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Designing an Innovation System to Support Profitable
Electro- and Bio-catalytic Carbon Upgrade’

Andrew W. Ruttinger, Sakineh Tavakkoli,” Hao Shen,¢ Chao Wang, and Sarah M. Jordaan*?

Carbon capture, utilisation, and storage (CCUS) can mitigate an estimated 14-20% of CO> emissions
by 2050. We evaluate an integrated electrocatalysis and biocatalysis CCUS pathway, using externally-
supplied renewable electricity to convert over 12 MtCO3 to poly(3-hydroxybutyrate) via methanol and
formate intermediates. A techno-economic and policy-innovation analysis provides insight into global
CCUS innovation. Results suggest that innovation should focus on improving methanol Faradaic
efficiency, formate biocatalysis efficiency, electrocatalysis current density, and catalyst performance.
Methanol and formate composition influences performance, but higher formate content can improve
economics by US$3.8B over a 30 year lifetime. Profitable scenarios hinge on reducing methanol
separation costs - through innovation or reduced energy usage - along with cheap renewable electricity
and/or carbon pricing. Our evaluation of the global innovation status signifies that coordinated
strategies is required to realise emissions cuts from CCUS. Innovation can be spurred by targeted
investments and policies that promote emissions reductions.

Introduction

Large-scale carbon capture, utilisation, and storage (CCUS) can
play a critical role through our global energy transition to meet
the Paris Agreement target of warming well below 2°C above pre-
industrial levels. 2 with CCUS, an estimated 14-20% of anthro-
pogenic CO, emissions, translating to 120-160 metric gigatons
of COy (GtCO,), could be avoided by 2050.B4 To reach net-
zero emissions energy, CCUS is recognized as a solution for even
the most difficult-to-decarbonise sectors, namely flexible electric-
ity generation, cement production, and steel production. Im-
portantly, CCUS can be integrated into existing energy systems
without new large-scale infrastructure investment.® Even with
increasing emissions, negative emissions targets become achiev-
able, creating new mitigation pathways and potentially accelerat-
ing decarbonisation efforts.”

We argue that a comprehensive innovation system approach is
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required to understand how CCUS can be advanced to the level
of widespread diffusion assumed in scenarios compatible with the
Paris Agreement. Innovation is anchored in both technology push
(e.g. research, development, and demonstration (RD&D) invest-
ment) and market creation policies (e.g. carbon pricing).® We fo-
cus here on identifying targeted investments to make CCUS com-
petitive, along with the market creation policies that incentivise
commercialisation.

CCUS innovation systems should leverage high value markets
while decreasing costs. Although carbon capture and storage
without utilisation (CCS) is commercially demonstrated technol-
ogy,2 low market value of CO, and high capture and storage
costs inhibit widespread scaling-up in the absence of support-
ing policy. Alternatively, CCUS can offset operation costs
through revenue generated from the sale of synthesised prod-
ucts.7#17 Through displacement of petroleum-based feedstocks
at lower cost, market potential may reach US$800B and 7 GtCO4
utilised. 18

Despite high economic and emissions reduction potential, cur-
rent techno-economic estimates are nascent, subject to variable
technological and market assumptions that make assessment dif-
ficult. 1819 State-of-the-art technologies are often used as base-
lines despite lack of demonstration in an integrated CCUS system,
leading to overly optimistic projections. Policy and macroeco-
nomic drivers are often not considered, despite their documented
influence on cost reductions.®

To reconcile these challenges with a concrete path towards
emissions reduction goals, we develop a framework for the com-
prehensive techno-economic analysis of early stage CCUS tech-
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Fig. 1 A scheme of the presented renewably-powered carbon capture, utilisation, and storage process.

Here, CO5 is converted to methanol and

formate intermediates during two separate electrocatalysis reactions, followed by conversion of these intermediates to poly(3-hydroxybutyrate) (PHB)

and biomass during biocatalysis.

Low carbon fuel can also be synthesised through further upgrade of the biomass.

More generally, CO2 can be

utilised through this integrated electrocatalysis and biocatalysis pathway, via different intermediates, to produce low carbon products such as plastics,

chemicals, and fuels.

nologies in the context of the energy innovation system. With
annual utilisation potential of 0.2-0.9 GtCO, by 2050, product
synthesis through microalgae pathways offer attractive processes
to demonstrate our approach.2%22 In particular, the integration
of electrocatalysis and biocatalysis using microbes engineered to
tolerate diverse liquid intermediate mixes can reduce expensive
product separation costs in CCUS technologies.m‘

Using this as motivation, we demarcate the constituent and
overall pathways of a promising CCUS process: CO upgrade to
poly(3-hydroxybutyrate) (PHB) bioplastic via methanol and for-
mate intermediates. Taking an innovation system approach, we
first identify the technological gap between the current and com-
mercial states of this process. Then, at a level of high techno-
logical maturity, we investigate the potential synergies of the co-
intermediates to push the process towards commercial profitabil-
ity. This highlights the critical technological gaps that hinder com-
mercialisation, along with the opportunities through favourable
market conditions and process performance. Finally, we position
our work in a global context by examining jurisdiction specific
indicators that support CCUS from RD&D through commerciali-
sation.

Our examination reflects the integrated nature of innovation,
leveraging techno-economic analyses informed by current base-
lines demonstrated in laboratories to identify RD&D targets and
policy levers, which in turn spur technological advancement. We
contribute an approach using this technology that is broadly ap-
plicable to CCUS innovations. Our global analysis of carbon price,
RD&D investment, and infrastructure access in thirty-six juris-
dictions - indicators of CCUS maturity - enables scientists and
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decision-makers to understand and overcome obstacles to com-
mercialisation for early-stage technologies.23

Current Reality & Future Potential

Desire to mitigate plastic waste has stimulated bioplastic produc-
tion, expected to grow to 133 million tonnes in 2024 and largely
driven by growth in poly(hydroxyalkanoates). PHB, the sim-
plest poly(hydroxyalkanoate), has properties that make it an at-
tractive candidate to replace polypropylene. Alongside being bio-
based and bio-degradable, production is cheaper compared to al-
ternative bioplastics.25%28 With a current annual production ca-
pacity of only 0.1% of polypropylene, scale-up of PHB production
to meet the accelerating demand of bioplastics provides an eco-
nomic opportunity. Although low carbon production of other
products such as itaconic acid, succinic acid, and other organic
acids are high-value building block materials with growing mar-
kets, these products still have limited market sizes compared to
low carbon plastics.2#2% Furthermore, these products do not have
the additional benefit of addressing plastic waste on a large scale.
Overall, PHB has high market potential with applications rang-
ing from plastic packaging to use in tissue engineering, while
advancements in technology, volatile oil prices, and increased en-
vironmental awareness create a financial opportunity to shift to
PHB-based plastics.2!

To this end, we assess the commercialisation potential of PHB
production from CO,. While established technology can produce
PHB directly from CO, using a two-step biological process,32 pro-
duction in this approach is slowed by mass transfer of the gaseous
carbon to the liquid. Production is further hindered by mass trans-
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Fig. 2 (a) Difference in the operating efficiencies and (b) operating
parameters used for the current technology scenarios (rectangles) and the
mature technology scenarios (circles). (c) The difference in net present
values for the current technology scenarios (rectangles) and the mature
technology scenarios (circles) for three different substrate ratios. An inset
is provided for more resolution for the mature technology scenarios. (d)
Concentrations of substrates in the target scenarios.

fer of Oy to the liquid, which is limited to low concentrations to
ensure the Oy and Hy mixture remains below the explosive limit.
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For these reasons, as well as the additional costs of gas compres-
sion, there are economic challenges associated with this direct
CO, to PHB pathway. Alternatively, recent research has high-
lighted the potential of two-step, electrocatalysis and biocatal-
ysis pathways to convert COy to PHB through an intermediate
carbon carrier, avoiding the identified barriers of using CO, di-
rectly.2324 These pathways also provide the benefit of process
flexibility through the ability to produce PHB from one or more
chemical intermediates.

We evaluate such an integrated pathway utilising externally-
generated renewable electricity to upgrade CO, to PHB via
methanol and formate co-intermediates, with biomass co-
production (Fig. [1).213538 O, is assumed to be derived from a
low cost point source. Methanol and formate serve as a promising
chemical intermediate mix due to their high carbon conversion
efficiency (CCE) during biocatalysis and electrocatalysis, respec-
tively, 22" and their ability to be co-utilized by microbes dur-
ing biocatalysis.42 Both are synthesised through CO, reduction
in separate electrolyzers, mixed together, and fed as substrates
for microbial biocatalysis in sequential growth and accumulation
bubble column reactors. In each electrolyzer, the CO; is selec-
tively reduced based on the catalyst used, with cobalt phthalocya-
nine and tin oxide catalysing methanol and formate conversion,
respectively. Methanol is concentrated up to 5 wt% via distillation
prior to biocatalysis. PHB is grown and recovered for sale, 323643
Co-produced biomass has value through upgrade using processes
like hydrothermal liquefaction for biofuel production. 444> Car-
bon loss is minimised through capture and purification of waste
COy. A detailed process description, including all process as-
sumptions and operating conditions, are provided in the ESI.

We map the technological maturity to process economics for
three different substrate mixtures at an annual commercial pro-
duction of approximately 100,000 tonnes of PHB. Net present
values (NPVs) are estimated for all scenarios using a 30 year eco-
nomic lifetime in 2019 USD. For this CCUS process, revenue gen-
erated from the sale of PHB and biomass, as well as incentives like
a carbon price, can offset operating expenses including utilities,
feedstocks, maintenance, and labour. This provides an estimate
of the potential return on capital investment (i.e. profitability)
over the plant lifetime. Details on the NPV calculations, costs and
financial assumption, and the calculations themselves are found
in the ESI.

Scenarios are defined by their stoichiometric methanol-to-
formate ratios and named after their relative performance dur-
ing biocatalysis and electrocatalysis (Fig. ), which is specified
by the process variables provided in Table S5. This performance
trade-off between methanol and formate presents an opportu-
nity to determine intermediate compositions that produce opti-
mal process economics:

* Biocatalysis-favouring Scenario (1:0 methanol:formate):
Carbon conversion efficiency is more favourable during
biocatalysis due to efficient utilisation of methanol by
methantrophic bacteria, relative to formate. Electrocatalysis
is inefficient and is energy intensive, requiring six electrons
to produce one methanol molecule.

Journal Name, [year], [vol.], 1 |3
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e Balanced Scenario (1:5 methanol:formate): Overall effi-
ciency and energy requirement during electrocatalysis are
improved with the synthesis of formate, requiring only two
electrons to produce one molecule. Carbon conversion ef-
ficiency is lowered during biocatalysis due to poor formate
utilisation, leading to a more balanced performance.

* Electrocatalysis-favouring Scenario (1:13
methanol:formate): Carbon conversion efficiency is un-
favourable during biocatalysis in the absence of methanol,
but electrocatalysis efficiency is greatly improved.

Using this as starting point, we evaluate the economics of each
substrate mixture at its current technological state before consid-
ering improved economics under some future, mature technolog-
ical state. A comparison of the relative economics of the con-
stituent electrocatalysis and biocatalysis sub-processes highlights
where the gaps between technology performance and economic
favourability for each substrate mixture lie, allowing for targeted
RD&D to facilitate innovation. In total, process economics of the
overall and constituent processes for three substrate mixtures at
two technological maturities are evaluated. An additional process
which includes hydrothermal liquefaction upgrade of biomass to
biofuel is considered in the ESI, but is not included here due to
poor process economics.

To complement these techno-economic assessments, we esti-
mate process emissions under all scenarios relative to a business
as usual scenario where the CO5 was emitted at its point source.
However, the carbon intensity of PHB production will ultimately
depend on the source of the carbon itself. For this reason, we
assess the net process emissions under two scenarios. First, we
assume CO, comes from from a point source. As a result, the
overall process is still carbon positive, but the emissions can be
lowered if it displaces or avoids higher carbon plastics.4% Second,
we assume CO, is sourced from a non-emitting carbon dioxide
removal technology. These alternative CO, sources such as di-
rect air capture (DAC) and bioenergy CCS (BECCS) could further
reduce emissions through negative emission pathways, albeit at
higher cost which we estimate at $100/tCO,.1247 Together these
scenarios provide an upper and lower bound of net emissions. De-
tails on the calculation procedure and global emission mitigation
potential through product displacement are provided in the ESIL

Economics under all current scenarios suffer from low over-
all CCE (Fig. [2h), leading to high feedstock throughputs, large
equipment requirements, prohibitive energy consumption, and
net emissions generated regardless of CO, source (ESI). Low cur-
rent density and short catalyst lifetimes further exacerbate this
issue (Fig. [2p). The worst performing process - the biocatalysis-
favouring scenario - has a NPV of —104,000 $M. This is reflective
of the current state of CCUS technology, with most projects in the
research stage.18

Instead of scale-up, focus should be on accelerating technologi-
cal progression through targeted RD&D investment. Insight from
our balanced scenario reveals low efficiency of methanol synthe-
sis during electrocatalysis, coupled with low electrolyzer current
density, incurred 68% of capital and 27% of operating expendi-
ture. Low efficiency during biocatalysis creates large methanol

4| Journal Name, [year], [vol.], 1

requirements upstream, leading to separation costs accounting
for 44% of operating expenditure. Additionally, 93% of feedstock
costs come from replacement catalysts due to short lifetimes.
RD&D efforts focused in these areas create an avenue towards a
profitable process (Fig. [2k). Under these mature technology sce-
narios, NPVs and net emissions range from —4,180 $M and 6.2-
10.0 tCO,/tPHB for the biocatalysis-favouring scenario to —420
$M and 0.1-3.9 tCO,/tPHB for the electrocatalysis-favouring sce-
nario. As reflected here, sourcing CO5 from DAC reduces net
emissions by 3.8 tCO,/tPHB but correspondingly lowers the NPV
by 280 $M. Improved process efficiencies underlie the dramatic
improvements and are reflected in less recirculated carbon, more
streamlined expenses, and smaller process equipment (Fig. [3).

A Balancing Act

Juxtaposing our scenarios, the methanol-rich biocatalysis-
favouring scenario exhibits a CCE of 62%, over twice the 27%
CCE for the formate-rich electrocatalysis-favouring scenario (Fig.
-e). While methanol has been demonstrated as a good sub-
strate during biocatalysis, formate is poorly utilised, resulting
in high generation of undesirable CO,.4% Despite this, eco-
nomics and emissions analyses suggest higher benefits for the
electrocatalysis-favouring scenario. Harnessing this relationship
between economics, emissions, and substrate allows us to demon-
strate a modular process, adaptive to market risks and uncertain-
ties. Then, reduction of process risk while simultaneously miti-
gating emissions can encourage private investment.

We perform techno-economic analyses for the constituent elec-
trocatalysis and biocatalysis processes in each scenario (Fig. [4p-
¢). Our results appraise findings from prior studies that showed
electrocatalysis, in general, produces formate at higher selectiv-
ity and Faradiac efficiency compared to methanol, while biocatal-
ysis utilizes methanol as a substrate more efficiently than for-
mate. 3240485500 This is further supported by our experimental
electrocatalysis studies (ESI). For the biocatalysis-favouring sce-
nario, the biocatalysis subprocess generates 1,920 $M but is offset
by the electrocatalysis subprocess, which loses —7,870 $M. Costs
are driven by high electricity requirements, electrolyzer capital
costs, and methanol separation utility consumption. Conversely,
the electrocatalysis-favouring scenario loses —3,480 $M from the
biocatalysis subprocess but generates 970 $M from the electro-
catalysis subprocess. Here, electricity and electrolyzer costs de-
crease in exchange for high formate feedstock requirements. De-
spite reduced methanol throughput in this scenario, separation
costs remain significant, signifying a need for bypassing energy-
intensive methanol separation. While there is an economic bene-
fit to utilisation of formate, practical considerations remain such
as under-developed formate assimilation routes limiting the use
of formate as a viable intermediate.>!' At this stage, RD&D tar-
geted at engineering formate-tolerant microbes is critical for in-
novation. Alternative viable carbon substrates, including syngas,
acetate, and ethanol, could uncover more practical and economic
pathways. 121 Targeted RD&D towards identification of effective
carbon intermediates can broadly stimulate the development of
microalgae CCUS pathways.

Page 4 of 12



Page 5 of 12

Current Technology

Energy & Environmental Science

Mature Technology

I
? |_,/—6 : . 6
f 5 5
g 1 - 8 |1 /,8
> - - n __
$ 2 C R 3 [ | | -
u r 7 9, a 7 9
2 I 10 | 10
>
= 2 3 [ 2 3
Jud
g I
K] CO, (Into 2) = 15,199 kmol/h | CO, (Into 2) = 1682 kmol/h
o PHB/Biomass = 1048 kmol/h | PHB/Biomass = 1048 kmol/h
(a) CCE = 6.9% I (d) CCE = 62.3%
________________________ b e
I
6 | 6
L l/—
1 5 81 L 8
- - __—
3 . 0 [ —_—
e 4 7 9 7 9
8 I 10 4 10
@ 2 3 | 2 3
I
€O, (Into 2) = 14,692 kmol/h ! €O, (Into 2) = 3355 kmol/h
PHB/Biomass = 1048 kmol/h ! PHB/Biomass = 1048 kmol/h
(b) CCE=7.1% Ie) CCE =31.2%
________________________ L o
o0 I
£ [
P
3 6 6
© 8 1 8
i 5 1y ~
a I —_— — I I n
= 4 7 9 | 7 ]
g I 10 | 4 10
g 2 3 | 2 3
S
s CO, (Into 2) = 14,734 kmol/h | CO, (Into 2) = 3848 kmol/h
u;"‘_' PHB/Biomass = 1048 kmol/h | PHB/Biomass = 1048 kmol/h
(c) CCE=7.1% I (f) CCE =27.2%
1
Bioproduct 1 CO, Feed 6 Gas Losses
Intermediate/Biomass 2 Electrolyzer 7 Bioproduct Recovery
CO, Feed 3 Liquid Separation 8 Solid Losses
co, 4 Bioreactor 9 Bioproduct
- Losses 5 Gas Separation 10 Biomass

Fig. 3 Sankey diagrams demonstrating the flow of carbon through the process for each technological scenario (left vs. right) and substrate ratio (top
vs. middle vs. bottom). Nodes are marked with numbers provided in the legend at the bottom right. The carbon species is denoted by shading
provided in the legend at the bottom left. Carbon conversion efficiencies are provided for each scenario. CCE = carbon conversion efficiency.

A Pathway to Commercialisation

By undertaking techno-economic analyses to identify important
areas in need of RD&D - such as the integrated process exam-
ined here - CCUS innovation can yield mature technologies. At
this stage, key parameters, most prominently electricity, steam,
and carbon pricing, dictate economic outcome (Table [1|and Fig.
-e). For the biocatalysis-favouring scenario, the electrocat-
alytic conversion of CO5 to methanol is energy-intensive due to
low efficiency coupled with the requirement of six electrons per
methanol molecule. As a result, significant electricity input is re-
quired which results in high sensitivity to electricity price. High
steam demand due to low concentration methanol during sep-
aration has a similar effect. Except under extremely optimistic

conditions, the biocatalysis-favouring scenario is likely to be un-
profitable. However, decreased electricity and steam demands
under the balanced and electrocatalysis-favouring scenarios cre-
ate opportunities for profit. Importantly, carbon pricing has the
potential to shift NPVs to positive values, creating an environment
where governments can encourage private investment.

Reduced methanol separation cost is imperative for profitability
in the presented process and can be complemented by low elec-
tricity or high carbon prices (Fig. [5). Namely, the balanced sce-
nario with 50% methanol separation cost and a carbon price over
$75/tCO, is profitable. Alternatively, electricity alone can achieve
this target if available at $0.02/kWh. The International Renew-
able Energy Agency (IRENA) estimates that solar and wind elec-
tricity could reach $0.02/kWh by 2030.22 The electrocatalysis-
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Fig. 4 Left, a-c. Breakdown of the overall NPV for the electrocatalysis and biocatalysis sub-processes for each substrate ratio, compared to the full
process. Right, d-f. Sensitivity of the NPV for the full process to key technological and market parameters for each substrate ratio. The substrate
ratio for each section is provided in bold on the left of the figure. FE = Faradaic Efficiency.

Table 1 Range of values for sensitivity analysis under mature technological
conditions.

Sensitivity Parameters Worst Baseline  Best
Electricity Price ($/kWh) 0.05 0.03 0.02
Steam Price ($/kg) 0.05 0.022 0.011
Carbon Price ($/tCO5) 0 40 200
PHB Sale Price ($/tonne) 4000 4482 5000
Current Density (mA/cm?) 200 500 800
Plant Capacity (tPHB/year) 50,000 102,784 150,000
CO,, Purchase ($/tCO) 100 30 0
Catalyst Lifetime (h) 24 200 1000
Methanol Faradaic Efficiency (%) 65 78 90
Formate Faradaic Efficiency (%) 91 97 99

6| Journal Name, [year], [vol.], 1

favouring scenario, even without methanol separation cost reduc-
tions, can generate a profit with carbon prices above $180/tCO-
or electricity near $0.023/kWh. Profits are also possible under
baseline parameters at 57% methanol separation cost.

While distillation of low concentration methanol is energy-
intensive, other separation methods also face challenges. Aside
from higher costs, they are not universally available, tend to have
lower throughputs, and often have hidden energy costs.> Distil-
lation also plays a practical role through recovery and recircula-
tion of the electrolyte, avoiding additional feedstock costs. Still,
reduction of methanol separation cost is possible. At the U.S.
2019 average natural gas price of $3.91/1000 ft3,24 steam gen-
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shading is provided in the legend.

erated with natural gas rather than renewable electricity reduces
methanol separation costs over 50%. Such a reduction under
the electrocatalysis-favouring scenario yields a profit of 80 $M.
While this would create an additional 7.4 tCO5/tPHB in emis-
sions, these short-term economic benefits can encourage CCUS
commercialisation while jurisdictions transition to carbon neu-
tral energy sectors. As renewable electricity becomes cheaper,
it can replace natural gas as the steam generating utility. Once
less energy-intensive separation techniques are demonstrated at
scale, methanol separation costs can be further reduced.>3 Ul-
timately though, development of electrocatalysis processes that
can produce and withstand high concentration methanol will pre-
clude the need for methanol separation entirely. Considering this
case for the presented process, production of 5 wt% methanol
yields profits of 580, 580, and 520 $M for the biocatalysis-
favouring, balanced, and electrocatalysis-favouring scenarios, re-
spectively. While the biocatalysis-favouring scenario would still
generate net emissions even with COy sourced from DAC, up to
0.4 and 1.1 tCO,/tPHB would be avoided for the balanced and
electrocatalysis-favouring scenarios, respectively, relative to sim-
ply emitting the CO,. The additional cost of DAC would reduce
the NPVs to 380, 340, and 270 $M for the biocatalysis-favouring,
balanced, and electrocatalysis-favouring scenarios, respectively.
Complementary climate initiatives like electrification and hydro-
gen fuels will further improve these carbon footprints in the fu-
ture, relative to hydrocarbon-derived plastic. Such favourable
economics and carbon footprints emphasize the promise of in-
tegrated electrocatalytic and biocatalytic CCUS processes.

Global Policy Innovation & Trends

The eventual commercialisation of CCUS technology, once eco-
nomically competitive, will depend on jurisdiction-specific policy
frameworks and a favourable investment environment. Three en-
abling mechanisms are key indicators of maturity and progress
towards large-scale deployment.

First, carbon prices signal government commitment to reduc-
ing emissions.”23 Government policy can drive innovation through
market pull that ensures the value of CO; is proportional to cap-
ture costs.®l By June 2021, 64 total carbon pricing schemes were
implemented or planned for implementation globally. Prices
range from $1-$137/tCO5 and cover 12 GtCO, equivalent emis-
sions. 5%

Second, CCUS innovation can be enabled through frame-
works that provide funding with minimal debt financing.2® While
project risks remain high in the RD&D stages, government in-
vestment can advance innovation through technological push.
Consequently, this push can help lower deployment costs, facili-
tate sector growth, and meet emissions reduction targets.m Glob-
ally, to meet the IEA BLUE Map scenario which assumes 145
GtCO,, stored, a total investment of 2.5-3 $T in CCUS is required
from 2010-2050.5

Third, infrastructure access significantly reduces the barrier of
CCUS market diffusion.23 We argue for the inclusion of infras-
tructure that supplies low-cost electricity, having demonstrated
that cheap electricity can support market competitiveness. With
renewable electricity leading growth and solar photovoltaic be-
coming the cheapest source of electricity in most countries, ju-
risdictions with low-hydrocarbon electricity generation are posi-
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Fig. 6 2021 carbon pricing and CCUS RD&D investment between 2015-2019 are provided on the axes, while bubble intensity denotes the 2018 percent
of electricity generated by hydrocarbons. 2019 Gross Domestic Product (GDP) is provided by bubble size to highlight any relationships with the three
indicators. CCUS RD&D investment by sub-national jurisdictions was estimated using percent of national GDP. CCUS investment data from China
pertains to the period of 2010-2015 due to limited data, indicated by a striped bubble. For countries under the European Union carbon price, the
reported carbon price was the higher of the national carbon pricing scheme or European Union carbon price, unless it was explicitly specified that both
apply. Carbon prices as of June 2021 were used in our analysis. China also has a national carbon price implemented in 2021 but does not provide
details of a price. Instead, the carbon price in Shanghai is used, since it was the highest in the country. Scope of emissions is not considered in this
analysis. An inset is provided for data points near the origin. All references for data is provided in the Methods.

tioned at an advantage for CCUS technology.>®

We examine the global status of CCUS innovation in thirty-six
jurisdictions to understand the present commercialisation sup-
ports (Fig. [6). Our findings suggest an inverse correlation be-
tween CCUS RD&D investment and carbon price. This trend
also correlates well with gross domestic product (GDP). Seven
of the ten countries with the highest GDPs invested 90 $M or
higher in CCUS RD&D, but only France, Germany, and Italy have
a carbon price above $40/tCO,, recommended by Stiglitz and
Stern.2” None of the five countries with the highest carbon prices
had a GDP above 1 $T and only Norway invested above 90 $M.
Carbon price tends to correlate with low-hydrocarbon electricity
generation. Three of the five jurisdictions with the highest car-
bon prices have under 2% hydrocarbon usage and another is at
20%. Netherlands, the second largest European producer of natu-
ral gas, is the outlier with 78% electricity generation from hydro-
carbons. The present reliance on hydrocarbons may change with
a national carbon price that began in 2021. Eight of the thirteen
jurisdictions that generate over 60% electricity from hydrocar-
bons have a carbon price below $20/tCO,. This includes all three
countries with the highest GDPs. Instead, these countries provide
strong technological pushes, with United States and Japan provid-
ing the highest investment in CCUS technology and China having
twenty-two CCUS facilities in development or operation.>® High
global variability among these CCUS indicators emphasizes the
importance of evaluating innovation on a country-level to iden-
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tify gaps in and opportunities for supporting government policy.

Global CCUS Status & Potential

With mature technology and 50% methanol separation costs, our
balanced scenario provides a carbon price threshold of $75/tCO-
for break-even investment costs. Currently, only three jurisdic-
tions, led by Sweden, meet this threshold. Carbon prices should
be increased globally to ensure sufficient market pull and eco-
Ireland, Canada,
and Germany are set to exceed this threshold with carbon prices
climbing to $117/tCO,, $131/tCO,, and up to $76/tCO,, respec-
tively.2 While the United States does not have a carbon price, it
currently offers a $24/tCO5 tax credit for carbon utilisation, rising
to $35/tCO5 in 2026.23 When combined with its state level car-
bon price, California currently provides $42/tCO, in credits. The
European Union carbon price should eventually exceed $75/tCO4
as its carbon allowances are reduced annually, helping stimulate
more investment in low-carbon technologies.> The United King-
dom should follow this trajectory, having implemented a carbon
price similar to the European Union’s, but with a tighter emissions
cap.2> South Korea also has a tighter emission cap as of 2021.>>

nomic incentive for CCUS commercialisation.

Complementary to carbon pricing, RD&D investment can lower
the carbon pricing threshold that makes CCUS technology eco-
nomically accessible. In this regard, the United States, Japan,
and Canada lead with investments of 1,034 $M, 568 $M, and
473 $M from 2015-2019, respectively. However, Norway invests
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over twice the fraction of their GDP in CCUS than the next best
country — Canada — and over twelve times the average, for a total
of 250 $M invested. The European Union contributed 276 $M,
providing funding benefits for member countries that lack strong
national innovation supports. While incomplete data makes as-
sessing true investment from China difficult, they have identi-
fied CCUS as an important player in meeting their emissions tar-
gets and have pledged investment here during their 13th five-
year plan.>® Regarding access to renewable electricity, Sweden,
Switzerland, Norway, and British Columbia have less than 2% hy-
drocarbon electricity generation. Notably, Canada, with a carbon
price set to rise above our $75/tCO, threshold, has less than 20%
hydrocarbon electricity generation. While the United States lags
with 63% hydrocarbon electricity generation, geographical and
state-level diversity provides more favourable areas for CCUS de-
velopment, including California with 48% hydrocarbon electricity
generation. Japan is significantly behind in this area, catalysed
by a rapid transition to largely hydrocarbons after the Fukushima
nuclear disaster.

To support CCUS as it becomes more competitive, all jurisdic-
tions should increase the scope of emissions coverage in their car-
bon pricing schemes. Only seventeen schemes account for over
50% of the jurisdiction’s emissions and tend to focus on power
and industry.2> In order to monitor global CCUS RD&D progress,
jurisdictions should provide more transparent and detailed data
to better align RD&D with target investments such as those we
identify. India, for example, is a key player in global emissions
reduction and shows signs of CCUS RD&D investment, but lacks
sufficient data to be included in our analysis.? Three of the four
leading countries in CCUS investment are notable oil producers,
with Japan being the exception. In these cases, RD&D investment
may be directed at enhanced oil recovery and should be disaggre-
gated from other utilisation processes.

Conclusions & Recommendations

Reaching our global emissions reduction targets requires un-
precedented contributions from all stakeholders, but govern-
ments play the decisive role.2® By contextualising a traditional
techno-economic analysis within a policy framework, we provide
a novel, broadly applicable approach to characterise the interplay
of technology and policy for CCUS innovation. We follow this ap-
proach in the present study, assessing an integrated electrocatal-
ysis and biocatalysis CCUS pathway that converts CO, to PHB
via co-utilisation of methanol and formate intermediates. While
progress is being made, our analysis demonstrates the wide gap
between current and required technology/supporting policy. By
addressing identified priority areas, governments can take a more
strategic and coordinated innovation systems approach to create
a favourable investment environment.

Juxtaposing the process economics using laboratory baselines
(current technology) and state-of-the-art performance indicators
(mature technology), we find a significant innovation gap that
stems from prohibitively low carbon conversion efficiencies at
present. Addressing these performance gaps improves the eco-
nomics to a situation where commercial viability is possible.
Therefore, in the short-term, innovation should focus on techno-
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logical push through targeted CCUS RD&D investment. Priorities
for our examined pathway include efficiency of methanol electro-
catalysis, methanol separation, and formate biocatalysis. Addi-
tional efforts should improve electrocatalysis current density and
catalysts.

Under mature conditions, variation of substrate composition
provides flexibility to mitigate market risk and develop adaptive
processes. Our assessment of different methanol to formate ra-
tios highlights that methanol performance is marred by energy
intensive electrocatalysis, while low biocatalysis efficiency hin-
ders formate performance. Despite this trade-off, our assessment
shows worse economics for methanol-rich substrate mixes due to
the high energy requirement during methanol/water distillation
to concentrate the methanol. Only under optimistically low elec-
tricity prices or high carbon pricing with reduced methanol sep-
aration costs is this methanol pathway profitable. At this stage,
efforts to produce high concentration methanol during electro-
catalysis that precludes the need for further concentration is the
critical step for commercial viability. Formate-rich substrate mixes
show improved economics and can be made profitable through
favourable carbon pricing and electricity pricing environments.
The critical step for this pathway, then, will be the engineering of
microbes to tolerate and utilize higher concentrations of formate.
These technological improvements lead to reduced PHB produc-
tion emissions across scenarios, with potential for avoiding up-
stream emissions. Complementary climate initiatives like electri-
fication and hydrogen fuels can further reduce process emissions.
For true negative emission PHB production the CO, will need to
be sourced using negative emissions technologies.

Analysis of alternative pathways beyond the studied pathway
can uncover further opportunities for targeted RD&D investment.
Liquid carriers including COy-derived Fischer-Tropsch fuels offer
an opportunity to reduce emissions in the transportation sector. =%
Organic acids such as itaconic acid and succinic acid are particu-
larly interesting due to their chemical properties, market value,
and growing market size.2? Studies evaluating the production
of these chemicals through an integrated process are well-suited
to use our analysis as a starting point. While our analysis only
provides comprehensive models for CO, to methanol/formate to
PHB pathways, we provide transparent and detailed design, eco-
nomics, and life cycle calculations with clear specifications. For
this reason, future work can leverage the methods and data to
adapt our analysis to models of related integrated CCUS path-
ways. For instance, future studies could extend our analysis to
consider end-of-life PHB emissions and economics for improper
disposal (e.g. landfill) versus proper disposal (e.g. anaerobic di-
gestion, composting). In particular, proper PHB disposal may re-
sult in further carbon sequestration and potential negative emis-
sions through production of renewable methane®? or enhanced
carbon intake of the soil 0261

As technological maturity is achieved, governments should fo-
cus on market pull factors. Carbon pricing should reflect advance-
ments in technology and should cover emissions from all major
sectors to encourage private sector adoption. To improve stabil-
ity in the sector, carbon prices should be included in larger pol-
icy packages with complementary climate and non-climate pol-

Journal Name, [year], [vol.], 1 |9



Energy & Environmental Science

icy.22 Ready access to increasingly cheaper solar photovoltaic
and wind electricity can help accelerate commercialisation. Ul-
timately, technological advancement in CCUS, supported by gov-
ernment initiatives, can play an important role in the decarbon-
isation of our energy sectors and help reduce emissions towards
meeting our sub-national, national, and global climate goals.

Methods

Current global carbon prices were reported based on data pro-
vided by World Bank.22 Public investment for research, develop-
ment, and demonstration in CCUS was estimated based on energy
technology data provided by the International Energy Agency.©3
For China, public investment was data was based on a report from
their 12th five-year plan.®¥ For national jurisdictions and the Eu-
ropean Union, World Bank data was used for gross domestic prod-
uct.® For states in the United States and British Columbia, U.S.
Energy Information Administration data®® and Statistics Canada
datal®? was used, respectively. U.S. Energy Information Adminis-
tration international statistics were used for the source of elec-
tricity generation for national jurisdictions and the European
union.®8l For states in the US and British Columbia, U.S. Energy
Information Administration data®® and Canada Energy Regulator
data”% was used, respectively.

We used ASPEN Plus to develop a rigorous mass and energy
balance model that serves the basis of our study.Zl A detailed
account of our process, methods, and calculations are provided
in the SI.

Data Availability

All data supporting the findings of this study, including data de-
rived from our Aspen Plus model, are available within the article
and its supplementary information files. Data for Gross Domestic
Product, carbon pricing, RD&D funding, and source of electric-
ity generation is publicly available by the referenced sources in
the methods and available from the corresponding author upon
reasonable request.
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