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Direct air carbon capture and storage (DACCS) systems are expected to play an important role in fighting global
warming. While existing DACCS technologies have demonstrated CO, removal rates at or below the kiloton scale,
high capital costs and significant energy demands represent hurdles in achieving large scale deployment. This
study evaluates a novel biomimetic coating primarily consisting of a hydrogel seeded with microalgae biomass
printed on a polyethylene substrate. The coating has been developed to exploit the high photosynthetic rates of
microalgae to fix atmospheric CO5 into cellulose using incident solar energy. The carbon embodied in the cel-
lulose material is converted to biochar through pyrolysis to ensure durable carbon sequestration without the
need for underground storage. The proposed system offers many advantages including modularity and scal-
ability, the potential for high water retention rates, and long periods of operation with minimal maintenance and
management. Three scenarios were evaluated using conservative, baseline, and optimistic assumptions to cap-
ture the true range in performance of the system. Results from the modeling work show a carbon removal ef-
ficiency ranging from 51% to 73% and carbon capture and sequestration costs of $702-$1585 per tonne CO5
sequestered. Furthermore, the modular design of the coated substrate system and utilization of solar energy
supports the rapid upscaling necessary to meet mid-century carbon removal goals. Discussion focuses on the key
performance drivers of the system and the challenges and feasibility of meeting target metrics to support eco-
nomic and environmental sustainability.

1. Introduction by 2050 [2]. While the majority of GHG emissions reductions are ex-

pected to come from the implementation of clean renewable energy and

Anthropogenic greenhouse gas (GHG) emissions have caused the
global temperature to rise approximately 1.18 °C since the 19th century
resulting in a multitude of devastating environmental impacts. Some of
these impacts include warming oceans and shrinking ice sheets, sea level
rise, loss of biodiversity, and increased severity and frequency of natural
disasters and wild fires [1]. Outlined in the 6th Assessment Report from
the International Panel on Climate Change, the best path to limiting
warming under 1.5 °C by 2100 is to achieve a 45% reduction in
human-caused CO; emissions by 2030 and to reach net-zero emissions
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changes to major carbon-emitting industries, a number of essential
sectors lack a clear pathway towards net-zero emissions. These
hard-to-abate sectors make up nearly 30% of global GHG emissions and
include the manufacturing of essential chemicals and materials like
cement, steel, aluminum and fertilizers, as well as heavy duty trans-
portation industries including shipping, trucking and aviation [3]. The
National Academy of Sciences released a report in 2019 describing a
number of existing technologies that need to be adopted to meet
short-term climate goals. Through a combination of soil conservation
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practices, increased forest management efforts, biomass capture, pro-
cessing, and distribution and other negative emissions technologies, it
may be possible to achieve 10 billion tonnes of CO5 removal per year in
the first half of the century [4]. In order to reach large-scale and
long-term removal goals of 20 billion tonnes of CO5 per year in the
second half of the century, costlier and less developed technologies like
Direct Air Carbon Capture and Storage (DACCS) will need to be adopted
at unprecedented levels [5].

In order to achieve removal targets of GtCOy per year, DACCS
technologies must undergo massive up-scaling, a difficult feat consid-
ering typical energy-technology scale-up rates grow by an order of
magnitude per decade or at a 26% annual growth rate [5]. However,
with substantial subsidies and growing investment from industry, the
scale-up rates required (45% annual growth) are not unheard of, with
solar PV being a prime example [5]. Currently, two types of DAC tech-
nologies are on track to reach the required scales to meet climate goals:
chemical liquid solvent DACCS systems (i.e., Carbon Engineering [6])
and chemical solid sorbent DACCS systems (i.e., Climeworks [7] and
Global Thermostat [8]). Whether using a liquid or a solid substrate, the
governing principles are the same; CO5 from ambient air is fixed in the
chemical liquid solvent or chemical solid sorbent with a chemical bond
and then released as a high-purity CO stream through the application of
heat. The purified CO, stream must then be compressed, cooled, trans-
ported and injected into an underground CO; storage reservoir to ach-
ieve permanent sequestration. While chemical liquid solvent systems
often require high-quality heat at 900 °C to separate the CO, from the
solvent, chemical solid sorbent systems only require heat at 100 °C for
the separation process, thereby enabling co-location with a number of
industrial processes producing waste heat [5]. Synergistic placement of
solid sorbent DACCS systems with geothermal or nuclear power plants
would utilize low-carbon waste heat or use an industrial slip stream to
provide 80% of the total energy demand for the system. The remaining
20% of the total energy demand is primarily for fans to move air through
the system and is typically supplied by the local grid or from on-site
renewable energy generation.

Several recent studies have evaluated the economic and environ-
mental performance of chemical sorbent DACCS systems currently
operating at commercial scales. Several common metrics are used to
quantify the economic performance of DACCS systems: $ per tCOy
captured, $ per tCO; net-delivered, and $ per tCO5 net-sequestered. The
first metric, $ per tCO, captured, quantifies the cost to operate the
system long enough to remove or capture 1 tonne of CO, from ambient
air. The second metric, $ per tCO; net-delivered, considers the direct
GHG emissions from the system during the capture process and repre-
sents the cost to operate the system long enough to achieve a net
removal of 1 tonne of CO2 from the atmosphere. The third metric, $ per
tCO2 net-sequestered, incorporates the GHG emissions and costs of
compressing, cooling, transporting, injecting, and storing the CO
stream and represents the cost to achieve a net removal and durable
sequestration of 1 tonne of CO, from the atmosphere. For all three
metrics, various economic assumptions and cash flow models can be
used to incorporate the time value of money, depreciation, loan pay-
ments and taxes into final capture and sequestration metrics. A recent
study from Deutz and Bardow [9] provides a comprehensive life cycle
assessment (LCA) of low-temperature sorbent systems from Climeworks
currently operating in Switzerland and Iceland and found that these
plants are achieving carbon removal efficiencies of 85% and 93%,
respectively. While the results from Deutz and Bardow [9] provide
valuable insight on the environmental performance of the evaluated
DACCS system and associated supply chains, their results exclude
environmental impacts from the compression, injection and storage
stages necessary to achieve durable long-term sequestration. To the
authors knowledge, the only comprehensive LCA of low-temperature
sorbent DACCS systems including the injection and storage stage is
from Terlouw et al. [10]. This recent study quantifies the impacts of
utilizing various sources of heat (i.e., waste heat, electricity, and solar
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heat) and electricity (i.e., solar PV and grid energy) with Climeworks’
low-temperature sorbent technology across a total of eight different
locations. Of all the evaluated scenarios, carbon removal efficiencies
range from 9% (high temperature heat pump and grid energy in Greece)
to 97% (waste heat and grid energy in Norway) indicating a consider-
able dependence on low-carbon heat and energy to achieve desirable
carbon removal efficiencies [10]. Another recent study from McQueen
et al. [5] offers a robust techno-economic analysis (TEA) of Climeworks’
low-temperature sorbent system when using natural gas, geothermal
brine and a nuclear power plant slip stream as heat sources. For each of
these sources respectively, McQueen et al. [5] report carbon removal
efficiencies of 35%, 71%, and 71% and capture costs of $223, $205 and
$233 per tCO- (and therefore capture costs accounting for removal ef-
ficiencies are $637, $288, and $328 per tCO, net-delivered) [5]. It
should be noted, however, that the system boundary used by McQueen
et al. [5] stops at compressed CO; delivery for use or storage and ex-
cludes actual injection into underground reservoirs. Regardless of the
source of heat, the capture costs estimated by McQueen et al. [5] when
using low-temperature sorbents are approximately $200 per tCO,
captured. To understand the impact of including injection and storage in
the system boundary, we can combine a baseline capture cost of $200
per tCO, with the range of carbon removal efficiencies reported by
Terlouw et al. [10]. This suggests a potential range of $206 to $2222 per
tCO2 net-sequestered for solid sorbent technologies, highlighting the
necessity to obtain low-carbon sources of heat and electricity for the
capture and separation processes. Additionally, the need for low-carbon
heat and electricity limits the scalability of low-temperature sorbent
technologies by necessitating co-location with waste heat. Additionally,
concerns exist regarding land use change when considering electricity
generation using solar PV. Terlouw et al. [10] estimated land re-
quirements as high as 4.7 km? for a solar PV system capable of supplying
energy for DACCS plant with a capacity of 100 ktCO5 per yr.

In addition to low-temperature sorbent systems, existing literature
studies have evaluated the economic performance of high temperature
chemical solvent DACCS technologies. In a study from 2018, Keith et a.
[11] provide a robust TEA evaluating the technology used by Carbon
Engineering and found that the baseline system with Nth plant economic
assumptions was capable of capturing CO; from the atmosphere in the
range of $126 to $170 per tCO, captured depending on the assumed
capital recovery factor (7.5-12%). While the analysis lacks a compre-
hensive LCA, the preliminary LCA performed in the study estimates a
carbon removal efficiency of 90% when using natural gas combustion
with emissions recovery as the primary source of energy. When com-
bined with the cost of capture, this yields a range of $140 to $189 per
tCO3 net-delivered for the chemical solvent DAC technology from Car-
bon Engineering. While the costs reported by Keith et al. [11] show
favorable economic performance over low-temperature sorbent systems,
high levels of uncertainty exist in economic results without a compre-
hensive LCA examining the system and quantifying all sources of
re-emission. Additionally, while chemical solvent systems allow for
centralized re-generation units and can achieve economies of scale,
highly complex and costly infrastructure and the potential for a large
water footprint provide potential obstacles in up-scaling to meet climate
goals.

While decades of research and development have focused on the
advancement of chemical solvent and sorbent technologies for DACCS
systems, this study aims to assess a novel and emerging technology
which exploits the biological process of photosynthesis to perform direct
air capture on a large scale. The cultivation of microalgae for food and
renewable fuels has been a research focus for biologists and engineers
alike. Impressive photosynthetic rates drive high biomass yields per area
and remove carbon from the atmosphere while producing a high value
feedstock containing carbohydrates, lipids and proteins [12]. The
composition of microalgae allows for a variety of high value co-products
and can be made into renewable transportation fuels through a number
of conversion processes including transesterification and hydrothermal
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liquefaction [13]. This work exploits the fixation of carbon from the
atmosphere in bacterial cellulose to perform direct air capture. When
natural, carbon-fixing and polymerization genes from Gluconacetobacter
hansenii (ATCC 53582, formerly Gluconacetobacter xylinus) are trans-
fected into algal cells, the resulting recombinant algal cells can generate
extracellular bacterial cellulose [14,15]. Similar engineered strains,
when placed under growth-arrested conditions, have been shown to
divert > 80% of biomass to photobiological production of compounds
such as sucrose [16]. This work assumes the potential that algae under
growth-arrested conditions over long terms effectively divert all biomass
to the production of cellulose. Though incidental, significant algae cell
replication outside growth-arrested conditions may increase the
required nutrient content of the coating. Accumulation of cellulose in
the coatings is approximated by experimental data for the growth of
Chlorella on coated sheets. This approximation is corroborated by pre-
vious work showing engineered algal cells under arresting-growth
condition to have increased carbon pulldown rates compared to
wild-type cells [16].

In this study, we evaluate the carbon capture potential of a coated
surface made from hydrogel, microalgae, nutrients and water. The
coated surface, housed in a modular enclosure, has been designed to
mimic the biological processes of lichens, by converting atmospheric
CO5, into bacterial cellulose which builds up on the surface over time.
The coating is then harvested, and the constituents are separated with a
chelator, allowing the generated cellulose to be converted to biochar
through pyrolysis. The biochar is then land applied, providing an envi-
ronmental service while durably sequestering the embodied carbon.
While still in the early stages of development, there are many predicted
advantages of this novel technology including the ability to quickly
reach large-scale carbon removal using non-arable land. Additionally,
once the initial surface has been seeded and deployed, the system is
designed to remove carbon from the atmosphere and accumulate cel-
lulose for months to years with minimal system inputs or required
maintenance. The potential long operational life of this biomimetic
surface would allow for rapid large-scale deployment across the globe.
While the specific longevities of the algal cultures contained in the
coating are currently being evaluated through lab-scale experiments, the
economic and environmental impacts of this parameter are captured by
modeling coating lifetimes of 1 year, 2.5 year, and 5 years in conser-
vative, baseline and optimistic scenarios, respectively. Using these sce-
narios, this study aims to quantify the near-term environmental and
economic performance of this novel carbon capture coating using a
robust systems-level modeling approach, which serves as the foundation
for integrated TEA and LCA with sensitivity and scenario analyses.

2. Materials and methods
2.1. System boundary

The system boundary of this study is drawn to ensure proper
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evaluation of the carbon removal efficiency and to allow a direct com-
parison to alternative DACCS technologies. While some studies truncate
the system boundary at the delivery of purified compressed CO; [5] and
suggest that industrial use of CO5 from DACCS could assist in develop-
ment and scaling of the technology, this study focuses on the goal of
durable long-term sequestration. Thus, the system boundary of the study
encompasses all upstream and downstream activities—including mate-
rials acquisition and emissions embodied in the modules and coatings, as
well as emissions from operational energy, material replacement,
maintenance, direct emissions to air from pyrolysis, and waste man-
agement at the end-of-life stage. A detailed process flow diagram is
presented in Fig. 1, illustrating the system boundary and the mass and
energy flows included in the system engineering model.

2.2. Functional unit

Existing TEA and LCA studies of carbon dioxide removal (CDR)
technologies ([5,10,11]) report system performance using several
different metrics including $ per tCO, captured, $ per tCOy
net-delivered, $ per tCO; net-sequestered, as well as the overall carbon
removal efficiency. This study uses an integrated approach to under-
stand the net carbon removal of the coated surface technology using LCA
methodology to account for atmospheric CO5 removal and all sources of
re-emissions within the system followed by a quantification of removal
costs using TEA methodology. Thus, the functional unit of this analysis is
the net total amount of carbon sequestered as determined through life
cycle accounting. Economic results of the study are defined as the cost of
carbon sequestration in $ per tCO; net-sequestered. This is determined
by Eq. (1),

$ $
tCO, net sequestered  tCO, captured / (

tCO,emitted ) o

B tCO,captured

where tCO; captured is the total amount of carbon dioxide (in metric
tonnes CO5) that is removed from the atmosphere by the system and
tCO emitted is the total carbon dioxide equivalent emissions (in metric
tonnes COy-eq) directly or indirectly emitted by the system during the
capture process.

2.3. Process model development

The carbon capture and sequestration process evaluated in this study
is divided into four major sub-processes including coating manufacture
and module construction, rotogravure printing, harvesting and separa-
tion and pyrolysis (Fig. 1). After printing, the coating is left protected in
the enclosure with minimal maintenance over the course of its lifetime.
Upon harvesting, the coating constituents are separated with chelating
agents, the accumulated cellulose is charred for stable sequestration and
the coating substrate is re-used for the production of new coated sheets.
Conceptual illustrations of the proposed system are provided in the
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Fig. 1. Process flow diagram showing the system boundary and the material and energy inputs and outputs accounted for in the system engineering model and

subsequent techno-economic and life cycle assessments.
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Supplementary Information.

2.3.1. Coating manufacturing and module construction

The coating analyzed in this study consists of water (97% w/w),
microalgae (0.09% w/w), alginate (1.29% w/w), calcium sulfate (1.38%
w/w), tetrasodium pyrophosphate (0.09% w/w), and BG-11 nutrient
formula (0.15% w/w). The coating is analogous to the other polymer-
ized algae concepts [14,17-19]. Critical to the design of the carbon
capture coating is the ability to reversibly polymerize and de-polymerize
the polymer matrix. This is accomplished by using ionically polymerized
hydrogels like alginate—that are unlike more widely-used covalently
bonded coating polymers—and substituting strongly-bound calcium
ions for weakly-bound sodium [14,20,21]. The coating architecture is
depicted in Fig. 2. Once the cellulose is released from the hydrogel, the
carbon in the cellulose can be converted into a form of
durably-sequestered carbon such as biochar.

Initial algal cultures are obtained from commercial algae cultivation
centers, or similar facilities to be built on site. These initial cultures are
amplified to a dense inoculum level and combined with hydrogel-
coating monomers, micronutrients, a calcium solution, and polymeri-
zation retardants to formulate the coating just prior to applying the
formula to a polyethylene substrate using a rotogravure printing ma-
chine. After allowing a short time for the coating to cure, coated sheets
are rolled into spools, transported, and installed in the modules using an
integrated roller system. The total coated surface area of sheets installed
in each module is determined by the maximum amount of carbon fixa-
tion based on the available quantity of incident solar radiation and
carbon pulldown rate of the coating. Maximum carbon fixation, avail-
able solar radiation, and additional system constraints are discussed in
detail in subsequent sections.

The coated sheets are protected from the environment by a trans-
parent, open-air, modular enclosure made of recycled PET plastic. In
essence the enclosure acts as a miniature green house that minimizes
empty space and allows for modular deployment of the system. The
modules are designed to achieve ample gas exchange and the passage of
light energy required to sustain the algal cultures in the coating. While a
number of more sophisticated module designs are currently being tested,
this study assumes the use of a basic module with a built-in network of
tensioned rollers arranged in a serpentine fashion, allowing rapid
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installation and harvesting of coated sheets at the end of their functional
life. Conceptual illustrations of the proposed module are provided in the
Supplementary Information. Strategic facility siting in warm and humid
regions eliminates the need for module air conditioning and ensures
temperatures and relative humidity remain within acceptable ranges. To
achieve midcentury carbon removal goals, the system will have to be
developed to operate in arid regions with higher evaporation, lower
relative humidity, and high rates of solar radiation. Successful long-term
deployment in arid regions will be met with additional challenges sur-
rounding climate control, water retention, nutrient retention, and
allowing air exchange within the modules while simultaneously
attempting to limit water loss. Each module is 10 m long by 1 m wide by
1.5 m high with a wall thickness of 10 mm.

2.3.2. Rotogravure printing

Rotary printing presses, which can be calibrated for use in many
applications, deposit the coating onto both sides of large, 0.8 m-wide
sheets of woven polyethylene substrate at a deposition weight of
3.8 kg m~2 [22,23]. Following printing, the coated sheets are rolled into
spools for transport and installation in the modular housings. Energy
consumption for the rotogravure printing process was determined from
an interview with an industry expert and was assessed at 0.6 kJ m 2
based on a 15-kW machine operating with a 1500 m? min~"! printing
capacity.

2.3.3. Harvesting, separation, and drying

The sheets are rolled out of the coating housing using a forklift
attachment and are loaded onto a flatbed trailer for transport to a
centralized processing facility. The mean transportation distance was
calculated assuming a circular facility layout with the processing facil-
ities in the center, making the mean round trip transportation distance
equal to the radius of the facility. At the time of harvesting, the coatings
have amassed cellulose in proportion to deployment time. Benchtop
laboratory experiments have already shown that the coating is still
viable after > 1 month of deployment [14]. After 1 month of deploy-
ment, model outputs suggest the cellulose content has increased from
0% to 1.4% of the total coating mass through photosynthesis and cel-
lulose accumulation. A majority of the remaining mass is water with less
than 3% of total mass attributed to other coating materials in any case.

Fig. 2. Coating components and architecture showing increased cell density as the algae fix carbon dioxide during the photosynthetic process. Depending on the
species of algae used, carbon is incorporated into cellular biomass (such as chitin and cellulose-like polysaccharides in the cell wall) or with genetically engineered
strains, the cellulose can be excreted extracellularly (indicated by blue lines in the illustration).
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The coating is stripped from the substrate using a chelating solution. The
chelating step that disassociates the alginate polymers, micronutrients,
algae biomass, and accumulated cellulose is achieved with metal che-
lators such as ethylenediamine tetra-acetic acid (EDTA). EDTA is a
polyprotic acid containing four carboxylic acid groups and two amine
groups with ion-pair electrons that ionically bond to calcium (and other
metal ions). The process requires 0.078 kg sodium citrate kg~ ! hydrated
coating and 0.027 kg EDTA kg ™! hydrated coating. After disassociation
of the alginate polymers, all the components of the coating formulation
are soluble in water except cellulose [14]. If the suspended solids con-
tent of the stripped coating is less than 13% by weight, it is dewatered to
13% total suspended solids (TSS) via membrane filtration, followed by
centrifugation to 20% TSS. If the chelated solution exceeds 13% TSS at
the time of harvest, then the solution is sent directly to centrifugation to
achieve 20% TSS. The supernatant from centrifugation is discarded and
treated as industrial wastewater [24]. Membrane filtration and centri-
fugation are not required for the three main scenarios because the
coating content is already greater than 20% TSS due to the accumulation
of bacterial cellulose over the 1-month, 2.5-year, and 5-year growth
periods respectively. Membrane filtration and centrifugation are simi-
larly not required for some configurations during sensitivity and sce-
nario analysis. The chelated solution is subsequently dried to 90% TSS
with a drum dryer prior to pyrolysis [25]. Energy consumption for the
membrane, centrifuge, and drum dryer were approximated as 0.4 kWh
m~2 total flow, 1.35 kWh m~ total flow, and 1.1 kWh kg’1 water
removed, respectively [26,27]. Following the chelation and drying
steps, the cellulose with 90% TSS is sent through pyrolysis and the
polyethylene substrate can be reused and recoated with new coating
formula.

2.3.4. Pyrolysis

Pyrolysis will occur at the centralized processing facility immedi-
ately following component separation. Pyrolysis is commonly used in
the bio-energy sector to produce bio-oil, but a pyrolysis unit can be
optimized for maximum biochar production with a coproduct of bio-oil
by lowering the temperature and heat rate [28-32]. Phase yields and
associated carbon streams for the conservative, baseline, and optimistic
modeling scenarios are specified in Table 1. A low pyrolysis temperature
of between 250 and 300 °C was assumed for maximum char production,
while reaching an O/C atomic ratio below 0.6 [31,32]. Char with an O/C
atomic ratio between 0.2 and 0.6 is considered stable for 100-1000
years [33]. At a temperature of 300 °C, an O/C atomic ratio of
approximately 0.3 corresponds to approximately 71 wt% C when
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neglecting hydrogen, which makes up less than 5% of the total mass in
this temperature range [31,32]. An output of 0.36 kg biochar/kg cel-
lulose feedstock can be assumed at this temperature, resulting in 63% of
the cellulosic carbon sequestered in the biochar product [31,32]. Bio-oil
from the pyrolysis process was modeled as the fuel source for the py-
rolysis heater. Assuming a LHV of 30 MJ/kg for the heavy oil, heater
efficiency of 90%, heavy-oil output of 0.12 kg/kg feedstock [32], and
pyrolysis energy demand of 0.27 kWh/kg feedstock [25], combustion of
the heavy-oil fraction provided enough energy to meet 87%, 100%, and
100% of the total energy demand to dry and pyrolyze the coating ma-
terial in the conservative, baseline, and optimistic scenarios respec-
tively. This is a conservative estimate and additional energy can be
provided through the combustion of the light oil fraction (0.4 kg/kg
feedstock [32]) and heat recovery from the pyrolysis gas phase
(0.11 kg/kg feedstock [32]).

2.4. Carbon capture coating performance

Since the algae in the coating fix atmospheric CO; into cellulose
through photosynthesis, the major limiting factors in the coating’s car-
bon removal rate are the total amount of incident solar radiation in the
location of deployment and the photosynthetic efficiency of the micro-
algae. Calculations to determine the solar energy demand per kg of at-
mospheric CO;, fixed into cellulose are based on the algae growth model
developed by Greene et al. [12]. Estimation of the energy demand begins
with the following chemical reaction representative of the photosyn-
thetic process:

(2)

This assumed value of 8-10 photons per CHyOXX represents the
theoretical minimum for idealized systems and does not incorporate
real-world losses [12]. Thus, the solar energy demand required to fix
1 kg of atmospheric CO; via photosynthesis, Ec,, ., was derived with the

CO, + H>0 + (8 ~ 10 Photons) < CH,0XX + O,

following equation based on the methodology of Weyer et al. [34]:

1molCO, molPhotons MJ 1 1
* (8 * (02253 ——— | * — % —
0.044kgCO, molCO, molPhotons er €y
MJ
=FE,
Chixation kgCOz (3)

In Eq. (3), the photon energy of 0.2253 MJ mol~! photon was ob-
tained from Weyer et al. [34] and corresponds to an average wavelength
of 531 nm. This term represents the wavelength-weighted average
photon energy within the portion of the solar spectrum utilizable for

Table 1
Critical modeling assumptions defined for the conservative, baseline, and optimistic scenarios. All parameters and values are representative of an 11,600-acre removal
facility.
Parameter Units Optimistic Baseline Conservative Ref.
Facility Size/Configuration
Total Facility Size acres 11,600 11,600 11,600 Calculation
Packing Density m? surface/m? footprint 17 21 28 Calculation
Net CO, removal tCO, sequestered/yr 921,000 896,000 805,000 Calculation
Physical Constraints
Algae:
Photon Transmission Efficiency % 90% 90% 90% [34]
Photon Utilization Efficiency % 65% 65% 65% [34]
Solar Energy:
Full-spectrum Solar Energy MJ m~2 year™! 6573 6573 6573 [35]
Design Parameters
Facility Operation:
Operating Days days 330 330 330 Assumption
Time to Harvest years or months 5 years 2.5 year 1 year Assumption
Coating Design/Performance:
Carbon Removal Rate mmol CO, m~2 hr! 12.5 10 7.5 Assumption
Pyrolysis Performance:
Cellulosic Carbon to Biochar % 63% 63% 63% [31,32]
Cellulosic Carbon to Bio-oil % 15% 15% 15% [31,32]
Cellulosic Carbon to Bio-vapors % 22% 22% 22% [31]
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photosynthesis (also called photosynthetically active radiation [PAR]).
In Eq. (3), ey represents the photon transmission efficiency to account for
a portion of the incident radiation that is reflected and absorbed by the
transparent enclosure housing the coated surface, and ¢y is the photon
utilization efficiency to account for the fraction of incident energy that is
absorbed, but cannot be productively utilized (e.g., re-emitted as heat).
Regionally-resolved estimates of Global Horizontal Irradiance (GHI) in
kWh/m? were obtained from Solargis [35] and converted to PAR by
assuming 45.8% of solar irradiance lies in the photosynthetic spectrum
[34]. Geometric constrains allowing, maximum solar energy utilization
in the Gulf Coast of the United States (where the mean horizontal irra-
diance is 6573 MJ m~2 yr! [35]) would yield an aerial productivity of
69 g DW cellulose m 2 day .

To maximize carbon pulldown by the system and minimize costs, the
surface area of coating per m? of ground area (packing density) was
optimized. Egs. (3) and (4) govern the theoretical maximum carbon
pulldown by the system per square meter of facility aerial footprint.

kgCO,
m?s

GHI (M)

m

= = constant (C))

MJ
E, Chixation (kg(;oz>

Eq. (5) optimizes the packing density to minimize material
requirements.

COZmax (

kgCOy
mZ_ - COZmux 2 P
coatedsurface _ M gerial footprint
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Since the maximum carbon pulldown per m? of ground area is ulti-
mately limited by the total amount of incident solar energy (Eq. (4)), the
minimum surface packing density for the full utilization of solar energy,
PD,;,, and the carbon pulldown rate of the coating, Rpuud,,wn(mmol CO5
m2hr!or kg CO-, m—2 s’l), are inversely proportional (Eq. (5)). Lab-
scale experiments have demonstrated carbon pulldown rates ranging
from 5 to 10 mmol CO, m~2 hr! with the current coating formula,
Fig. 3.

Pulldown rates are then calculated using the slope of the experi-
mental data (see Supplementary Information). The pulldown rate starts
at 10 and slowly decreased to less than 2 due to the concentration of CO,
decreasing and the system being closed for measurement purposes. In a
commercial system there would be a continuous flow of air and thus the
CO» concentration would stay constant to support the higher pulldown
rate.

The realistic maximum packing density is dependent on geometric
constraints and potential issues with self-shading between coated sheets.
Benchtop laboratory experiments have demonstrated packing densities
within the module up to 11.2 m? per m? footprint. In comparison, the
conservative, baseline, and optimistic scenarios assume carbon pull-
down rates of 7.5, 10, and 12.5 mmol CO, m 2 hr ! and would require
minimum packing densities of 28, 21, and 17 m? per m? aerial footprint,
respectively.
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Fig. 3. Data from benchtop painted substrate testing. 30 L volume and sur-
round lighting, with side light bias (PAR range of 55-380 pMol m~2 s 1).
Painted surface area to volume ratio of 48.33 m?> m~>. Data was collected by
isolating the 30 L volume and monitoring CO, ppm for 9 min.
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Optimizing the carbon pulldown rate of the coating (Rpullduwn) de-
pends on the spacing between sheets of coated substrate, to avoid light-
energy losses from self-shading. The minimum surface packing density
for complete solar energy utilization increases as the carbon pulldown
rate decreases, and high packing densities may be difficult to achieve
without overexposing some sheets while shading others. With the car-
bon pulldown rate and packing density defined, the actual CO5 pull-
down per m? of ground area is determined using Eq. (6).
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Achieving maximum packing density while allowing full utilization
of incident solar radiation represents a significant design hurdle that
must be further addressed through innovative engineering and pilot-
scale testing.

2.5. Modeled scenarios and critical assumptions

All results presented in this study are for a facility with a fixed size of
11,600 acres. Total net carbon removal, total capital, and total opera-
tional expenses are dependent on a number of critical assumptions. The
facility was modeled in the Gulf Coast region of the United States of
America where the mean horizontal irradiance is 6573 MJ m™2 yr~!
[35]. Modules housing the carbon capture coatings cover 75% of the
facility footprint, and a road network for coating harvest in addition to
centralized coating production and pyrolysis facilities occupy the
remaining space. Three scenarios (conservative, baseline, and opti-
mistic) were developed to capture the possible range in costs and carbon
removal efficiencies of the system. Only the carbon pulldown rate and
time to harvest were varied between the three scenarios as these vari-
ables represent the largest source of uncertainty in the analysis and
directly impact net carbon removal and system costs. The critical pa-
rameters and assumed values for each of the modeled scenarios are
presented in Table 1.

While the water-retaining characteristics of the coating were
assumed to eliminate the need for makeup water, water loss through
evaporation is still expected to occur. Annual water losses (expressed as
a percentage of the initial water retained in the coating) were defined for
each modeling scenario and are presented in Table 1. Water loss from
evaporation is only assumed to impact the solids content of the coating
at the time of harvest, and well water was assumed to be used for the
production of new coating formula following each harvesting event.

2.6. Capital expenses

Capital costs were quantified for all components of the system
including the purchasing and preparation of land, manufacturing of
coating constituents and housings, and equipment for deployment,
maintenance, harvesting, separation, and pyrolysis. Capital costs were
referenced from literature and adjusted to the suitable capacity using a
scaling parameter and exponent where appropriate. The chemical en-
gineering plant cost index (CEPCI) was used to bring all referenced costs
to 2019 dollars [36]. Capital cost assumptions are presented in Table 2.

The cost of the modular enclosures was quantified on a per m? basis
and includes the cost of rollers to allow for rapid deployment and har-
vesting of coated surfaces. Greenhouse structures range in cost from $87
per m? to $128 per m? and provide the most direct comparison to the
planned module housing [37]. The coating modules are assumed to be
cheaper than standard greenhouse enclosures, as the snap-together
components do not require a steel frame, utilize recycled PET mate-
rial, contain minimal equipment overall, and can be mass produced with
an assembly line.
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Table 2
Total capital cost of major equipment for an 11,600-acre facility (conservative
Scenario).

Major Capital Unit Cost Capacity Cost Cost Ref.
Expenses Year
Recycled PET  $50/m? - $2,341MM 2019 [37]
Modules footprint USD
Rotogravure $160 K/ 1257 m?/ $0.31MM 2019 [38]
Printing printer min USD
Machines
Forklifts $30 K/ - $0.926MM 2019 [39]
forklift usD
Flatbed Semis $100 K/ - $6.20MM 2019 [40]
semi UsD
Separation/ $160 K/ 1257 m%/ $0.31MM 2019 Estimate
Chelating printer min usD
Units
Pyrolysis $62MM/ 775 tonne/ $249MM 2019 [25]
Units unit day usD
Membrane® $10.4MM/ 13.4 MGD n/a’ 2019 [26]
unit uUsD
Centrifuge” $2.7MM/ 211 m®/hr n/a’ 2019 [26]
unit UsD
Drum Dryer $329 K/ 1000 kg $43.8MM 2019 [24]
unit water USD
evaporated/
hr

# Required only if % solids is less than 13%.
b Required only if % solids is less than 20%.

The full-scale facility is constructed incrementally. For example, with
a grow-out period of 5 years between harvests, 1/5th of the facility is
opened annually over 5 years. An initial investment of coating materials
and substrate for 1/5th of the total facility footprint is incurred each
year for the first 5 years of operation. The first harvest takes place in year
6, when all coated surfaces from year one are collected, separated, sent
through pyrolysis, and land applied. From this year forward the facility
operates in a continuous fashion, harvesting 20% of the total acreage
annually. For growth periods of 1 year, 2.5 years, and 5 years, the fa-
cility would harvest 32, 13, and 6.4 acres per day, respectively. Running
the facility in this manner reduces the burden on printing, processing,
and minimizes the required pyrolysis capacity. The cost for printing was
determined from an interview with an industry expert. The facility
would require 2, 1, and 1 high-speed printing machines with printing
capacities of 1300, 800, and 300 m? min~! for the conservative, base-
line, and optimistic scenarios, respectively.

Capital costs were quantified for equipment needed to harvest and
transport coated surfaces from housing modules to the processing fa-
cility, as well as the equipment needed for coating separation and py-
rolysis. For the 11,600-acre facility, two trucks and one forklift were
included for every 500 acres of facility footprint for hauling. The cost of
reclamation equipment was approximated as an additional rotogravure
printer fitted with the equipment necessary to strip the coating from the
substrate. The cost of a centrifuge and drum dyer were approximated
from Davis et al. [26]. The cost of pyrolysis equipment including phase
separation was adapted from previous work in the bio-energy sector
[25]. The cost of a 41,667 kg hr! capacity pyrolysis unit including the
combustor and downstream phase separation equipment was sourced
from Dutta et al. [25] and scaled based on total calculated processing
capacity using a scaling exponent of 0.8. Land was assumed to cost
$3000 per acre, representative of low-value, non-arable land in the Gulf
Coast of the United States [26]. Site development including land
grading, office construction, and project contingency were assessed as a
percentage of equipment and infrastructure costs based on the work of
Davis et al. [26] and are outlined in Table 3.
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Table 3
Additional direct and indirect capital costs for the system.

Other direct
capital costs

Pyrolysis, printing, and
harvesting facilities
CAPEX

Buildings 4%

Site development 9%

Additional piping 5%

Modular coating housings
and initial carbon capture
coating CAPEX

1.20%

Included above

Included above

Indirect capital

Pyrolysis, printing, and Modular coating housings

cost harvesting facilities and initial carbon capture
CAPEX coating CAPEX
Proratable 10% 4%
expenses
Field expenses 10% 5%
Home Office 20% 10%
Construction
Project 10% 10%
Contingency
Other Costs 10% 3%

2.7. Operational expenses

2.7.1. Variable operational expenses

Variable operational costs include electricity for printing machines,
water pumps, and pyrolysis conveyers, diesel for harvesting, nitrogen as
an inert gas for pyrolysis, well water, and the various coating constitu-
ents necessary to re-surface the polyethylene substrate. Variable oper-
ational costs for the 11,600-acre facility are summarized in Table 4.

Nitrogen for pyrolysis was assumed to come from an onsite air sep-
aration unit. The modeling of this unit was considered outside the scope
of the study and the cost of nitrogen listed in Table 4 represents the
levelized cost of onsite nitrogen production. Annual water consumption
for the system was calculated as 1320, 396, and 158 thousand m> per
year based on the assumed coating replacement rates of 1 year, 2.5
years, and 5 years, respectively. The wastewater treatment cost was
based on the total wastewater discharge with costs obtained from a 2002
survey of industrial and commercial wastewater treatment facilities,
updated to 2019 dollars with the cost of clean water index [24,43].

2.7.2. Fixed operational expenses

Fixed operational expenses consist of labor and labor burdens,
maintenance, and insurance. The rotogravure printing process in which
the carbon capture coating is deposited on the substrate would require 5

Table 4
Major variable operational costs defined for an 11,600-acre facility.

Parameter Units Value Ref.

Major Material Costs
Utility Costs:

Electricity (On-site Solar PV) $/kWh 0.09 [41]
Natural Gas $/1000 SCF 5.10 [26]
Diesel $/gallon 3.03 [42]
Wastewater Processing Fee $/1000 gallons 4.67 [24,43]
Coating Constituents:
Polyethylene Substrate $/m?> 0.18 [44]
Microalgae Biomass $/tonne AFDW 1500 [45]
Other Constituents (listed below): $/kg dry wt. 0.16 Assumption®
Alginate
Calcium Sulfate
Tetrasodium Pyrophosphate
BG-11
Chelating solution:
Sodium Citrate $/kg 0.50 [46]
EDTA $/kg 0.70 [471
Other Materials:
Nitrogen $/kg 0.16 [48]
Well Water $/m> 0.40 [26]
Biochar Selling Price $/tonne 100 [49]

*Cost of “Other Constituents” based on current lab expenses with significant
bulk discounts applied.
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operators operating on a continuous, 24-hour schedule. Maintenance
and management were assumed to be minimal from the moment the
coatings have been deployed until they are harvested. 240 field laborers
would be responsible for monitoring the coating modules and per-
forming general maintenance tasks such as washing dust and debris
from the coating housings, replacing damaged surfaces, and checking
additional routine maintenance items. Each worker would manage
roughly 48 acres of the facility.

Harvesting is assumed to be a labor-intensive process. The 240 field
laborers also serve as coating harvesters. For the conservative scenarios
with a 1-year grow out between harvests, roughly 32 acres would be
harvested daily. Teams of two laborers would be responsible for har-
vesting 107 modules daily by rolling up the surfaces into spools and
staging them for collection along the service roads. Several collection
teams equipped with forklifts and flatbed semi-trucks would drive along
the service road, collecting the rolls and transporting them to the
centralized processing facility. Once rolls of coated surfaces have arrived
at the centralized processing facility, the separation process requires an
additional 5 operators working rotating shifts to operate on a continuous
24-hour schedule. All required personnel for the 1 MtCO» per year fa-
cility are outlined in Table 5.

The facility capacity, as reflected in total operating days, accounts for
maintenance of engineered equipment at the centralized facilities. While
equipment is expected to need regular general maintenance, the coat-
ings operate continuously from deployment until harvesting. Insurance
and maintenance are assessed as 0.7% and 3% of total direct capital
(TDC) expenses, respectively [26].

2.8. Techno-economic analysis methodology

The techno-economic analysis was performed using a 30-year dis-
counted cash flow rate of return (DCFROR) model to determine the
minimum cost of carbon removal in $ per tCO; net sequestered. A 7 year
Modified Accelerated Cost Recovery System (MACRS) depreciation
schedule was applied to the total equipment capital investment for all
equipment including the pyrolysis system. The MACRS depreciation
scheme was chosen to be consistent with existing TEA studies for
numerous Nth scale bio-energy systems and to allow comparison of the
results to alternative DACCS technologies. Furthermore, the cash flow
model assumed a 10% internal rate of return (IRR), and an income tax
rate of 35% over the 30-year time horizon for the economic analysis. The
TEA assumed 40% equity, a loan term of 10 years, and an interest rate of
8%. The working capital was assumed to be 5% of the total system
capital expenditure. Revenue generated from the biochar product was
incorporated into the analysis to determine a minimum cost of carbon
capture such that a net present value of zero was achieved based on an
internal rate of return of 10%. Results are expressed with the metric USD
per tonne of atmospheric CO5 durably sequestered (i.e., 100 + years).

Table 5

Labor requirements for an 11,600-acre removal facility.
Parameter Base Salary Ref.
Labor Costs
Facility manager $73,613 [50]
Operations manager $73,613 [50]
Operations specialist $73,613 [50]
Coating machine operator $42,900 [50]
Harvest supervisor $73,613 [50]
Module/harvest laborer $33,500 [50]
Pyrolysis operator $42,900 [50]
Site engineer $73,613 [50]
Pyrolysis engineer $73,613 [50]
Maintenance specialist $73,613 [50]
Labor Burdens 90% of Base Salary [26]
Total Annual Labor Costs $16,475,288
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2.9. Life cycle assessment

2.9.1. Methodology

This LCA study is attributional and operates under the assumption
that the primary production of materials is allocated to the primary user
and recycled materials are provided burden free to subsequent pro-
cesses. LCI data were gathered, system boundaries were developed, and
burdens and credits have been allocated in accordance with ISO 14040
standards [51]. All scope 1 and 2 operational emissions are accounted
for. This project has a large upfront burden for manufacturing and
assembling infrastructure with minimal operational emissions. Emis-
sions associated with major infrastructure including the recycled PET
modules and initial coating and substrate constituents were included in
the system boundary, while emissions associated with the production of
machinery including forklifts, semi-trucks, printing machines, and py-
rolysis units were excluded from the system boundary and assumed to be
negligible compared to emission for the initial coating material con-
stituents, the coating substrate, and the modular coating housings due to
the mass of the materials.

2.9.2. Life cycle inventory data

Lifecycle inventory (LCI) data was acquired directly from the
Ecoinvent database (version 3.7) [52] whenever available. Materials
acquisition and manufacturing of the PET coating housings was
approximated using a surface area of 53 m? per module, a thickness of
10 mm, 405 modules per acre and assuming the use of extruded recycled
polyethylene terephthalate (PET) plastic. Substrate material was
modeled as polyester fiber made from recycled polyethylene granulate.
The production of microalgae biomass and alginate were assumed to
result in net-zero emissions based on the modeling work of Greene et al.
[12]. Emissions for BG-11 were approximated using ammonia and DAP
as a proxy, obtaining total required mass based on delivering equivalent
nitrogen and phosphorous content to the coating.

2.10. Sensitivity and scenario analysis

Various sensitivity and scenario studies were performed to check
model functionality and understand the influence of high-impact pa-
rameters on final results metrics. Model sensitivity was investigated by
adjusting critical model inputs by + 10% and recording the resulting
change in the cost of carbon capture and sequestration. The tested model
parameters were then ranked from most to least impactful to determine
which modeling inputs should be subject to further sensitivity and sce-
nario analysis. Several input variables were identified as being high
impact and/or simultaneously carrying large uncertainty and these
variables included the carbon pulldown rate, the time to harvest, and the
module packing density. All three of these variables were subject to
scenario analyses in which the selected variable was adjusted across a
large range of possible values while recording the resulting change in the
cost of carbon capture and sequestration.

3. Results

The results require integrated life cycle assessment with techno-
economic modeling to determine the minimum cost of carbon capture
and sequestration. A critical component of the work is accurate emis-
sions accounting as both the direct and indirect emissions from the
process must be considered. The results are divided into three sections
and start with the minimum cost of carbon sequestration results fol-
lowed by details on the life cycle assessment, and lastly results from
sensitivity and scenario analyses.

3.1. Minimum cost of carbon sequestration

The total capital expenditure and annual operational expenses of the
system were combined with the carbon removal efficiency to determine
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the total capture and sequestration cost per tonne CO, net-sequestered
based on a discounted cash flow rate of return analysis. After account-
ing for all sources of re-emission, the capture and sequestration cost
shown in Fig. 4 represents the cost to transform 1 tonne of atmospheric
CO,, into biochar using a coated substrate system with a total facility
footprint of 11,600 acres. Additionally, the results in Fig. 4 represent the
minimum product selling price (MPSP) or the value of sequestered CO2
that yields a 10% internal rate of return over the 30-year life of the plant.
The results in Fig. 4 suggest a total capture and sequestration cost of
$1585, $822, and $702 per tonne CO5 net sequestered for the conser-
vative, baseline, and optimistic scenarios, respectively. The largest cost
contributor for all scenarios is the recycled PET modules, which con-
tributes $763, $466, and $423 to the minimum product selling price for
the conservative, baseline, and optimistic scenarios, respectively. The
results in Fig. 4 suggest the system is capitally intensive, and the total
capital expenditure (shades of blue and green in Fig. 4) contribute 65%,
73%, and 75% to the minimum product selling price for the conserva-
tive, baseline, and optimistic scenarios, respectively. Maintenance costs
are a function of the total capital expenditure and also contribute a large
portion of the MPSP (13%, 15%, and 16% for the conservative, baseline,
and optimistic scenarios, respectively). The carbon capture and
sequestration cost for the optimistic scenario shown in Fig. 4 is on par
with existing DACCS technologies such as Climeworks low temperature
sorbent system (with natural gas as a heat source) with a reported
capture cost of $637 per tonne COy captured [5]. Furthermore, the
capture and sequestration cost shown in Fig. 4 include all related costs to
achieve durable sequestration in the form of biochar, while the costs
reported by McQueen et al. [5] exclude injection of the compressed CO2
stream into underground storage. The resulting capture and sequestra-
tion cost shown in Fig. 4 is heavily dependent on the carbon removal
efficiency of the system. The carbon removal efficiency represents the
total GHG emissions (in kg COs-equivalence) incurred from
manufacturing facility infrastructure and operating the facility long
enough to sequester 1 kg of atmospheric CO in the form of biochar.
Results for the carbon removal efficiency are presented in Fig. 5.

3.2. Carbon removal efficiency

The results in Fig. 5 suggest that for each kg of CO5 captured from
ambient air and converted to biochar, the system emits 0.73, 0.56 and

$2,000 -

$1,800 $1,585

W
-
D
o
o

|

’

)

L3
[y
B
o
o

I

;

w

=

N

o

=]
L

$822

$ per tonne CO, net-sequestered

$(200) -
Baseline

Conservative

Journal of CO2 Utilization 69 (2023) 102421

0.80 -
Other Operations

Coating Materials

| Nitrogen Gas
060 1 H Chelators

0.50 - Other Infrastructure
B Modules & Substrate

0.40 W Reemissions

0.30 A

System GHG Emissions
(kg CO,eq/kg CO, net-sequestered)

0.10

0.00 -

Conservative Baseline Optimistic
Fig. 5. Carbon removal efficiency utilizing the carbon capture coatings housed
in modular enclosures. Results are representative of an 11,600-acre facility

operating under conservative, baseline, and optimistic assumptions.

0.51 kg of COy-eq for the conservative, baseline, and optimistic sce-
narios, respectively. These system re-emissions result in capture effi-
ciencies of 27%, 44%, and 49% for the conservative, baseline, and
optimistic scenarios, respectively. Thus, the optimistic scenario with a
capture efficiency of around 50%, the facility must remove 2 tonnes of
COs, to achieve the net removal of 1 tonne of COs. The results in Fig. 5
suggest reemission during pyrolysis in the form of exhaust gas is a key
driver for the carbon removal efficiency, emitting 0.37, kg CO»-eq per kg
CO net sequestered in all scenarios. Further tailoring the pyrolysis
equipment to maximize biochar could result in improvements to the
overall carbon removal efficiency by reducing exhaust gas emissions and
could reduce capture and sequestration costs. Despite using recycled
PET plastic, the manufacturing of the coating modules provides the
second largest source of system emissions, emitting ~0.07 kg CO2-eq per
kg CO3 net sequestered across all three scenarios. Another large source
of system emissions is the production of chelators used in the harvesting
process, which results in an emission of 0.19, 0.06, and 0.02 kg CO2-eq
per kg CO, net sequestered for the conservative, baseline, and optimistic
scenarios, respectively. Recycling chelating agents could reduce this
impact but would add to system complexity. Another variable greatly
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Fig. 4. Cost of CO, capture and sequestration ($tCO, net sequestered) utilizing the carbon capture coatings housed in modular enclosures. Results are representative
of an 11,600-acre facility operating under conservative, baseline, and optimistic assumptions.
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impacting the overall system capture efficiency is the time to harvest.
For shorter harvesting periods, there are more harvesting events within
the same time frame resulting in a larger quantity of required coating
material replacements and chelating agents, resulting in larger system
emissions. For example, the 1-year harvesting period assumed in the
conservative scenario results in system emissions of 0.05 kg CO»-eq per
kg CO4 net sequestered for the required coating replacement materials,
whereas the 5-year harvesting period in the optimistic scenario results in
system emissions of 0.005kg COs-eq per kg CO, net sequestered
embodied for the required coating replacement materials (a 90%
reduction).

3.3. Sensitivity and scenario analyses

Several sensitivity and scenario analyses were performed to ensure
model functionality and explore high impact variables. Modeling inputs
were varied by + 10% relative to the baseline assumptions while
recording the resulting change in the total cost of carbon capture and
sequestration. The results of the sensitivity analysis are shown in Fig. 6.

The results from the sensitivity analysis indicate that the model is
most sensitive to the carbon pulldown rate and the harvest interval.
These two parameters dictate the consumption of coating materials. The
model is also sensitive to photon transmission efficiency, the portion of
radiation that is PAR, the annual full-spectrum solar energy, photon
utilization efficiency, the photon quantum requirement, and photon
energy. Each of these variables dictate the theoretical maximum carbon
uptake by the coated surfaces. The model is also impacted by the
enclosure manufacturing cost, as it contributes 45-60% of the total
capture and sequestration cost shown in Fig. 4. Lastly, the model is
impacted by coating water content and chelator requirement because
they dictate the consumption of chelating chemicals.

Several of the sensitive input variables carry a large amount of un-
certainty, and scenario analyses were performed to understand the
impact of adjusting these highly uncertain parameters. While lab ex-
periments have demonstrated carbon pulldown rates that align with the
assumptions of this study, one of the goals of modeling was to determine
the point at which further increases to the pulldown rate result in
diminishing returns. The carbon pulldown rate was varied from 1 to
20 mmol m~2 hr! while recording the carbon capture and sequestra-
tion cost of the system. Results in Fig. 7 show the impact of the pulldown
rate for the conservative scenario.

Results from this scenario analysis show that the system will see
diminishing returns when exceeding a carbon pulldown rate of about
10 mmol m 2 hr™!. Below 5 mmol m~2 hr™! the system sees an expo-
nential increase in system costs and below 4 mmol m~2 hr™?! the system
emits more CO; than is captured resulting in a capture and sequestration
cost approaching infinity. The results from this scenario analysis indi-
cate that 10 mmol m~2 hr™! is a reasonable target within the range of
experimentally demonstrated pulldown rates, above which the system
will see diminishing returns. However, one benefit of achieving higher
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Fig. 6. Results from the sensitivity analysis in which modeling inputs were
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Fig. 7. Conservative scenario carbon pulldown rate vs. the cost of carbon
capture and sequestration in $ per tonne CO, net-sequestered.

pulldown rates is the ability to spread sheets out within the module and
maximize light utilization, which could eliminate potential problems
with over-packing, self-shading, contamination, and air flow within the
modules. These potential impacts are not quantified in the model, as the
minimum packing density for maximum light utilization was calculated
and assumed for each of the three modeled scenarios. In addition to the
carbon pulldown rate, duration to harvest was subject to scenario
analysis (Fig. 8) because, while open raceway ponds can sustain cultures
for months to years without complete culture failure, the containment of
genetically modified algal cultures on coated surfaces has yet to be
demonstrated at scale for the lifetimes assumed in this modeling work.
Lab-scale experiments have successfully sustained coated sheets for
months without the addition of water, nutrients, or fungicides.

The results in Fig. 8 illustrate the impact of the harvesting interval, or
the time between coated surface deployment and harvest, on the overall
cost of capture and sequestration in $ per tonne CO, net-sequestered.
The results suggest that there are costs and emissions incurred regard-
less of the assumed harvesting interval, which help to dictate the hori-
zontal asymptotes in Fig. 8. For example, the PET modules must be built
for the entire facility regardless of the harvesting interval. As such, as the
harvesting interval is decreased, the system incurs additional costs and
emissions, such as coating replacement and chelating agents that further
increase the capture and sequestration costs, while the harvesting in-
terval is decreased. The capture cost reaches vertical asymptotes
approaching infinity as the harvesting interval is reduced below 3.7
months. With a harvesting interval shorter than 3.7 months, the required
system materials and embodied emissions result in net CO5 emissions
and the cost of capture and sequestration approaches infinity. The re-
sults suggest that a minimum harvesting interval of 6-10 months is
imperative to reach economic feasibility of capture and sequestration
costs below $2000 per tonne CO; net-sequestered. Beyond a 24-month
harvesting interval, however, the system sees diminishing returns. The
last variable subject to scenario analysis was the packing density of
coated surfaces within the modules. Geometric constraints within the
module and the possibility of self-shading or light-attenuation from the
PET material present a large source of uncertainty for the overall per-
formance of the system. As shown in Fig. 9, packing density was adjusted
from 0 to 30 m? per m? footprint to determine the impact on the cost of
capture and sequestration.

For each curve in Fig. 9, the furthest point to the rights illustrates the
lowest possible capture and sequestration cost for the given scenario and
represents the lowest possible packing density to utilize all of the
available solar radiation for carbon fixation via photosynthesis. Any
further to the right (higher packing density) would result in an excess of
coated materials within the module and with insufficient light avail-
ability (i.e., light-limited operation). Following the curve to the left re-
sults in an increase in system costs, because there is insufficient surface
area to utilize all of the available solar energy, resulting in lower carbon
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Fig. 8. Harvest interval (months) vs. the cost of carbon capture and sequestration in $/tonne CO, net-sequestered (black lines) and the overall capture efficiency
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Fig. 9. Module packing density (m? coated surface per m? areal footprint) vs. the cost of carbon capture and sequestration in $ per tonne CO, net-sequestered.

capture per ground area (i.e., coating-limited operation). No matter the
scenario, capture costs approach infinity as the packing density ap-
proaches 0 and a minimum packing density of 2.2 m? surface per m?
footprint is required to achieve net carbon removal. If the packing
density decreases below 2.2 m? surface per m? footprint, then the system
emits more CO, than captured. Packing densities above 7-20 m? surface
per m? footprint are required for system costs to remain below $2000 per
tonne CO? net-sequestered and diminishing returns are seen around 7,
12, and 20 m? surface per m? footprint for the optimistic, baseline, and
conservative scenarios, respectively. Achieving the optimal packing
density without encountering geometric constraints or causing self-
shading of surfaces within the modules and successfully demonstrating
the optimal packing density will be a large milestone in the development
of this proposed concept.

Harmonizing results for low-temperature sorbent systems from
McQueen et al. and Terlouw et al. as described in the introduction, a
potential range of $206 to $2222 per tCO; net-sequestered is determined
for solid sorbent DAC technologies depending on carbon removal effi-
ciency [5,10]. As illustrated in the scenario analyses, the coating lifetime
must exceed 1.5 months with a packing density of 17 m? surface per m?
footprint to results in net carbon removal and must exceed 3-4 months
to achieve economic parity with these existing carbon capture systems.
While these existing carbon capture systems can achieve greater than
90% carbon removal efficiency, the need for low-carbon heat and
electricity limits the scalability of low-temperature sorbent technologies
by necessitating co-location with waste heat or the new construction of
on-site solar energy [9,10]. Carbon removal efficiency of these systems
can be as low as 9% without co-location and with a non-renewable grid
mix [10]. The process outlined in this report can achieve carbon removal
efficiency of 51-73% without the necessity for co-location. Regardless of
technology, utilizing solar energy through photovoltaics or algae has
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large land requirements. All direct air capture technologies require
improvement and cost reduction to achieve the $17-$50 value in cur-
rent (January 2021) emissions trading system markets or the $2.6-$140
price of current carbon taxes [53].

4. Conclusions

The analysis presented here provides a preliminary techno-economic
analysis and life cycle assessment of a novel algae-based carbon capture
coating. The results obtained from the analysis are representative of a
large-scale facility capable of sequestering 1 million tonnes of atmo-
spheric CO, per year in the form of biochar. Results from the analysis
shows the system emits 0.27-0.49 kg CO,-eq per kg CO, sequestered
(73-51% carbon removal efficiency) and achieves a capture and
sequestration cost of $702-$1585 per tonne CO, net sequestered. The
capture costs estimated with this study are on par with existing DACCS
technologies, including Climeworks’ low-temperature sorbent system.
Furthermore, the proposed technology offers rapid scale-up potential
with the ability to utilize non-arable land and solar radiation for energy,
factory line assembly of facility infrastructure, re-use of coating con-
stituents and housings and long periods of minimal maintenance. Sys-
tem economics are expected to improve significantly through
engineered solutions that reduce total capital expenditure, tailor the
pyrolysis process to maximize biochar formation and maximize material
recycling efficiencies within the system.
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