,) 4.57 (+33%) 3.43 2.29 (—33%) 4.57 (+33%) 3.43 2.29 (—33%)
CO, capture cost ($ per t-CO,) 295.5 221.6 147.8 293.7 (+33%) 220.2 146.8 (—33%)
PEM electrolyzer CAPEX ($ per kW) 311.5 (+33%) 233.6 155.7 (—33%) 311.5 (+33%) 233.6 155.7 (—33%)
CO, electrolyzer CAPEX ($ per kW) — — — 311.5 (+33%) 233.6 155.7 (—33%)
Electrolyzer area (cm?) — — — 66.7 (+33%) 100 133.3 (—33%)

Cell voltage (V) — — — 3.8 3.3 3.1

Current density (mA cm™?) — — — 918.0 612.0 459.0
FEco — — — 60% (—33%) 90% 100% (+11%)

Cell voltage (V) — — — 3.8 3.3 3.2

Current density (mA cm™?) — — — 918.0 612.0 550.8
CO, single-pass conversion — — — 18% (—33%) 27% 36% (+33%)
Natural gas price ($ per GJ) 6.71 (+33%) 5.03 3.35 (—33%) 6.71 (+33%) 5.03 3.35 (—33%)

This journal is © The Royal Society of Chemistry 2023
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contactor and HENs contribute significantly to the capital cost of
both routes. Thus, improving the air contactor and plant designs is
key to reducing the TPCgyg,s Of the presented pathways. These
results suggest that reducing renewable electricity prices (and thus,
H, production costs) and CO, capture costs might be the most
relevant economic targets for an airto-syngas process in the
meantime.

The sensitivity analysis also considered technical para-
meters of CO, electrolysis. However, improving these para-
meters can lower the syngas cost by up to 2% per parameter.
On the other hand, worsening the technical parameters can
increase the syngas cost by more than 2%, which is due to
nonlinearity. Indeed, we find that lowering the FEco to 60%,
reducing the reference electrolyzer area to 66.7 cm2, and
decreasing the CO, single-pass conversion to 18% result in
increasing the cost of syngas by about 20% to a value of
$1.50 per t-syngas. Thus, maintaining the performance of
CO,ER as it scales up is essential to realizing an economic
air-to-syngas process.

To complete the picture, we also considered the capital cost
of H,0 and CO, electrolyzers as well as the natural gas price.
We find these three parameters do not affect the cost of syngas
significantly. However, their cumulative optimistic assump-
tions can help improve the pathway economics by up to 8.2%
and 7.1% for the RWGS and CO,ER pathways, respectively.

5.3. Future scenario analysis

The potential for integration of CO,ER or RWGS with DACC in
the presented configurations depends on several factors including
the technological maturity of CO, electrolysis, CO, taxes and tax
credits, CO, capture costs, H, production costs, natural gas prices,
and renewable electricity prices. If the proposed integrated
designs are to be realized for net-zero targets, all of the considered
technologies must be developed and deployed at industrial scales
by 2050. Note that our assumptions (e.g., electricity price and
plant scale) are based on realizing net-zero emissions by
2050.”"7% In this section, we consider the implications of an
improved CO, electrolysis process with an FEco of 90%, a CO,
single-pass conversion of 54%, and a total current density of
1.5 A cm™ 2. Table 4 summarizes the assumptions made for the
future scenario analysis.

To account for process design improvements, we considered
four low cell voltages of 2.50, 2.25, 2.00, and 1.75 V. To the best

Table 4 Design specifications of future scenarios

Parameter Value/range

Electricity price

CO, tax

CO, tax credit

Natural gas price

CO, capture cost

CO, electrolyzer CAPEX
H,O0 electrolyzer CAPEX

$5-65 per MW h
$100-300 per t-CO,
$100-300 per t-CO,
$4.52 per GJ

$100 per t-CO,
$233.61 per kW
$233.61 per kW

Current density (CO,ER) 1.5 Acm™?

Cell voltage (CO,ER) 2.50 V/2.25 V/2.00 V/1.75 V
CO, single-pass conversion 54%

CO faradaic efficiency 90%
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of our knowledge, the lowest reported cell voltage that operates
at current densities of >200 mA cm ™~ for gaseous CO, electro-
lysis is about 2.00 V.>® We chose the lowest cell voltage to be
1.75V, representing an extremely optimistic case in the event of
a significant improvement in the energy efficiency of CO,
electrolysis. Furthermore, we assume the CO, capture cost to
be $100 per t-CO, for all future scenarios, which is consistent
with the carbon negative shot target, set by the U.S. department
of energy (DOE). Finally, we use a 2050-projected industrial
natural gas price of $4.52 per GJ, as given in the
2023 U.S. energy information administration (EIA) annual
energy outlook report.”®

Fig. 7 shows the total syngas and H, production costs under
variable electricity prices and CO, tax and tax credits at four
different cell voltages. We find that reducing the cell voltage to
2.50 V is insufficient for DACC-PEMWE-CO,ER to compete with
DACC-PEMWE-RWGS economically. At a cell voltage of 2.25 V,
however, the competition begins to appear at high electricity
prices (>$65 per MW h). As the cell voltage reduces to 2.00 V
and 1.75 V, one can observe a more pronounced economic
potential for the CO,ER as compared to RWGS in the studied
configurations. This result suggests that improving the energy
efficiency of the CO,ER to above 70% will still be key to CO,
electrolysis commercialization even at high current densities
(1.5 A em™?), high FEgo (x90%), and high CO, single-pass
conversions (~54%) due to the competition with RWGS. Thus,
achieving cell voltages of about 2.00 V (energy efficiency =
73.5%) is a prerequisite to realizing an economically feasible
DACC-PEMWE-CO,ER process, consistent with recommenda-
tions made by other researchers.®*%”

Furthermore, the comparison of these emerging syngas
production pathways with traditional ones is essential to under-
standing their market potential. The approximate U.S. syngas
price is calculated to be $0.65 per kg-syngas, which is repre-
sented by the dotted line in Fig. 7. This price was calculated
from the prices of CO and H, in the U.S. that were reported in
the 2021 IHS Markit process economics program (PEP)
yearbook.”® It is worthwhile noting that this price is consistent
with estimates used in the literature, which range from $0.2 per
kg-syngas to $0.74 per kg-syngas.*®**>> We find DACC-PEMWE-
CO,ER to compete economically with conventional routes when
electricity prices are <$24 per MW h, <$26 per MW h, <$28
per MW h, and <$30 per MW h for the cell voltages of 2.50,
2.25, 2.00, and 1.75 V, respectively, and at a CO, tax and tax
credit of $100 per t-CO,. If the CO, tax and tax credits increase
to $300 per t-CO,, the target electricity prices would be <$38
per MW h, <$40 per MW h, <$42 per MW h, and <$45 per
MW h, respectively. On the other hand, if no CO, tax and tax
credit were considered, the target electricity prices drop to
<$18 per MW h, <$19 per MW h, <$21 per MW h, and
<$23 per MW h (Fig. S2, ESIt). This finding highlights the
important role of CO, taxes and tax credits in commercializing
renewably-driven air-to-chemical processes. To put this into
context, the recent changes made by the U.S. inflation
reduction act (IRA) to section 45Q for CO, capture credits
increased the tax credit for producing chemical from air-

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Future scenarios of the two studied routes considering a range of electricity prices ($5-65 per MW h) and three CO, tax and tax
credit assumptions ($100 per t-CO,, $200 per t-CO,, and $300 per t-CO,). The four cases are considering improved CO,ER cell voltages of (a)
250V, (b) 2.25V, (c) 2.00 V, and (d) 1.75 V. Note that an overall improved COER performance and a CO, capture cost of $100 per t-CO, are considered
here. The circular markers represent H, production cost. The dotted line represents the U.S. syngas cost based on 2021 IHS Markit PEP yearbook price
data.®® The shaded orange region represents the TPCsyngas of DACC-PEMWE-RWGS and the blue lines represent the TPCyyngas of DACC-PEMWE-CO,ER
with each shade representing a CO, tax and tax credit (light: $100 per t-CO,, medium: $200 per t-CO,, dark: $300 per t-CO,).

sourced CO, to $130 per t-CO,, requiring electricity prices to be
<$26 per MW h, <$28 per MW h, <$30 per MW h, and <$32
per MW h for the 2.50, 2.25, 2.00, and 1.75 V scenarios,
respectively (Fig. S3, ESIT). Note that electricity price targets
for the different future scenarios fall within or above projected
renewable electricity prices in 2050 ($12.5-31.6 per MW h®°),
opening the door for an economically feasible air-to-syngas
route that leverages improved low-temperature CO, electrolysis,
which can be driven by intermittent renewable power sources.

6. Implications of the study
6.1. Integration with renewable energy

The significant 45-46% contribution of electricity to the total
syngas production cost entails optimizing system design,

This journal is © The Royal Society of Chemistry 2023

process integration, and process operation to minimize elec-
tricity costs for the cost-competitiveness of the emerging air-to-
syngas production pathways. To this end, integration with
variable renewable power sources (e.g., wind and solar photo-
voltaic) and electricity markets should be considered in more
detail. For example, co-location with variable renewable power
sources could be allowed by flexible air-to-syngas processes,
which could reduce the need for electrical energy storage.>>*°
In addition, integrating with renewable grid-electricity could
reduce the electricity cost, benefiting from dynamic electricity
prices.'® However, depending on the technology, variable
operation of electrolysis processes could reduce the lifetime
of the electrolyzers (e.g., lead to degradation of components),
which could increase the replacement costs.>> Additionally, the
associated carbon footprint of grid-electricity could limit the
environmental benefits of emerging syngas production
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pathways and their integration with electricity markets. There-
fore, the value of flexibility of alternative syngas production
pathways in view of variable renewable power sources and
electricity markets needs to be addressed in future efforts.

Moreover, powering electrolyzers solely with dedicated vari-
able renewable energy resources will likely require the plant
capacity factor to be in the range of 21-79%, depending on the
renewable power source and its availability.>® As a result, a
higher capital cost per mass of product would be expected,
which would increase the total production cost of syngas.
However, it is worth noting that there is a trade-off between
electricity and capital costs. For example, for grid-driven
electrolysis, the optimal capacity factor varies from 40% to
95% for water electrolyzers, depending on how dynamic
electricity prices or rates are.'®® Thus, further research on the
trade-offs between the economics and carbon emissions of
grid-integrated electricity and dedicated renewable generation
is required.

6.2. Social considerations

Our exploration of an air-to-syngas process here suggests
several technical and economic improvements such as enhan-
cing the electrolyzer energy efficiency as well as the reduction of
green H, production cost and air-sourced CO, capture cost,
which influence the total production cost of syngas signifi-
cantly. However, it is critical that we explore these emerging
routes from a social point-of-view to understand some of their
potential social and worldwide impacts.

An environmentally attractive feature of the emerging air-to-
syngas pathways studied here is the displacement of existing
syngas production methods. Our results indicate that the
energy-related carbon footprint of syngas production via
DACC-SMR-RWGS, which is the closest pathway to traditional
syngas production, is 1.32 kg-CO, per kg-syngas, summing up
to be about 2.99 Mt-CO, per year in the studied scale (i.e., 2.26
Mt-syngas per year). Deploying DACC-PEMWE-CO,ER could
reduce syngas-related CO, emissions by at least 50% (Fig. 3d).
It is worthwhile noting that this comparison considers the
SMR-RWGS pathway to source its carbon from air, which is
not the case in currently commercialized syngas production
plants. In addition, since we are dealing with emerging tech-
nologies and integrated pathways, the best siting location of
these processes is yet to be determined. Indeed, existing renew-
able energy sources, including wind and solar, and available
nonarable lands can provide advantages to one location over
another. Thus, the shift to a defossilized syngas production
method can create employment opportunities in historically
underserved communities and countries, resulting in a con-
tribution to several of the seventeen United Nations’ sustain-
able development goals (SDGs) including climate action, decent
work and economic growth, and industry, innovation, and
infrastructure.’®* However, it is worthwhile noting that produ-
cing electrolytic H,, a key reactant and product in air-to-syngas
pathways, requires continuous access to water, which is a
limited resource in several regions of the world."® In fact,
our model predicts that 8.9 L of water is needed to produce 1 kg
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of H, via PEMWE, equivalent to about 9740 m?® of water at the
scale given in this study. This is also equivalent to the daily
consumption of 295088 people, depending on their geographi-
cal location and water consumption.'®® For instance, in Rwanda,
it is equal to the daily water consumption of 190 939 individuals
whereas in the U.S,, it is equal to the daily water consumption of
merely 2597 persons. The huge difference in these numbers is
mainly due to the fact that the water consumption per capita in
the U.S. is higher than that in Rwanda. Therefore, careful siting
of these plants must be seriously considered to avoid competi-
tion with basic human rights.

The given social considerations are by no means compre-
hensive. Further assessment studies that consider the social
implications of emerging renewable or sustainable routes should
still be pursued to build an understanding of human rights
challenges as we pursue a sustainable worldwide economy.

7. Conclusions

In this effort, we developed and verified a DACC model in
Aspen Plus based on Carbon Engineering’s design. We also
developed an electrolysis model to be applied to CO, and water
electrolysis. In addition, we referenced a RWGS model and an
SMR model from the literature to fill the gap in our integrated
assessment. We used these models to assess DACC-SMR-RWGS,
DACC-PEMWE-RWGS, and DACC-PEMWE-CO,ER pathways in
terms of carbon efficiency, energy consumption, energy cost,
and marginal energy-associated CO, emissions. Finally, we
performed a full techno-economic assessment of DACC-
PEMWE-RWGS and DACC-PEMWE-CO,ER to understand the
effects of technical and economic parameters as well as process
design improvements on the total syngas production cost.
Our findings demonstrate a trade-off between energy con-
sumption/cost and marginal energy-associated CO, emissions,
with higher energy consumption and costs for DACC-PEMWE-
CO,ER and higher emissions for DACC-SMR-RWGS and DACC-
PEMWE-RWGS. We find that displacement of current syngas
production methods with CO, electrolysis can be achieved at
renewable electricity prices of <$15 per MW h and CO,
avoidance costs of $200 per t-CO,. In addition, our techno-
economic assessment demonstrates that reducing the cost of
DACC and the price of electricity are the key drivers to enable a
commercial air-to-syngas process. Interestingly, we find the
technical parameters of the CO,ER (single-pass conversion,
FEco, electrolyzer area, etc.) to have a minor influence on the
total syngas cost, compared to the rest of the process. Finally,
our future scenario analysis shows that an improved CO,ER
process (FEco = 90%, CO, single-pass conversion = 54%, CO
current density = 1.5 A em ™2, Ve = 2.00 V) is able to compete
economically with RWGS in the studied configuration when the
electricity price is <$28-42 per MW h, given a CO, capture cost
of $100 per t-CO,, CO, tax and tax credit of at least $100 per t-
CO,, a natural gas price of $4.52 per GJ, and a CO, electrolyzer
CAPEX of $233.61 per kW. Higher CO, taxes and/or tax credits
allow more flexibility in electricity prices, which can speed up

This journal is © The Royal Society of Chemistry 2023
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commercialization of a carbon-neutral air-to-syngas process
using hydroxide-based DACC, PEMWE, and CO, electrolysis
technologies.

At the current technological stage, defossilized air-to-syngas
pathways would benefit the most from reduced electricity
prices, which would in turn help reduce the H, production
cost via electrolysis, and from more energy and cost efficient
DACC process designs. Achieving the U.S. DOE carbon negative
shot target of $100 per t-CO,, reducing renewable electricity
prices to $20-40 per MW h, and increasing the CO, tax and tax
credits to >$100 per t-CO, are the three most influential goals
to realizing a commercial defossilized air-to-syngas process.
In addition, flexibility in integration with variable renewable
power systems is yet to be explored, which can clarify the
potential of such pathways to be powered by renewables. In
parallel to achieving these techno-economic goals, serious
considerations of social impacts of such emerging pathways
should be discussed, providing holistic assessments that would
help decision-makers and the public in selecting the most
suitable technologies for deployment.
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