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Abstract

Weather variability and CO, supply costs remain key barriers to the commercial viability of algal
biofuel production. Recent experimental work has demonstrated that the algae Chlorella sp. strain
SLA-04 achieves high productivity in extreme alkaline growth media (pH > 10), where the solution
chemistry enables direct capture of atmospheric CO,, eliminating the need for costly CO, sparging.
The extreme alkaline medium also provides resistance to microbial contamination and culture
crashes. Despite these promising experimental results, the commercial-scale economic and
environmental implications of this cultivation approach have not yet been assessed. Here we
present the first integrated Techno Economic Analysis (TEA)/Life Cycle Analysis (LCA) of high pH-
high alkalinity production, driven by 500 stochastic simulations of 20-year weather and market
conditions. We compare four SLA-04 cultivation scenarios against a baseline strain cultivation
scenario with Nannochloropsis oceanica and sparged CO,. These scenarios also include the first
incorporation of Trona, a naturally occurring carbonate mineral and the primary domestic source of
bicarbonate in the United States, into our TEA/LCA framework as a low-cost alternative to
commercial NaHCO; for establishing the high-alkalinity growth medium. Our results indicate that
the SLA-04-Trona scenario reduces operating expenses by 60% per gallon relative to the baseline,
and SLA-04 exhibits lower production variability across all seasons. The high pH-high alkalinity
cultivation method also reduces the carbon intensity of algal biofuel by approximately 40%,
achieving values below corn-based ethanol. These findings provide the first quantitative evidence
that high pH-high alkalinity cultivation can substantially improve both the economics and
environmental footprint of commercial-scale algal biofuel production.

1 Introduction

Though the electrification of the transportation sector is well underway, liquid fuel will
continue to be necessary for air travel, marine transport and other hard to electrify sectors well
into the future (1). Crude oil provides the vast majority of liquid fuel today (2) yet presents many
direct environmental hazards (notably acute and chronic aquatic toxicity, carcinogenicity) (3,4)
and serious indirect hazards via emissions of pollutants, including greenhouse gases. Algae-based
hydrocarbons are a potential petroleum alternative that can be refined into biofuels and a variety
of other products, including some not available from petroleum refineries (e.g., organic
meal/livestock feed, bio-carbon) (5). While the costs of cultivating, extracting, and processing
algae into a usable fuel are declining, there has been limited progress at the commercial scale

over the last decades to make it a commercially competitive alternative to fossil fuels.

Outdoor open raceway ponds (ORPs) are currently considered the least cost-intensive and
most scalable method of large scale algae cultivation, with capital cost estimates averaging

$75,000 per acre (6,7). In terms of total investment, only the cultivation facility with 5000-wetted



acres of pond area (a commonly analyzed unit) could cost $200,000,000 before investing in
refinery infrastructure or accounting for operational expenses. These costs must be balanced by
a steady revenue stream based mostly on algae production. Typical algal strains receiving
attention from the research community have average growth rates of 7 to 16 g m2 day™* when
cultivated in ORPs (8), with the productivity range varying significantly, often as a result of weather
variability, especially variations in temperature and solar irradiance (8,9). Consequently, algal
productivity in ORPs is subject to considerable seasonal and interannual variability. In addition, a
range of microorganisms have been observed to cause algal culture crashes (8,10—13). Deviations
from expected weather conditions (e.g., cold snaps, cloudy periods) and microbial contamination
events therefore pose risks to the financial stability of an algae producer or integrated biorefinery
(which spans from cultivation to conversion). However such considerations were not included in
previous analyses, most of which have largely focused on average productivity (7,14—17). Given
that revenue and cost instability pose significant risks to any investment, particularly those that
are financed and therefore have firm debt service obligations, highly variable algae productivity
can undermine investor confidence in the potential of an algae producer, making it more difficult
and/or costly to raise the capital required.

Previous studies have focused on reducing capital and operational expenses, as well as
improving process efficiencies to address these concerns, with carbon delivery receiving
considerable attention over the past 10 years (18). Cultivation systems without CO> sparging are
rarely considered, as natural diffusion of atmospheric carbon into the water column (even with
enhanced mixing) can quickly become a limiting factor for algae growth (19). Often, carbon is
delivered to the ponds as CO; via sparged flue gas from thermal power generation, a common
carbon source due to its relatively high CO, concentration and the benefits of fixing carbon from
fossil fuel combustion (19,20). Other literature describes research related to optimizing carbon
delivery, its impact on algae growth, and potential alternative CO; sources, such as off-gas from
an oil well, or commercial-grade CO,. The costs of CO; collection, transportation, and delivery to
ORPs comprise 10-20% of the overall capital and operating expenses of algae production
(7,16,17). Furthermore, situations that involve reliance on flue gas as a CO; source restrict siting
options and tethers algae cultivation to fossil fuel consumption. Recent research suggests that
there may be a viable alternative method for providing inorganic carbon to the algae cultivation
process. The use of high pH-high alkalinity growth media in ORPs can provide a high concentration
of inorganic carbon while increasing the rate of mass transfer of CO,, which supports elevated
levels of algae productivity (21). In particular, Chlorella sp. strain SLA-04, is highly productive in
high pH-high alkalinity conditions, often exhibiting higher growth rates than those achieved by
other algal strains of common commercial interest (21). A cultivator utilizing high pH-high

alkalinity cultivation (via bicarbonate chemistry) could decrease production costs by avoiding the



requisite COz-sparging, remove related siting constraints, and in doing so generate reductions in
the carbon intensity of algal biofuels or other algae-based products.

Such algae production may be attractive from a commercial standpoint, however, to our
knowledge, no techno-economic analysis/life-cycle analysis (TEA/LCA) has been published
assessing the potential of high pH/high alkalinity algal cultivation processes using SLA-04. This
research aims to characterize the potential of a commercial-scale integrated biorefinery that uses
high pH-high alkalinity ORPs to make algal biofuel production more cost competitive by building
on an existing TEA/LCA modeling platform (9,22). The model is expanded to include multiple
inorganic carbon source options and various forms of carbon delivery, including sparging of
industrial flue gas (the base case) and direct air capture driven by a high pH/high alkalinity growth
medium created using either commercial NaHCOs, or Trona, the mineral resource that is the
primary supply of bicarbonate in the United States (23). Pond temperature and SLA-04
productivity are modelled using stochastically generated weather conditions (temperature,
irradiance, relative humidity, and wind speed) to characterize the risk that extreme weather, or
prolonged periods of adverse weather, may reduce algae production. Price data for the primary
product of this analysis, biodiesel, are also stochastically generated to incorporate consideration
of market price variability. Consideration of stochastic algae production and financial conditions,
often neglected in TEA models, provides for a more robust analysis of the economic potential of
a product dependent on environmental conditions. Further analysis is done to evaluate the
financial implications of the California Low Carbon Fuel Standard (24), which provides credits for
low carbon fuel production. Results from these analyses provide useful insights for researchers
interested in the potential for new process configurations to improve the commercial potential of
algal biofuels/bio-products, as well as private-sector actors considering alternative products and

production processes.

2 Methods

The overall model framework for an algal biofuel production facility is shown in Figure 1. The
figure depicts the scenarios considered in the manuscript and the overall TEA/LCA process. The
system production, costs and revenues are simulated using five hundred 20-year timeseries of
synthetically generated market price and hourly weather conditions at Vero Beach (Florida), one
of the sites of the Algae Testbed Public-Private Partnership (8). The weather data are produced
stochastically as in Kleiman et al. (22) and are used as inputs to the pond temperature model and
fitted growth model, which produce 40,000 three month periods (quarters) of simulated pond
productivity.
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Figure 1: Graphical depiction of model framework of the Techno-Economic Analysis / Life
Cycle Analysis Model including the multiple scenarios considered in this study.

The TEA/LCA modeling framework analyzes system performance over a range of possible
plant configurations, economic regimes, and produces estimates of the productivity, minimum

biomass and fuel selling price (MBSP & MFSP), and other key metrics of interest within a



reasonable range (14,25). The TEA/LCA model used in this study (Figure 1) is built upon existing
models developed by Kleiman et al. (22) who assessed the influence of weather variability on the
financial viability of an algae biorefinery. The TEA includes multiple available dewatering and
conversion options for the production of algal biofuel which have been applied under both
average weather conditions and stochastic weather conditions that vary at an hourly time step.
Please see Kleiman et al. (22) for additional details on the methods.

After cultivation, the algae slurry is dewatered via a settling tank, centrifugation, and
membrane separation, then converted to biofuel via hydrothermal liquefaction. At a productivity
of 15 gm2day?, annual production would be approximately 8.16 million gallons of fuel for a gross
production of 163.2 million gallons over the proposed 20-year plant lifetime. Financing
assumptions were 4% interest rate, 10% return on investment, 10% discount rate, and a 21% tax
rate. Biofuel prices are stochastically generated for each quarter via an Ornstein—Uhlenbeck
model, similar to that used in previous research (22). Revenue estimates are aggregated to a
quarterly time step.

The primary changes made to the TEA/LCA modeling framework pertain to the changing
production configurations for cultivation of SLA-04 (21). The biggest production change is the high
pH-high alkalinity solution with costs estimated for both Trona and commercial bicarbonate.
Strain specific characteristics pertaining to algae growth and temperature dependence are
included to accurately model productivity under different weather conditions. The changes made
to the TEA/LCA model are described in further detail below.

2.1.1 High pH-High Alkalinity Cultivation

The new cultivation option built into the TEA/LCA model for an integrated biorefinery allows for
the cultivation in a high pH high alkalinity medium using commercial NaHCO3/Na,COs or Trona as
the inorganic carbon source. As the unrefined mineral precursor for NaHCOs, Trona presents
potential economic and environmental benefits as it possesses the lowest greenhouse gas
footprint and embodied energy of the considered carbon sources. However, it has only been used
in algae cultivation in limited settings (26). As Trona is not available on a commercial scale, the
cost of Soda Ash was used as a substitute. Thus, Trona price was estimated as the 5-year average
price (1505/Short ton) (23).

To compare changes in the life-cycle costs by substituting carbon sources, values for the
greenhouse gas footprint and the embodied energy content of each source are required. The
values for bicarbonate and industrial CO, captured from unconcentrated flue gas are existing
model parameters (22). Trona, however, had no published values for its embodied energy costs

or associated greenhouse gas footprint. Its values are estimated using publicly available data from



US soda ash producer and Trona extractor, Ciner Resources in Green River, Wyoming. This
producer was analyzed as they had the clearest data reported to the EPA, mandated public
reporting to Securities and Exchange Commission (SEC), and the most straightforward operations
among the soda ash producers in the United States, as they produce no other products and run
all their operations on natural gas. Greenhouse gas emission data reported to the EPA (27) and
the company’s annual report filed with the SEC (28) are used to compute carbon intensity and
embodied energy based on the total Trona ore production, emissions, and energy consumption
reported in 2020 (Table 1).

Table 1: TEA/LCA Model parameters for different carbon sources

Carbon Source Cost Per unit Carbon intensity Embodied Energy
(5/kg) (9/kg) (kwh/kg)
CO2 (Base case) 0.042 (29) 0.818 (30) 2.3
Trona 0.167 97.18 0.00053
NaHCO3/Na2COs3 0.55 (31) 66.35 0.3

2.1.2 Estimating Carbon Demand

Carbon demand is estimated separately for the two cultivation scenarios, one for sparged flue gas
(CO,) in a neutral pH environment and one for a high pH-high alkalinity solution. In the case of
sparged flue gas, carbon required is estimated via a mass balance based on the algae grown,
consistent with previous publications of this model and other analysis (7,16,17,22,32). Algae is
assumed to be 55% carbon by weight, and system losses are assumed to be 15% of the carbon
sparged into the pond (7,19). Thus, per gram of algae produced, 2.37 g of CO; from flue gas is
required.

In the second case, solution demands are estimated stoichiometrically for either the quantity
of NaHCO3/Na,COs or Trona necessary to create the solution, based on a desired pH and alkalinity.
In this analysis, the media was set to an initial alkalinity of 119 mEq, and a pH of 10.1. These values
were selected as they resulted in the highest growth rates in experiments reported in Vadlamani
et al. (2019) (21). A considerable quantity of NaHCOs; for the 5000 wetted acre pond area
cultivation facility is required to create the initial solution, approximately 43 thousand metric tons,
and this cost is considered a capital expense. Refer to supplementary materials for more

information.



2.1.3 Biophysical Growth Model Fitting and Validation

Experimental Growth Data

To model growth of SLA-04 growth in high pH-high alkalinity conditions, model parameters
are fitted to experimental growth data from SLA-04 growth experiments conducted at the
University of Toledo in 2021. The fitting data are from two identical above-ground ponds (which
had a surface area of 0.18 m?, an operating volume of 20 L, and operating depth of 20 cm), which
were operated from June 25 to September 9 in a greenhouse at the University of Toledo. During
this period there was considerable temperature variability recorded within the ponds (11.3 to
39.7 °C) and highly variable cloud cover (0-97%, average 29%). The two ponds were fitted with
temperature probes that recorded temperatures every 5 minutes. The data from each probe is
averaged together and averaged hourly for use as the input for pond temperature in the
biophysical growth model. This prevents error propagation from modelling pond temperature, as
the model is not designed to predict the temperature of above-ground ponds. Irradiance data for
the site was collected from Solcast at a half-hour timestep and summarily aggregated to the
hourly timestep. Irradiance is uniformly reduced by 10%, to incorporate the opacity of the
greenhouse. Harvesting was conducted by volume (80% of the total) once per week with the
remaining algae used to reseed the ponds. In practice this led to some variability in the
experimental data as post-harvest concentration would be +/- 15% of what was expected based
on the harvesting procedure. Depending on the harvest day, pre- and post-harvest concentration
would be reported, or just post-harvest concentration. Following a harvest, solution alkalinity was

returned to its original concentration by adding bicarbonate as necessary.

Growth Model Fitting and Validation

The growth model is configured to match the pond dimensions and operating conditions

described above. Initial model parameters for algal growth are those listed in Table S1 in the
Supplementary Material for Chlorella sp., which is of the same genus as SLA-04. Existing
experimental evidence suggested that these two strains prefer similar temperature conditions
(21), and there is no evidence to suggest that the optical density regression or dark loss respiration
would be distinct for SLA-04. As such, saturation light intensity, the light intensity at which the
algae begin to experience photo-inhibited growth, was increased to optimize model fit, which is
achieved at 360 W/m?2. This is within the range (230 — 480 W/m?) reported for a variety of different
algae and is justified by the high productivity observed in the experimental dataset, which exceeds
what is often achieved in cultivation of Chlorella sp. (8,33—35). Refer to Supplementary Materials

for additional information on the biophysical growth model.



Figure 2 displays the fit between the experimental concentration at harvest versus the
modelled concentration at harvest using the parameterized biophysical growth model. The
biophysical growth model generates concentrations that are highly correlated (R? = 0.78) with
observed data. Moreover, this represents an improvement between observed and modeled
concentrations (R? = 0.55) in the growth model used in previous iterations of this TEA/LCA

framework (9).
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Figure 2: Experimental and modelled concentration data using the updated biophysical growth
model for pond concentration (g/l) at harvest for SLA-04.

2.2 Low Carbon Fuel Standard

High pH-high alkalinity biofuel production without any CO, sparging involves direct air capture
(DAC) of atmospheric CO;. Thus, it is a technology to mitigate anthropogenic climate change and
may be eligible for related market incentives, such as the California Low Carbon Fuel Standard
(LCFS). The LCFS is a market-based regulatory program designed to reduce the carbon intensity of
transportation fuels sold in California. The market operates by setting a cap that decreases on an

annual basis for the carbon intensity (g CO2eq/MJ) of a fuel type (e.g., diesel) and issues credits to

9



producers relative to the baseline carbon intensity per metric ton of CO2eq avoided. If the fuel
produced is below the carbon intensity standard, then that producer earns credits, which can be
banked by producers for future use or sold to producers with a carbon intensity above the
standard. The TEA/LCA modeling framework incorporates consideration of this potential revenue
stream to compute the improvement in the modeled facility’s financial results. Since the program
overhaul in 2016, credit price has ranged from $110-$220/MT COzeq. $252.53/MT CO2¢q is the
credit price cap set by the California Air Resources Board (CA ARB) (24). This analysis estimates
the potential revenue to be earned by selling all the credits generated quarterly by the biorefinery
at the average price (since 2016) which is $150/MT COzeq. This is also the price at which credits
begin to be released from the CA ARB market reserve pool. On a per gallon basis this translates

to a $1.02 credit and therefore is among the largest of regulatory schemes in the United States.

Results

All results are computed on the basis of a functional unit of a 5000 wetted acre pond
facility over a 20-year project horizon. We first compare the biomass productivity and variability
between N. oceanica and SLA-04, then examine the differences in operating expenses, carbon
intensity, and net revenue across the different scenarios. Finally, we evaluate the additional
financial impact of incorporating LCFS credits under the SLA-Trona-LCFS scenario.

Reduction in Variability, Costs and Emissions

The biomass productivity per square meter of pond surface varies by quarter (g m2day™!) across
Q1 (Jan-Feb-Mar), Q2 (Apr-May-Jun), Q3 (July-Aug-Sep) and Q4 (Oct-Nov-Dec) for both N.
oceanica and SLA-04 (Figure 3). Across all quarters, model results indicate that SLA-04 will
produce nearly double the quantity of biomass relative to N. oceanica, the strain studied in (22),
though the modelled average daily productivity of 12.1 g m2 day! was lower than the
experimental average of 18 g m2day? for SLA-04 (21). Productivity trends are similar for both
strains with the highest productivity in Q2 (late spring/early summer), followed by Q1 and then
Q3, with the lowest productivity observed in Q4, which roughly corresponds to the temperature
variations, with higher temperatures supporting greater biomass growth. The Coefficient of
Variation (CoV, defined as the ratio of the standard deviation and the mean (o/ut)) was calculated
for each strain for each quarter to examine and compare the variability in productivity. A seasonal
pattern inverse to productivity emerges for the CoV, which is greatest in Q3 and Q4, and smallest
in Q2 and Q1. Additionally, the CoV for SLA-04 is lower than the corresponding seasonal value for

N. oceanica for all quarters. Using this modelling approach, the minimum biomass selling price
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(MBSP, computed as the biomass price required for the project to break even after accounting for
all capital, operating, and financing costs) for the SLA-Trona scenario is $705 per ton. This MBSP
is $59 greater than the estimate in the 2023 State of Technology (SoT) report (36), however the
annual average productivity of 12.1 g m2 day is lower than the standard of 16.7 g m2 day* used
there in. If productivity is assumed to increase to an average of 25 g m2 day?, a target set for
goals for future "Nth-plant" scenarios in the 2019 SoT (20), the MBSP for the SLA-Trona scenario
decreases to $342 per ton. At the average experimental productivity of SLA-04 of 18 g m day™*
(21), the MBSP is predicted to be $472 per ton.
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Figure 3: Quarterly productivity of biomass per square meter of pond surface area for SLA-04 and
N. oceanica.

Multiple cultivation scenarios were considered using the TEA/LCA modeling framework. The
baseline scenario considered in this modeling framework is the cultivation of N. oceanica in a
neutral pH system (henceforth referred to as the “Nanno” or “baseline” scenario). The second
scenario developed is cultivation of the SLA-04 strain using sparged CO> (henceforth referred to
as the “SLA-CO2” scenario). The third scenario incorporated is cultivation using SLA-04, but with
consideration and incorporation of direct air capture, with sodium bicarbonate serving as the

inorganic carbon source (henceforth referred to as the “SLA-NaHCO3” scenario). The fourth
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scenario considered is the same as above, but Trona is the inorganic carbon source (henceforth
referred to as the “SLA-Trona” scenario). The last scenario considered is one in which the SLA-
Trona scenario is used plus the CA LCFS, which incorporates an accounting of the economic
benefits ascribed to the direct air capture approach (henceforth referred to as the “SLA-Trona-
LCFS” scenario).

Figure 4 represents the changes in the net present value (NPV) of lifetime capital and
operating expenses of the integrated biorefinery normalized by lifetime biofuel production (59
million gallons under Nanno and 132 million gallons under SLA-04), thus accounting for the
difference in production levels between N. oceanica and SLA-04 across multiple scenarios. Using
a bicarbonate- or Trona-based solution to drive atmospheric mass transfer of carbon to support
algae growth is a lower-cost method of delivering CO, compared to the baseline Nanno scenario
(Figure 4). When considering total expenses (capital and operating costs), the SLA-Trona scenario
achieves a cost of $3.1/gallon compared to $6.9/gallon for the Nanno baseline, representing a
55% reduction in total per-gallon expenses over the project lifetime. Utilizing Trona in the
cultivation medium also leads to total operating expense savings of 0.39 $/gallon or a 60% cost
reduction across the lifetime of the integrated biorefinery compared to the baseline Nanno
scenario. This represents a conservative estimate of the difference between CO; sparging in the
base case and DAC in the SLA-scenarios since the model assumes a comparatively lower estimate
of CO; system losses. However, the total capital cost is increased, by approximately $20 million to
purchase bicarbonate or Trona to establish the cultivation medium. This is offset somewhat by
the decrease in pond installation cost as previous CO; delivery and sparging-related components
are no longer necessary (pumps, pump heads and related pond infrastructure). This leads to
additional cost savings in reduced electrical demand for pond mixing. Furthermore, the pond cost
for the SLA-Trona and SLA-NaHCO3 scenarios is an overestimate, as the decrease in concrete
required (related to the components above) is not accounted for. The cost of Trona is also likely
overestimated, as Trona is not sold at commercial scale, and the price of soda ash used in this

study reflects an added value of additional refining not required for Trona.
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Figure 4: Net Present Value (NPV) of total capital and operating expenses over the project
lifetime for each model configuration, normalized by total biofuel production. The solid and
hashed bars denote the NPV of total capital and cumulative operating expenses (OPEX)
respectively.

The estimated carbon intensity (CO2eq per mega Joule (MJ)) for the different cultivation
scenarios represents the amount of carbon dioxide emissions (global warming potential)
produced per unit of energy generated. Overall, all cultivation methods have a lower global
warming potential than using fossil-based diesel fuel (Figure 5), which emits 94.7 g CO2eq / MJ
(California Air Resource Board, 2021). Algae cultivation scenarios utilizing bicarbonate or Trona
also exhibit a reduced global warming potential by ~40% relative to the Nanno scenario
cultivation utilizing CO,, a valuable improvement as it relates to eligibility for policy incentives.
Under the LCFS, this improvement can be directly translated into revenue. At a price of $150/MT
CO,¢q, decreasing the global warming potential by 27g CO2.q/MJ, the difference between Nanno
and SLA-Trona scenarios, is worth an additional $0.004/MJ (S 0.48/GGE) of fuel produced. In this
analysis, only the SLA-Trona scenario is modelled with the additional LCFS revenues as the SLA-
Trona scenario achieves the highest quarterly revenues, as seen in Figure 6. This scenario is
denoted as SLA-Trona-LCFS. Averaging across runs, the LCFS generates $1.375 million in revenue

per quarter when biofuel is produced via the SLA-Trona scenario.
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Figure 5: Carbon Intensity in grams CO,eq/MJ for diesel, Nanno, SLA-CO2, SLA-NaHCO3 and
SLA-Trona scenarios.

Net Revenue Improvements Across Scenarios

Quarterly net revenues from the modelled quarterly productivity for the five different
scenarios vary significantly across the 500 simulations of growth and price data (Figure 6). While
the mean net revenues in all scenarios are still somewhat negative, the TEA/LCA model shows
that the revenues from all four of the SLA-04 cultivation scenarios in a high pH-high alkalinity
environment exceed the net revenues in the baseline cultivation scenario. Of the SLA-04
scenarios, the SLA-CO2 configuration outperforms the baseline (Nanno) scenario significantly
but still loses $5.5 million per quarter on average. Both high pH-high alkalinity configurations

using NaHCOs or Trona achieve greater improvements; the SLA-Trona configuration achieves an
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average quarterly net revenue of $-3.6 million and the SLA-NaHCO3 configuration returns $-4.15
million.

The best-case financial scenario is the SLA-Trona-LCFS, which exhibits positive net
revenues in more than a third of total realizations. When the LCFS credits are included, there is a
significant improvement in quarterly net revenue, returning on average $-2.19 million per
quarter when applied to the Trona configuration. The greatest revenue shortfalls occur in Q3
and Q4 as these periods experience the lowest productivity, consistent with results in Kleiman
etal. (2021).
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Figure 6: Quarterly net revenues for an integrated refinery cultivating algae using multiple
scenarios. The dotted horizontal lines denote the mean quarterly net revenues for each scenario.

Discussion

Financial Competitiveness of the High pH-High Alkalinity Scenario

The SLA-Trona scenario achieves a 60% reduction in operating expenses per gallon of biofuel
(50.39/gallon savings) relative to the baseline Nanno scenario. This is driven primarily by
eliminating CO, sparging costs that typically comprise 10-20% of total production expenses
(7,16,17). Additional savings are realized through reduced electrical demand for pond mixing
(15% reduction) and the elimination of CO, delivery infrastructure. These savings are partially
offset by the ~$20 million capital expense of establishing the alkaline cultivation medium,
though this cost is likely overestimated in this study, as the soda ash price used as a Trona-proxy

reflects refining costs not applicable to raw Trona.
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The minimum biomass selling price (MBSP) for the SLA-Trona scenario is $705 per ton at the
modeled average productivity of 12.1 g m~2 day™", which is only $59 per ton above the 2023
State of Technology benchmark despite a lower productivity assumption (12.1 vs. 16.7 g m™2
day™) (36). At the average experimental productivity of SLA-04 (18 g m~2 day™' (21)), the MBSP
decreases to $472 per ton, and at the widely cited target productivity of 25 g m=2 day™ (20),
MBSP reaches $342 per ton. These values indicate that cultivation of SLA-04 is competitive with
existing benchmarks and that even modest productivity improvements could substantially
improve financial viability.

The most favorable financial scenario, SLA-Trona-LCFS, achieves positive quarterly net
revenues in more than one-third of the 500 stochastic realizations, with an average quarterly
net revenue of $-2.2 million per quarter. While negative on average, this represents a
substantial improvement over the baseline Nanno scenario with an average loss of nearly $8

million per quarter.

Reduced Production Risk

Beyond average cost improvements, the high pH-high alkalinity scenario reduces production
variability, a consideration largely absent from prior TEA-LCA studies that rely on average
productivity assumptions. The Coefficient of Variation (CoV) for SLA-04 productivity is lower
than that for N. oceanica productivity across all quarters, indicating more stable biomass output
under variable weather conditions. This reduced variability is attributable to the greater
resistance of SLA-04 to microbial contamination at the extreme pH conditions. SLA-04 cultivated
in experimental ORPs has not experienced culture crashes over a two-year observation period
(21), a notable contrast to the crash events documented for freshwater species at neutral pH
(8,10,11).

Reduced production variability has direct financial impacts that extend beyond the effect on
average revenues. Lower revenue volatility improves debt service coverage ratios, reduces the
cost of capital, and strengthens the overall business case presented to project finance investors
and lenders. As modelled here, SLA-04 exhibits lower production variability than not only other
algal strains of commercial interest, but also agricultural biofuel feedstocks such as corn and
soybeans (9). This positions high pH-high alkalinity algae cultivation favorably among other

biofuel scenarios in terms of investment risk.

Implications of Decoupling from CO; Infrastructure

A significant advantage of the high pH-high alkalinity approach is the elimination of

dependence on concentrated CO, sources. Conventional algae cultivation using sparged flue gas
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effectively tethers production to fossil fuel infrastructure, constraining siting to locations
proximate to power plants or other large emitters and creating a long-term carbon source risk
as these facilities face decommissioning pressures from decarbonization policies and
competition from renewable energy (7). Expanding CO, pipeline infrastructure to serve algae
facilities at alternative locations would likely be cost prohibitive, and existing pipeline networks
are limited primarily to Texas and adjacent states (37). The high pH-high alkalinity scenario
eliminates these constraints entirely, allowing siting decisions to be driven by climate suitability,
land cost, and market proximity rather than CO, availability.

This decoupling also improves the carbon intensity profile of the produced biofuel. The SLA-
Trona scenario reduces global warming potential by approximately 40% relative to the Nanno
baseline, achieving a carbon intensity below that of corn-based ethanol (45.8 g CO,eq/MJ (38)).
This improvement positions algal biofuels produced via the high pH-high alkalinity scenario
competitively within the broader landscape of low-carbon transportation fuels, particularly for
hard-to-electrify sectors such as aviation and marine transport. The decreased carbon intensity
of the high pH-high alkalinity scenario also creates tangible value in jurisdictions where carbon
is priced. Under the California Low Carbon Fuel Standard (LCFS), the SLA-Trona scenario
generates an average of $1.375 million in quarterly credit revenue, translating to an additional
$0.48 per gallon gasoline equivalent (GGE) of fuel produced at a credit price of $150/MT CO,eq.

Public Policy-based Revenue Risk

The LCFS revenue, however lucrative, also introduces additional financial variability. The
number of credits generated is positively correlated with algae productivity and fuel production,
amplifying the seasonal revenue pattern. The highest revenue quarters coincide with high fuel
prices and high productivity early in the project’s life, as the progressive tightening of the LCFS
carbon intensity benchmark reduces credit generation per MJ of biofuel over time. The value of
credits generated in a given quarter can range from $500,000 to $6 million depending on
production levels and credit price, which has ranged from $110 to $220/MT CO,eq since the
program was overhauled in 2016 and has recently declined toward historical lows due to a
surplus of banked credits (24).

A potential risk management strategy involves banking LCFS credits during periods of high
productivity for sale during low-productivity or low-price periods, functioning as a reserve fund
analogous to the cash reserve approach examined by (22). This strategy could smooth seasonal
revenue fluctuations and buffer against short-term production disruptions. However, its
effectiveness depends on credit price trajectories and regulatory stability, both of which warrant

further examination as the LCFS program evolves.
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Limitation & Future Research

Several limitations of this analysis should be acknowledged. First, the growth model was
parameterized using a single seasonal dataset (June-September) from small-scale greenhouse
ponds (0.18 m?) at the University of Toledo. While the biophysical growth model demonstrates
strong correlation with observed data (R? = 0.78), the extrapolation from these conditions to
5,000 wetted acres of in-ground ORPs over 20-year operating periods introduces uncertainty
that cannot be fully quantified with the available data. Model predictions would be
strengthened by a full annual cycle of controlled cultivation data from larger outdoor ponds
operating under conditions more representative of commercial-scale production.

Second, the dynamic chemistry of the high-alkalinity growth medium is not explicitly
modeled. The current analysis assumes high conservation of bicarbonate in the cultivation
medium, with losses limited to blowdown and conversion. A time-resolved mass balance of
solution carbon, accounting for photosynthetic uptake, night respiration, harvesting, and
atmospheric CO, re-dissolution, is necessary to validate this assumption and to understand
whether the alkaline buffer can sustain rapid growth during peak productivity periods without
supplementation. Such modeling would also inform operational strategies for medium
maintenance and alkalinity replenishment.

Finally, a formal sensitivity analysis examining the influence of key parameters, including
Trona price, productivity level, LCFS credit price, discount rate, and biofuel market price, on
project NPV and MBSP would strengthen the conclusions drawn here. Our results indicate that
productivity and LCFS credit price are likely to be the most influential parameters, but
systematic quantification of these sensitivities is warranted and will be the subject of future
work. Despite these limitations, the analysis presented here provides the first techno-economic
characterization of high pH-high alkalinity algae cultivation using an integrated TEA/LCA
framework with stochastic weather and market conditions. The results establish a quantitative
foundation for evaluating this production scenario and identify specific areas where further

experimental and modeling research can most effectively reduce uncertainty.

Conclusion

This study presents the first TEA/LCA of commercial scale algal biofuel production using
Chlorella sp. SLA-04 cultivation in a high pH-high alkalinity medium. The primary results show
that the described high pH-high alkalinity production scenario significantly improves the
financial competitiveness of algae biofuel. SLA-04 cultivated in a high pH-high alkalinity medium

18



also exhibits lower production variability (CoV) potentially providing more evenly distributed
revenue. These findings were enabled by integrating an updated biophysical growth model for
SLA-04 into an existing TEA/LCA modeling framework (22) and incorporating bicarbonate and
Trona as alternative inorganic carbon sources, allowing for a direct comparison of cost and life-
cycle implications across cultivation scenarios. Further experimental characterization of SLA-04
growth at larger scales, dynamic modeling of the alkaline medium chemistry, and formal
sensitivity analysis of key economic parameters would strengthen these findings, though the
results presented here indicate that high pH-high alkalinity cultivation represents a promising

pathway toward commercially viable algal biofuel production.

Acknowledgements

The authors acknowledge financial support from the US Department of Energy (DOE) under
award DE-EE0009273, titled “High pH/High Alkalinity Cultivation for Direct Atmospheric Air
Capture and Algae Bioproducts” as well as support by the National Science Foundation under
Grant No. 2125083. The authors would like to thank Dr. Jason Quinn from Colorado State
University for his assistance with the biophysical growth model and feedback on the

manuscript.

Conflict of Interest

The authors declare no conflict of interest.

Data and Code Availability

The code and data to replicate the figures and analysis in this manuscript is made available at
https://github.com/UNC-Cofires/Biofuels Spitzer et al

References

1. International Energy Agency. World Energy Outlook [Internet]. 2021 Oct. Available from:
https://www.iea.org/reports/world-energy-outlook-2021

2. US EIA. Monthly Energy Review [Internet]. US Energy Information Adminstration; 2022
Oct. Available from: https://www.eia.gov/totalenergy/data/monthly/

3. Tesoro Co. Crude Qil: Safety Data Sheet [Internet]. Tesoro Refining & Marketing Co; 2017
Jun. p. 17. Available from:

https://www.marathonpetroleum.com/content/documents/Operations/Tesoro_SDS/Cru
de_Oil_SDS_Tesoro.pdf

19


https://github.com/UNC-Cofires/Biofuels_Spitzer_et_al

10.

11.

12.

13.

14.

15.

US EPA. Sustance Registry Services [Internet]. 2014. Available from:
https://cdxapps.epa.gov/oms-substance-registry-services/search#.

Yu KL, Lau BF, Show PL, Ong HC, Ling TC, Chen WH, et al. Recent developments on algal
biochar production and characterization. Bioresour Technol. 2017 Dec;Special Issue on
Biochar: Production, Characterization and Applications — Beyond Soil Applications246:2—
11. doi:10.1016/j.biortech.2017.08.009

Clippinger JN, Davis RE. Techno-Economic Analysis for the Production of Algal Biomass via
Closed Photobioreactors: Future Cost Potential Evaluated Across a Range of Cultivation
System Designs [Internet]. National Renewable Energy Lab. (NREL), Golden, CO (United
States); 2019 Sep [cited 2024 Jun 2]. Report NREL/TP-5100-72716. Available from:
https://www.osti.gov/biblio/1566806 doi:10.2172/1566806

Davis R, Markham J, Kinchin C, Grundl N, Tan ECD, Humbird D. Process Design and
Economics for the Production of Algal Biomass: Algal Biomass Production in Open Pond
Systems and Processing Through Dewatering for Downstream Conversion [Internet].
National Renewable Energy Lab. (NREL), Golden, CO (United States); 2016 Feb [cited 2024
Jun 2]. Report NREL/TP-5100-64772. Available from:
https://www.osti.gov/biblio/1239893 d0i:10.2172/1239893

McGowen JA. The Algae Testbed Public Private Partnership -ATP3 (Final Closeout Report)
[Internet]. Arizona State Univ., Tempe, AZ (United States); 2019 Mar [cited 2024 Jun 2].
Report DOE-ASU-ATP3-Final. Available from: https://www.osti.gov/biblio/1780639
do0i:10.2172/1780639

Kleiman RM, Characklis GW, Kern JD, Gerlach R. Characterizing weather-related
biophysical and financial risks in algal biofuel production. Appl Energy. 2021
Jul;294:116960. doi:10.1016/j.apenergy.2021.116960

Carney LT, Wilkenfeld JS, Lane PD, Solberg OD, Fuqua ZB, Cornelius NG, et al. Pond Crash
Forensics: Presumptive identification of pond crash agents by next generation sequencing
in replicate raceway mass cultures of Nannochloropsis salina. Algal Res. 2016 Jul;17:341—
7.d0i:10.1016/j.algal.2016.05.011

Carney LT, Lane TW. Parasites in algae mass culture. Front Microbiol. 2014 Jun;5.
do0i:10.3389/fmicb.2014.00278

Fisher CL, Ward CS, Lane PD, Kimbrel JA, Sale KL, Stuart RK, et al. Bacterial communities
protect the alga Microchloropsis salina from grazing by the rotifer Brachionus plicatilis.
Algal Res. 2019 Jun;40:101500. doi:10.1016/j.algal.2019.101500

Wang H, Zhang W, Chen L, Wang J, Liu T. The contamination and control of biological
pollutants in mass cultivation of microalgae. Bioresour Technol. 2013 Jan;128:745-50.
do0i:10.1016/j.biortech.2012.10.158

Jones SB, Zhu Y, Anderson DB, Hallen RT, Elliott DC, Schmidt AJ, et al. Process Design and
Economics for the Conversion of Algal Biomass to Hydrocarbons: Whole Algae
Hydrothermal Liquefaction and Upgrading [Internet]. Pacific Northwest National Lab.
(PNNL), Richland, WA (United States); 2014 Mar [cited 2024 Jun 2]. Report PNNL-23227.
Available from: https://www.osti.gov/biblio/1126336 do0i:10.2172/1126336

Klein B, Davis R. Algal Biomass Production via Open Pond Algae Farm Cultivation: 2022
State of Technology and Future Research [Internet]. National Renewable Energy
Laboratory (NREL), Golden, CO (United States); 2023 Jun [cited 2024 Jun 2]. Report

20



16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

NREL/TP-5100-85661. Available from: https://www.osti.gov/biblio/1984451
doi:10.2172/1984451

Lundquist T, Woertz I, Quinn N, Benemann J. A Realistic Technology and Engineering
Assessment of Algae Biofuel Production. Energy Biosci Inst. 2010 Oct;1-178.

Woertz IC, Benemann JR, Du N, Unnasch S, Mendola D, Mitchell BG, et al. Life Cycle GHG
Emissions from Microalgal Biodiesel — A CA-GREET Model. Environ Sci Technol. 2014
Jun;48(11):6060-8. doi:10.1021/es403768q

Somers MD, Quinn JC. Sustainability of carbon delivery to an algal biorefinery: A techno-
economic and life-cycle assessment. J CO2 Util. 2019 Mar 1;30:193-204.
do0i:10.1016/j.jcou.2019.01.007

de Godos |, Mendoza JL, Acién FG, Molina E, Banks CJ, Heaven S, et al. Evaluation of carbon
dioxide mass transfer in raceway reactors for microalgae culture using flue gases.
Bioresour Technol. 2014 Feb;153:307-14. doi:10.1016/j.biortech.2013.11.087

Davis R, Laurens L. Algal Biomass Production via Open Pond Algae Farm Cultivation: 2019
State of Technology and Future Research [Internet]. National Renewable Energy Lab.
(NREL), Golden, CO (United States); 2020 Apr [cited 2024 Jun 3]. Report NREL/TP-5100-
76569. Available from: https://www.osti.gov/biblio/1659896 d0i:10.2172/1659896
Vadlamani A, Pendyala B, Viamajala S, Varanasi S. High Productivity Cultivation of
Microalgae without Concentrated CO2 Input. ACS Sustain Chem Eng. 2019 Jan;7(2):1933-
43. doi:10.1021/acssuschemeng.8b04094

Kleiman RM, Characklis GW, Kern JD. Managing weather- and market price-related
financial risks in algal biofuel production. Renew Energy. 2022 Nov;200:111-24.
doi:10.1016/j.renene.2022.09.104

USGS. Mineral Commodity Summaries 2021 [Internet]. USGS; 2021 Jan. p. 204. Available
from: https://pubs.usgs.gov/periodicals/mcs2021/mcs2021.pdf

California Air Resources Board. Low Carbon Fuel Standard [Internet]. 2021 [cited 2024 Jun
5]. Available from: https://ww2.arb.ca.gov/our-work/programs/low-carbon-fuel-
standard/about

Quinn JC, Davis R. The potentials and challenges of algae based biofuels: A review of the
techno-economic, life cycle, and resource assessment modeling. Bioresour Technol. 2015
May;Advances in biofuels and chemicals from algael84:444-52.
do0i:10.1016/j.biortech.2014.10.075

Lohman EJ, Gardner RD, Pedersen T, Peyton BM, Cooksey KE, Gerlach R. Optimized
inorganic carbon regime for enhanced growth and lipid accumulation in Chlorella vulgaris.
Biotechnol Biofuels. 2015 Jun;8(1):82. doi:10.1186/s13068-015-0265-4

US EPA. GHG Summary Report: General Stationary Fuel Combustion [Internet]. 2020 Jan.
Available from:
https://ghgdata.epa.gov/ghgp/service/html/2020?id=1005621&et=undefined

Ciner Resources LP. UNITED STATES SECURITIES AND EXCHANGE COMMISSION Form 10-K
[Internet]. SEC; 2020 Dec. Available from:
https://www.sec.gov/Archives/edgar/data/1575051/000162828021004786/cinr-
20201231.htm

21



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Davis R, Aden A, Pienkos PT. Techno-economic analysis of autotrophic microalgae for fuel
production. Appl Energy. 2011 Oct 1;Special Issue of Energy from algae: Current status and
future trends88(10):3524—-31. doi:10.1016/j.apenergy.2011.04.018

Liu X, Saydah B, Eranki P, Colosi LM, Greg Mitchell B, Rhodes J, et al. Pilot-scale data provide
enhanced estimates of the life cycle energy and emissions profile of algae biofuels
produced via hydrothermal liquefaction. Bioresour Technol. 2013 Nov 1;148:163-71.
doi:10.1016/j.biortech.2013.08.112

Gardner RD, Lohman E, Gerlach R, Cooksey KE, Peyton BM. Comparison of CO2 and
bicarbonate as inorganic carbon sources for triacylglycerol and starch accumulation in
Chlamydomonas reinhardtii. Biotechnol Bioeng. 2013;110(1):87-96.
do0i:10.1002/bit.24592

Bartosh Y, Banks CJ. Algal growth response and survival in a range of light and temperature
conditions: implications for non-steady-state conditions in waste stabilisation ponds.
Water Sci Technol. 2007 Jun;55(11):211-8. doi:10.2166/wst.2007.365

Matos AP, Ferreira WB, Morioka LRI, Moecke EHS, Franga KB, Sant’Anna ES. CULTIVATION
OF Chlorella vulgaris IN MEDIUM SUPPLEMENTED WITH DESALINATION CONCENTRATE
GROWN IN A PILOT-SCALE OPEN RACEWAY. Braz J Chem Eng. 2018 Dec;35:1183-92.
d0i:10.1590/0104-6632.20180354s20170338

Ramirez-Lopez C, Perales-Vela HV, Fernandez-Linares L. Biomass and lipid production from
Chlorella vulgaris UTEX 26 cultivated in 2 m3 raceway ponds under semicontinuous mode
during the spring season. Bioresour Technol. 2019 Feb;274:252-60.
do0i:10.1016/j.biortech.2018.11.096

Sharma AK, Sahoo PK, Singhal S, Joshi G. Exploration of upstream and downstream process
for microwave assisted sustainable biodiesel production from microalgae Chlorella
vulgaris. Bioresour Technol. 2016 Sep;216:793—-800. doi:10.1016/j.biortech.2016.06.013
Klein B, Davis R, Wiatrowski M. Algal Biomass Production via Open Pond Algae Farm
Cultivation: 2023 State of Technology and Future Research [Internet]. 2024.
do0i:10.2172/2370102

US Department of Transportation. State Programs Overview | PHMSA [Internet]. 2021
[cited 2024 Jun 5]. Available from: https://www.phmsa.dot.gov/working-phmsa/state-
programs/state-programs-overview

Lee U, Kwon H, Wu M, Wang M. Retrospective analysis of the U.S. corn ethanol industry
for 2005-2019: implications for greenhouse gas emission reductions. Biofuels Bioprod
Biorefining. 2021;15(5):1318-31. doi:10.1002/bbb.2225

22



Supplemental Information

Updated Pond Temperature Model

Pond temperature is a crucial determinant of algal growth, productivity, and overall plant
economics. Earlier versions of the TEA/LCA model estimated pond temperature via an approach
adapted from Béchet et al. (2011). The updated TEA/LCA model presented in this study uses a
refined model developed in (Greene et al., 2021) which estimates pond temperature at 15-minute
intervals considering not only these net heat fluxes but also the heat flux from ground conduction
and inflow water, previously assumed to be negligible. In addition, the Greene et al. (2021) model
incorporates consideration of the density and specific heat of the SLA-04 algae culture, as
opposed to that of the water alone. In the model validation completed in Greene et al. (2021) the
model predicted temperature with high fidelity (R> = 0.95) and represents a considerable
improvement over previous model accuracy (R?=0.82) (Kleiman et al., 2021). The use of this pond
temperature model reduces potential error propagation and provides a more accurate
representation of pond thermal conditions, which is important as variability in pond temperature
contributes significantly to the variability of algae growth rates (Kleiman et al., 2021; Slegers et
al., 2013). The pond temperature model is used to simulate 10,000 (500 simulation runs x 20
years) years of thermal conditions for in-ground ORP’s as an input for the biophysical growth

model.

Updated Biophysical Growth Model

An updated biophysical growth model was included in the TEA/LCA model framework
presented in this study. A new biophysical growth model described by Greene et al. (2021) is
substituted for the previous biophysical growth model developed by Huesemann et al. (2016) that
was used in the TEA/LCA developed by Kleiman et al. (2021). The key improvement in the Greene
at al. (2021) model is that it is parameterized for six common algae-specific strain characteristics
(Table 2), while the earlier model was parameterized for only one, saturation light intensity. These
parameters can be determined for any algal species making this modeling framework quite

versatile.



Table S1: Growth Model Parameters for Chlorella sp. (Bartosh and Banks 2007; Edmundson and
Huesemann 2015; Huesemann et al. 2013; Singh and Singh 2015; Wilson and Huner 2000).

PARAMETERS VALUE UNITS (and source)
SATURATION LIGHT 230 umol/(m2*s)
INTENSITY (Huesemann et al. 2013)
OPTICAL DENSITY 1.04 g/(L*OD7s0)
COEFFICIENT (ODC) (Masojidek et al., 2011)
DARK LOSS 7.5% | (Edmundson & Huesemann,

2015)
T Max 42 "C
(Singh & Singh, 2015)
T_MIN 5 °C
(Wilson & Huner, 2000)
TOPT 25 °C
(Bartosh & Banks, 2007)

Estimating Carbon Demand

In the high pH-high alkalinity configuration, growth is supported by atmospheric mass transfer
of COy, and is estimated by equation 1, where ], is the mass flux of CO; into the system, E is the
enhancement factor for high alkalinity systems (defined in equation 2), k; is the mass transfer
coefficient (estimated with equation 4), C¢y, 44 is the equilibrium concentration of COin the
aqueous phase based on Henry’s law, and C¢q, pyik is the concentration of COz in the boundary
layer. (Olander, 1960) derived the formula for the chemical enhancement factor, E, for the mass
transfer of CO; into alkaline solutions based on diffusion coefficients, the aqueous equilibrium
concentration of COy, the equilibrium constant K; for reaction 3 below and the concentration of

hydroxyl ions.

Jeo, = E ki - (Ccopaq — Ceoypuik) (D

Where,
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The mass transfer coefficient k;, was estimated using the scaling relationship in equation 4
above and reference data described in Weissman, Goebel, and Benemann (1988). Using equation
1 to model CO; mass transfer, we can verify that the solution will support algae at the expected
growth rates.

At the maximum observed growth rate of 38.5 g m2day* (thus at the maximum carbon uptake
from the solution, while the average productivity is 12.1 g m2day), and at an average carbon
percentage of 55%, the mass transfer rate of atmospheric CO; into the ponds remains above the
rate of carbon accumulation of biogenic uptake of HCO3™ from the solution when a high pH (>
10.1) is maintained (Vadlamani et al., 2019). High velocity mixing — at rates in excess of 0.3 m/s —
were unnecessary to sustain this transfer. Also, this estimate only considers the mass transfer at
a single point in time and does not account for the night respiration (where algae release CO;
back into the solution and net CO; dissolution occurs).

Dynamic modelling of solution chemistry to estimate the mass balance of carbon through time
and under varying cultivation conditions is outside the scope of this paper. Furthermore, as the
maximum growth rate is only achieved during peak hours of peak seasons, NaHCOs in the
cultivation media is assumed to be conserved at a high rate, and losses of NaHCOs are considered
limited to media blowdown and biofuel conversion. In the case of sparging flue gas, sufficient
mass transfer of CO, through the solution media requires an average mixing velocity of 0.2 m/s to
prevail annually along with costs associated with CO; pumping. Whereas in this high pH-high
alkalinity approach the operating costs are limited to replacement from blowdown and
conversion of the alkaline solutions and a similar average mixing velocity of 0.2 m/s is assumed to
prevail annually. In a facility design based on solid inorganic carbon, pump-related head losses are
eliminated, and mixing energy requirements decrease by 15% when compared to the scenario
requiring high velocity mixing, with changes in mixing energy requirements estimated using the
formulas in Lundquist et al. (2010).
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