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ABSTRACT

GEOGRAPHICALLY-RESOLVED EVALUATION OF THE ECONOMIC AND
ENVIRONMENTAL SERVICES FROM RENEWABLE DIESEL DERIVED FROM

ATTACHED ALGAE FLOW-WAYS ACROSS THE UNITED STATES

Harmful algal blooms (HABs) are becoming more invasive and ever more prevalent due
to rises in nitrogen and phosphorus pollution in watersheds. Nitrogen and phosphorus leakages
primarily occur from non-point sources like agricultural runoff, but also point sources like
wastewater treatment facilities. Previous efforts to reduce nitrogen and phosphorus loadings and
mitigate HABs have largely been ineffective despite investment in nutrient reduction
technologies. As the population grows, our consumption and dispersal of nitrogen and
phosphorus is expected to compound, and HABs will continue to wreak havoc on our aquatic
ecosystems. Herein, we introduce a novel biorefinery that taps into the vast sources of nitrogen
and phosphorus in watersheds while simultaneously producing biofuels. Contaminated water is
diverted to flow over attached algae systems, feeding native, periphytic algal cultures and
scrubbing excessive nutrients from the water. Hydrothermal liquefaction converts the algal
biomass into renewable fuels, nutrient-rich fertilizers, and carbonaceous char. The evaluation of
the biorefinery concept is done through integrating geographically-resolved growth modeling
with nutrient resource availability based on all Hydrologic Unit Code-8 (HUCS) in the
contiguous US which is integrated into sustainability models to evaluate the economic and
environmental impact of the proposed system. Life cycle analysis results demonstrate a global

warming potential of 25 g CO2.eq MJ!, a eutrophication potential of 1.3¥10°> kg N eq MJ™! , and
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a net energy ratio 0.33 of MJ MJ! in the Santa Monica Bay, CA subbasin. Technoeconomic
assessments found that renewable diesel can be produced for $1.20 per cubic decimeter (dm™) or
$4.56 per gallon of gasoline equivalent (GGE™') under optimal conditions in the Santa Monica
Bay, CA subbasin, with results dramatically varying across the US. Water quality trading was
also incorporated into the analysis. Using modest nutrient credit values of $4.5 per kg of total
nitrogen (kg-TN!) and $4.5 per kg total phosphorus (kg-TP') removed enabled the renewable
diesel to achieve parity with conventional diesel, $1.01 dm™ ($3.84 GGE™) in the Santa Monica
Bay, CA subbasin. A more aggressive credit value of $45 kg-TN! and $45 kg-TP™! made the
price of the renewable diesel negative in Santa Monica Bay, CA, roughly $-4.45 dm™ ($-16.8
GGE™), and across the Midwest, the Gulf of Mexico, and major cities on the East and West
Coast. This means the value of the service that the algae provide in remediating watersheds
covers all costs of the system to the point where the renewable diesel represents a product with
negligible value. These results highlight a path forward for mitigating eutrophication while also
creating a sustainable fuel. Discussion focuses on the service that large-scale deployment of
attached algae flow-ways provide to remediate excessive nutrients from watersheds and generate
biofuels at a cost-effective price point when water quality trading credits are incorporated into

the system economics.
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Chapter 1 - Introduction

1.1 Background
Algal blooms are a natural component to seasonal cycles of temperate lakes and oceans

by driving zooplankton production, a critical source of food for aquatic ecosystems [1]. However
in recent decades, large accumulations of phytoplankton and macroalgae have been reported
globally, giving rise to red or green tides that cover beaches with decaying biomass, deplete
dissolved oxygen levels critical to fisheries and wildlife, and in some cases, excrete toxins [2].
These accumulations are known as harmful algal blooms (HABs) and are typically the result of
elevated nutrient loadings [3]. Excess nitrogen and phosphorus from agriculture runoff, animal
manure, storm water, and wastewater leech into watersheds where they cause eutrophication and
lead to the formation of HABs [2,4-7]. HABs are found inside all 50 states and along every
major coastline of the US [8—12]. Failure to reduce nutrient loads not only enables the
destruction of aquatic ecosystems, but also results in billions of dollars of economic damages
[13]. Losses in tourism, property values, seafood sales, and mitigation costs are direct
consequences of HABs with a need to identify cost effective ways for mitigating excess nutrients

[14,15].

Nutrient reduction technologies exist to proactively curtail nitrogen and phosphorus
loadings into surface waters. Wastewater treatment facilities have incorporated advanced water
treatment technologies to meet more stringent effluent concentrations [16], but their high costs
will likely prohibit their installation en masse for dilute nutrient remediation. Best management
practices (BMPs) have also been utilized to address nutrient pollution on agricultural land, but

HABSs continue to persist despite considerable investment in these programs [17,18]. Fewer



farmers than expected have participated in BMP programs due to their voluntary nature [19].
Cover crops, for example, are only utilized on 5% of all US cropland [19]. This calls into
question the effectiveness of these nutrient reduction technologies if no incentive structures exist
or no other co-benefits are realized. There is a need for alternative mitigation technologies to

address the impact of dilute nutrients in various watersheds.

Attached algae flow-ways are an effective tool for surface water remediation of dilute
nutrients [15], [20-24]. In such systems, surface waters contaminated with excess nitrogen and
phosphorus are diverted and surged over a flow way that contains an algal substrate. Native,
filamentous algae (i.e. periphyton) utilize the substrate as a habitat for attachment, growth, and
proliferation as they employ nutrients for photosynthetic metabolism. The flow rate of the system
is controlled to maintain enough contact between the contaminated water and the algae to ensure
the removal of nutrients before the water is reintroduced to the environment. The algae are
harvested periodically to ensure biomass is produced continuously and water remediation is
unimpeded. Not only are attached algae flow-ways able to remove nitrogen and phosphorus
upstream so that nutrients cannot accumulate downstream, but they also produce a valuable

biomass co-product which can be a feedstock for biorefining concepts.

Biofuels are one of the many potential uses from the biomass co-product. Algae biofuels
have long been touted as the future of renewable fuels because they can be cultivated on non-
arable land, are capable of being integrated with waste streams, and do not compete for food
resources [25-28]. Algae biofuels have also been demonstrated to have a lower carbon footprint
than conventional fuels because they remove CO; from the air [29]. As impacts of global
warming continue to mount, transitioning to sustainable fuels is imperative. However, the price

of biomass production is often cited as the prohibiting factor in algal systems [30-32]. Further,



traditional cultivation techniques rely on external inputs of nutrients to sustain growth, which
seems counterproductive in the context of a looming phosphorus shortage [33]. If global
dependence on fossil fuels is to be phased out, the focus needs to be shifted from viewing algae
only as a product to valuing the services it provides and capitalize on nature’s solution for

dealing with excessive nutrient pollution.

Attached algae flow-ways are an application of biomimicry because they resemble
accumulations of native algal species that thrive in nutrient-rich water [34]. Previous site-specific
studies have assessed the ability of attached algae flow-ways to remove excess nutrients from
waterways [20,21,23,24,35,36]. Others have assessed the economic feasibility of producing
biofuels from the biomass [22,30,32,37]. System improvements that would improve the value of
the biomass for biobased commodity applications, like ash reduction has also been studied in
great detail [38]. While these studies treat the algae as a product, some studies have implored the
potential services of attached algae flow-ways to proactively mitigate HABs [15]. This work
builds upon previous studies and identifies a path forward by unlocking the potential of attached
algae flow-ways through a valuation of the environmental services of algae cultivation with

impaired surface waters.

The fact that HABs form in runoff-impacted surface waters demonstrates that algae are a
potential solution to the problem, but only if the biomass can be easily recovered from the water
without further disturbance to the ecosystem. This work investigates the economic and
environmental feasibility of deploying attached algae flow-ways to clean watersheds, while also
creating renewable diesel. A national resource assessment of nutrient removal with attached
algae flow-ways is conducted through a geographically-resolved algae growth model coupled

with a biorefining model. Water quality data was obtained to understand nutrient loads at the



subbasin-level. Algae production was predicted through nutrient load reductions required to meet
water quality standards and by the determination of a local, annual average algae productivity.
Subsequent renewable diesel production through hydrothermal liquefaction (HTL) was modeled
by simulating the material and energy balances. The environmental and economic viability of the
biorefinery concept considering geographically-resolved nutrient and weather data was
completed. Discussions from this study not only highlights algal biomass sourced from attached
algae flow-ways can aid in the remediation of waterways impaired by excessive nutrient
pollution, but also the importance of incorporating water quality trading into the economic

analysis to enable wide-spread adoption of attached algae biofuel systems.



Chapter 2 — Methodology

2.1 Introduction

A process model of algae production based on an attached algae flow-way and
subsequent biofuel conversion through HTL was created from the design considerations from
recent studies [15,24,32,39-41]. Water quality data, weather data and operational days data
served as inputs to the process model that enabled geographic resolution at the Hydrologic Unit
Code 8-Digit (HUCS) scale [42—49]. Excel spreadsheets aided in the development of material
and energy balance simulations for the unit operations contained within the system boundary.
The weather and nutrient load datasets and biorefinery process model can be found in Appendix
A. Results from the process model informed environmental and economic assessments utilizing a
well-to-wheel system boundary. The life cycle analysis (LCA) determined the net energy ratio
and the environmental impact based on the ten impact categories found in the Tool for the
Reduction and Assessment of Chemical and Other Environmental Impacts (TRACI) version 2.1
for the system. The techno economic assessment (TEA) leveraged model outputs and economic
assumptions to determine the minimum fuel selling price of the renewable diesel. The feasibility
of the system was further evaluated with the addition of water quality trading. A process flow

diagram of the biorefinery system is displayed in Fig. 1.
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Fig. 1. Process flow diagram for removing nutrients from waterways via attached algae flow-
ways. The algae is then converted to renewable diesel. Life cycle and techno-economic
assessments evaluated the effectiveness of the proposed biorefinery.

2.2. Geographically resolved input data

Geographically resolved data for weather and water quality were obtained and represent
core inputs to the modeling work. Weather data was used to extrapolate a geographically-
resolved algae growth model which was calibrated from algae growth data from a field trial.

Water quality data was used to estimate nutrient loads across the US.

2.2.1. Water quality data

Water quality data served as the foundation for assessing the degree to which watersheds
were impaired from excessive nutrients and where algal systems could be deployed. Watersheds
exist on a variety of scales and there are tradeoffs in data resolution and model output uncertainty
depending on the scale used [50]. This study identified impairment within the 2,112 HUCS8
subbasins in the contiguous US. The U.S. Geological survey released a suite of reports on the
five major water regions that contain these HUC8 subbasins [42—46]. These reports detail mean
annual streamflow, total nitrogen, total phosphorus, and suspended sediment loads from

agriculture, wastewater treatment and other sources in the watersheds. It should be noted that



Southern Florida was excluded from the data set due to inability to accurately predict nutrient
loadings in that region [42]. Total nitrogen (TN) and total phosphorus (TP) concentrations were
calculated from the delivered aggregate loads from all sources, which enabled nutrient load

reduction calculations at the HUCS level.

2.2.2. Typical meteorological year data

Regional weather data was obtain from the Typical Meteorological Year (TMY3) data set
[47]. Using a similar methodology employed by Greene et al (2021) and Beattie et al (2021),
annual average global horizontal irradiance (GHI) data were mapped to each HUCS [48,51]. The
GHI at individual HUCS subbasins were found by finding the minimum distance of the HUCS8
centroid to the nearest TM'Y 3 monitoring station. It was assumed that the GHI each HUC8
received in a typical year were constant, translating to a unique annual average GHI for each
HUCS subbasin. The TMY3 data allowed for the calibration and extrapolation of a 1% order

growth model and estimations of algae productivities at the HUCS8-level.

2.2.3. Operational days data

Operational days data were utilized to facilitate ambient temperature effects on algae
growth. Previous work from Quiroz et al. (2021) informed the modeling framework to determine
the operational days for each HUCS [49]. The data accounts for the number of freezing events in
open algae cultivation systems and is based on real temperature data. It was assumed that an
attached algae flow-way operates for the remainder of the days in a year that did not experience a

freezing event.

2.3. Algae production with an attached algae flow-way
A 1% order algae growth model was developed from field data acquired by Sandia

National Laboratories in Corpus Christi, TX [24]. The functional growth model was then applied
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to each HUCS utilizing water quality and weather data. The attached algae flow-ways were sized
according to the load reductions required to meet defined effluent TN and TP concentrations.
Algae production was predicted, and the resulting size of the attached algae flow-ways was
determined. Further description of the design considerations for the attached algae flow-ways are

contained in the following sections.

2.3.1. Nutrient reduction

Nutrient reduction for the flow-ways were met by specifying a target effluent
concentration as the criteria of success in this study. Specifying the target concentration of
nutrients enables a direct evaluation of the impaired waters in relation to compliance criteria set
by a total maximum daily load (TMDL). TMDLs were established under the Clean Water Act of
1972 to address the maximum amount of pollutant a source can emit to ensure water quality
standards are met [52]. TMDL frameworks serve as the starting point for addressing remediation.
The EPA offers guidelines for local authorities to issue permits that establish TMDLs for point
and non-point source emitters [53]. The permits take local ecosystems and community
stakeholder goals into account, which causes water quality targets to vary between cities,
counties, and states. Based on the limits established by some states [54—57], target effluent limits

for nitrogen and phosphorus were set to 1.0 mg-TN L and 0.1 mg-TP L™}, respectively.

2.3.2. 1% order growth model
The algae growth model estimates annual average productivities as a function of light

input through determination of a photosynthetic light efficiency [58]. To determine the base-case
photosynthetic efficiency, the 1*' order growth model was validated with productivity data from
Sandia National Laboratories and the corresponding TMY 3 weather data from Laguna Madre,

TX [24]. During 6 months of the field trial, the attached algae flow-way demonstrated an annual



average productivity of 9.6 g m™ day™!, which translates to a photosynthetic light efficiency of
1.4%. The data from Sandia National Laboratories and the equation used in this calculation can
be found in Appendix A. Leveraging TMY3 data across the US allowed for local annual average
productivities to be calculated at each subbasin by assuming a constant light efficiency. The US
maximum annual productivity for a light efficiency of 1.4% was 12.4 g m™?day™'. Two additional

productivities were forecasted for the attached algae flow-ways.

Recent data generated at the Sandia Algae Testbed shows that it is possible to achieve an
increased productivity with grow lights under controlled conditions. It was assumed a maximum
annual productivity of 25 g m day! in the US occurs where the local annual average GHI is the
greatest, which conservatively predicts this near-term productivity projection for the attached
algae flow-ways. For example, a maximum annual productivity was achieved in southwestern
New Mexico near Gila National Forest. Lastly, a best-case productivity was identified as 40 g m’
2 day! and is consistent with projections for other algae cultivation systems [59]. The light
efficiencies were then back-calculated with TMY 3 data from New Mexico and were found to be
2.8% for 25 ¢ m™? day™! and 4.5% for 40 g m day'. These light efficiencies were all assumed to
be constant, allowing for the local annual average productivities to be calculated from the local

annual average GHI.

2.2.3. Attached algae flow-way scaling

The Redfield ratio is also an important metric to consider when deploying attached algae
flow-ways. Aquatic organisms like phytoplankton typically uptake nitrogen and phosphorus in a
ratio of 16:1 [60]. This ratio, the Redfield ratio, helps reference nutrient limitations for biomass
growth [61]. In this study, attached algae flow-ways were sized to treat the limiting nutrient,
relative to the nitrogen to phosphorus (N:P) ratio of algae harvested from the attached algae

9



flow-ways, to the specified effluent limit. This decision helps to prevent oversizing of the
attached algae flow-ways and conservatively predict where deployment is feasible to

stakeholders.

Field trails from Sandia National Laboratories have shown that attached algae flow-ways
can adapt to varying inflow nutrient ratios and exist with N:P ratios ranging from 13:1 to 86:1
with different elemental compositions at both bounds (Error! Reference source not found.). To a
ddress this, a variable composition calculation was introduced to the model that ensured the
algae N:P ratio was equivalent to the inflow TN:TP ratio within the bounds of the known
compositions. It was assumed that if the inflow TN:TP ratio is less than 13:1, the system is
nitrogen limiting (N-limiting) and the nitrogen and phosphorus compositions were based on the
nitrogen-limiting algae composition. Whereas, if the inflow TN:TP ratio is greater than 86:1, the
system is severely phosphorus limiting (P-limiting), thus the nitrogen and phosphorus
compositions were based on the phosphorus-limiting algae composition. For inflow TN:TP ratios
between the two bounds, the system is still phosphorus limiting, but in this case the nitrogen and
phosphorus compositions were calculated to ensure that the algae N:P ratio was equivalent to the

inflow TN:TP ratio. More details about how the variable compositions can be found in Appendix

A.

Table 1. Elemental composition of algae harvested from an attached algae flow-way for inflow
TN:TP ratios of 13:1 and 86:1 (mol mol”).

Element N-limiting P-limiting
Composition (Wwt%) Composition (wt%)

C 37.7% 43.9%

H 7.9% 7.1%

0] 48.2% 40.8%

N 5.3% 8.0%

P 0.9% 0.2%

10



N:P ratio 13:1 86:1

After estimating the local productivity and algae composition, the size of the attached
algae flow-way module can be determined. Based on the assumption that the inflow TN:TP ratio
is equivalent to the algae N:P ratio, it is impossible for both effluent limits to be met unless the
inflow TN concentration is an order of magnitude greater than the inflow TP concentration (i.e.
2.0 mg-TN L! and 0.2 mg-TP L!) since the target effluent limits are also different by an order of
magnitude. The module areas were calculated by first determining the theoretical load reductions
required to meet both target effluent limits (1.0 mg-TN L™ and 0.1 mg-TP L!). Then, the actual
TN and TP load reductions were selected based on inflow N:P ratio. If the inflow TN:TP ratio is
N-limiting, then the actual TN load reduction is equal to the theoretical TN load reduction and
the actual TP reduction is scaled from the N-limiting algae N:P ratio. Conversely, if the inflow
TN:TP ratio is severely P-limiting, then the actual TP load reduction is equal to the theoretical
TP load reduction and the actual TN load reduction is scaled from the P-limiting algae N:P ratio.
For inflow TN:TP ratios in between the two bounds, the actual TP load reduction is equal to the
theoretical TP load reduction and the actual TN load reduction is scaled from the variable algae
N:P ratio. The area required for treatment was then found with the following equation:

ATN
Xy * P

N — limiting Area [m?] =

Where A TN is the actual TN load reduction (g day™), xyis the mass fraction of nitrogen
in the algae biomass, and Pis the algae productivity (g m™? day™'). The P-limiting area can be
calculated by substituting in the corresponding phosphorus values, however, the logic from the

previous calculations ensures that the P-limiting area is equivalent to the N-limiting area because

11



the actual nutrient reductions and algae compositions were calculated from the algae N:P ratio.

Finally, the algae production can be found by multiplying the area by the algae productivity.

2.4. Biofuel conversion

This work models a thermochemical conversion through HTL, which converts a wet
feedstock into biocrude under high temperatures and pressures [27]. In addition to the biocrude, a
three phase mixture is also present in the effluent of the HTL reactor: a solid biochar phase, an
aqueous organic phase, and a non-condensable gas phase. The co-products are separated and

refined into compost, concentrated fertilizer, and supplemental heating from the off gases.

2.4.1. Algae pretreatment

After harvesting the algae biomass, pretreatment was required to reduce the ash content.
Although attached algae systems can have ash content >50 wt%, experimental data from Sandia
National Laboratories has demonstrated that ash content of 15-20 wt% is feasible from long-term
(6 months continuous) cultivation. This study assumed post-harvest ash content was 20wt%
solids. A simple water wash was employed to further reduce the ash content by 45wt% with
minimal biomass loss (1wt%) over the course of 24 hours [15], [38]. A filter press reduced the
final slurry concentration of the algae feed to 20wt% solids prior to conversion in the HTL

system [38].

2.4.2. Hydrothermal liquefaction

The HTL process model was based on the design considerations found in Chen et al.
(2021) [39]. Algae biomass is thermochemically treated in subcritical water at 20.7 MPa (3,000
psia) and 350°C. The reaction yields (on an AFDW basis) for the biocrude, aqueous organics,
gas, and char were assumed to be 45 wt%, 40 wt%, 13 wt%, and 2 wt%, respectively [39]. After

the reaction, a gas knock-out drum removed the non-condensable gases from the mixture, which

12



helped to supplement the fuel requirements for process heating. The char was then separated
with a solids filter and sent to solids disposal [59]. A two-phase separator recovered the biocrude
from the aqueous organics and continued to fuel upgrading. The aqueous organics were pumped
through heat exchangers to alleviate feed preheater energy requirements. Although energy was
recovered from co-products, oil for process heating was needed to raise the temperature of the
feed to the reaction temperature. The hot oil heat exchanger energy requirement (1,420 kJ per kg

AFDW biomass) was met with supplemental natural gas.

2.4.3. Biocrude upgrading

HTL biocrude requires upgrading before it can be used as a drop-in fuel replacement.
Removing nitrogen, oxygen, and sulfur contaminants from the biocrude improves the efficiency
of the fuel and reduces emissions of harmful combustion products like NOx and SOy [59].
Compressed hydrogen (4.3 wt%) was reacted with the biocrude in the hydrotreater to remove the
fuel contaminants. Off gases were recycled to the hot oil heater to further supplement process
heating requirements. The hydrogen duty for the upgrading was met by purchasing hydrogen. Of
the biocrude entering the hydrotreater, 59 wt% was upgraded to diesel, 10 wt% was upgraded to
naphtha, and 8.4 wt% was recovered as heavy oil. The diesel and naphtha were separated from
the heavy oil in a series of distillation columns, and the heavy oil was further refined in a
hydrocracker. The hydrotreating system resulted in energy requirements of 145 kJ (kg biocrude)
! of electricity, 1080 kJ (kg biocrude)™! of natural gas, and 457 kJ (kg biocrude)! of cooling

water.

Long-chain hydrocarbons in the heavy oil were upgraded in the hydrocracker to produce
more diesel and naphtha. The heavy oil reacted with compressed hydrogen (2.0 wt%) and
yielded 59 wt% diesel and 27 wt% naphtha. The diesel and naphtha from the hydrotreater and

13



the hydrocracker were stored in tanks with a 3-day holding capacity before being sold. The
energy requirements from the hydrocracker were 212 kJ (kg heavy oil)! of electricity, 470 kJ (kg

heavy oil)! of natural gas, and 602 kJ (kg heavy oil)! of cooling water.

2.5. Life cycle analysis

The baseline LCA was conducted at one of the HUCS subbasins, Santa Monica Bay, CA.
This location was chosen because it is adjacent to one of the most populated metropolitan areas
in the US [62] and suffers from a ‘red tide’ HAB nearly every year. Santa Monica Bay, CA is a
potential deployment location for attached algae flow-ways due to its large population, high
nutrient loadings and optimal weather conditions that are conducive for algae growth, despite
potential issues with land availability. The environmental impacts from remediating the subbasin

with an attached algae flow-way and producing biofuels are assessed.

The goal of this attributional LCA is to quantify the environmental impacts of renewable
diesel relative to conventional diesel. A functional unit of 1 MJ fuel produced was used to
facilitate this analysis. The system boundary for the LCA is like the TEA system boundary, but it
is expanded to include the end use of the renewable diesel, known as a well-to-wheels (WTW)
system boundary. The fuel end use contributions were determined with low-sulfur diesel (75 g
CO, eq MI') [63]. The attached algae flow-way was assumed to be co-located with the
pretreatment, conversion and upgrading processes found inside the HTL facility. Nutrient
recycling to the algal cultivation system was not considered as in Chen et al. (2021), but instead
a nutrient credit was generated for removing bioavailable nitrogen and phosphorus from the
water and displacing NH3 and (NH4)>HPO4 fertilizer [39]. Direct Land Use Change was not

considered [39].
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Life cycle inventory (LCI) data were acquired primarily from the ecoinvent Version 3.4
database in the openLCA software with product flows and impacts determined with the “cutoft”
method [64,65]. Since the study location is in California, the WECC grid mix, high voltage
process was selected as the electricity source. Hydrogen LCI data were obtained from natural gas
steam reforming LCA [66]. Recovered nitrogen and phosphorus displaced NH3 and diammonium
phosphate (DAP) fertilizer [64]. The TRACI 2.1 methodology aided in quantifying the
environmental impacts and employs ten impact categories: acidification, ecotoxicity,
eutrophication, global warming (100-year horizon), human health (carcinogenic and non-
carcinogenic), ozone depletion, photochemical ozone formation, resource depletion, and
respiratory impacts. Net energy ratio (NER) was also included in this LCA study, which is
defined as the ratio of the energy inputs to the energy outputs. Impacts from the renewable diesel

were compared with conventional, low-sulfur diesel on a WTW system boundary.

2.6. Techno-economic assessment

The baseline TEA was conducted at Santa Monica Bay, CA and two additional locations
(Buffalo-San Jacinto, TX and Sandusky, OH) were included in the baseline TEA study. Buffalo-
San Jacinto, TX is a subbasin located within Houston, TX and experiences high nutrient loadings
from urban land and municipal wastewater treatment discharge [46]. The Sandusky, OH
subbasin is located in a major agricultural region and suffers from nutrient discharges
predominantly occurring from agricultural runoff [44]. These three locations serve as a
foundational locations for the capabilities of this biorefinery in both urban and rural
environments. After proving the baseline model, the system was then applied to all HUCS

subbasins in the contiguous US.

15



A discounted cash flow rate of return model was utilized to determine the minimum biomass
selling price (MBSP) and the minimum fuel selling price (MFSP). The “N'"-of-a-kind” plant
economic assumptions, as outline by the Bioenergy Technologies Office (BETO) were assumed
[41]. These include an internal rate of return of 10%, a 60:40 plant debt to equity financing, and
a debt financing term of 10 years at an interest rate of 8%. A complete list of the “N™-of-a-kind”
plant assumptions is found in Appendix A. Inputs and outputs from the process model inform the
capital expenses (CAPEX) and the operational expenses (OPEX). These expenses are then fed
into the economic model where the values of the product revenues are determined to ensure a net
present value of zero for the lifetime of the plant. Similar to Chen et al. (2021), all liquid fuels
were lumped together to determine their price on a cubic decimeter of gasoline equivalent basis

or a gallon of gasoline equivalent basis [39].

Cost estimation for the attached algae flow-ways were based on a previous study from
DeRose et al. (2021) [15]. These costs were scaled to the size of the attached algae flow-way and
include growth system and harvesting capital costs, as well as operational costs like electricity,
labor, and maintenance. All costs were converted from their quoted year to 2018 dollars with the
aid of cost indices [67]. CAPEX and OPEX estimates, along with the algae production
determined the MBSP. Pretreatment costs were sourced from a water wash ash-reduction system
[15], [38]. Capital costs of HTL and upgrading system were scaled from individual process
equipment [41]. The operational costs considered included the costs associated with the
consumption of electricity, natural gas, hydrogen, and the algae feedstock. The previously
determined MBSP was used as the basis for the price of the feedstock. The MFSP was then
calculated from the HTL system cost estimates. Detailed information for the attached algae flow-

way and HTL system costs are found in Appendix A.
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2.7. Sensitivity analysis

Two single point sensitivity analyses were conducted to identify variables that have the
greatest impact on the biomass selling price and the renewable diesel selling price. Model inputs
were varied £20% from their baseline values. The resulting changes in the minimum biomass

selling price (MBSP) and minimum fuel selling price (MFSP) were recorded.

2.8. Water quality trading

Water quality trading was utilized to evaluate the impact of this service on the system
economics and place a value on the service of cleaning nutrient impaired waters with attached
algae flow-ways. WQT is used to find the least cost solution by evaluating different nutrient
reduction technologies. A variety of best management practices (BMP) exist to control emissions
to water and they all vary in cost [68]. In this study, nitrogen and phosphorus credits are valued
one-to-one [69]. A conservative estimate of $4.5 kg-nutrient-removed' or $4.5 per kg of total
nitrogen (kg-TN™!) and $4.5 per kg of total phosphorus (kg-TP!) are used, which were the values
previously leveraged by a pilot WQT program [69]. This is because the value of the WQT credits
generated by the attached algae flow-ways are dependent on the design assumptions like the
mass of nitrogen and phosphorus removed or the selling price of the biomass, which is dependent
on the algae productivity. For example, at the Santa Monica Bay, CA subbasin, credit values for
nutrient remediation ranged from $5.8 kg-TN! to $19 kg-TN"! and from $34 kg-TP! to $110 kg-
TP! depending on the algae productivity. Credit values for buyers are bound by the lowest cost
solution and the abatement cost of the next highest alternative [70]. Previous work from
Clippinger et al. (2021) leveraged wastewater treatment abatement costs ($45 kg-TN! and $45

kg-TP ') as the basis for their WQT credits [28]. In this view, a lower bound WQT credit value
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of $4.5 kg-nutrient-removed™' and an upper bound of $45 kg-nutrient-removed! are consistent

with best practices and assumed in this study.
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Chapter 3 — Results and discussion

3.1. Introduction

Environmental and economic results are first demonstrated at specific locations. The
LCA modeling compares the environmental impacts of the renewable diesel to conventional
diesel and other biodiesel pathways for a case study of Santa Monica Bay, CA. The TEA breaks
down the price of the renewable diesel at three test locations (Santa Monica Bay, CA, Buffalo-
San Jacinto, TX, and Sandusky, OH), and sensitivity analyses determined the high-impact
variables. The feasibility of the proposed algal biorefining system was then explored by
integrating geospatial data from 2,112 HUCS subbasins to determine the price of the renewable
diesel considering nutrient loadings in each watershed. Water quality trading was incorporated
into the HUCS analysis to place a value on the service of remediating dilute nutrients from the
subbasins with attached algae flow-ways with two scenarios evaluated beyond the foundational

work which does not include any monetary value for nutrient remediation.

3.2. Baseline life cycle analysis

The relative impacts for biofuel production in Santa Monica Bay, CA are broken down
by major unit processes for each of the TRACI 2.1 life-cycle impacts and net energy ratio in Fig.
2. Each impact is compared to conventional diesel and soy-based biodiesel and discussed in

more detail in the following sections. Tabular data of impacts are found in Appendix A.
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Fig. 2. TRACI 2.1 relative impacts for algal renewable diesel produced from algae from
attached algae flow-ways in Santa Monica Bay, CA. Each impact category is broken down by
major process variables. The light efficiency was set to 1.4%, corresponding to a local annual
average productivity of 10.6 g m? day™.

3.2.1. Global warming potential (100-year horizon)

Global warming potential (GWP) is a measure of the radiative forcing from the release of
greenhouse gases over a specified time horizon relative to CO; and is measured in carbon
dioxide equivalents (CO2 eq) [71]. A reduction in the GWP for biofuels, relative to the
alternative, is required to be considered environmentally sustainable. The US renewable fuel
standard (RFS) mandate for renewable diesel requires a 50% reduction in life cycle greenhouse
gas emissions compared to conventional diesel [72]. On a WTW basis, the renewable diesel
meets the RFS mandate with a GWP of 25 g CO2 eq MJ™'. The fuel end use contributed 75 g CO»
eq MJ! [63], which counteracted -87 g CO2 eq MJ™! of carbon taken up by the feedstock. Other

studies report GWPs between -37 and 377 g CO, eq MJ! [73] for HTL systems, but they all vary
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in scope, scale, and system boundary. On a WTW basis, the baseline model GWP is similar those

referenced.

3.2.2. Eutrophication

Eutrophication is the enrichment of nutrients in aquatic ecosystems that is accompanied
by accumulation of algal biomass, including HABs, and is measured in nitrogen equivalents (N
eq) [74]. Attached algae flow-ways are a tool for reducing nutrient concentrations in waterbodies
which can ultimately reduce HABs. The eutrophication potential for the baseline model is
1.3x107° kg N eq MJ!. This represents a 68% reduction in eutrophication potential relative to
conventional diesel. The eutrophication potential reported by Chen et al. (2021) (3.5x10° kg N
eq MJ![39]) for open raceway pond-cultivated and HTL converted algae biofuel is two orders of
magnitude greater than the attached algae biofuel system because of the consumption of
fertilizers in open raceway ponds. Unlike traditional (open raceway pond) algae cultivation
methods, the attached algae flow-way requires no inputs of fertilizer to sustain growth. Rather,
the nutrients are scrubbed from the water and are recovered from the biomass which displaces
NH3 and DAP fertilizers. The major contributor to the eutrophication potential is electricity use.
The electricity consumption contributed to 94% of the N eq emissions. Thus reducing the
pumping energy requirement or changing the grid mix to rely on electricity generation from
sustainable sources would significantly reduce the eutrophication potential. The assumed 60%
recovery of N and P from the biomass during conversion served as a nutrient displacement credit
of 2.1x10” kg N eq MJ ! in this study. If the magnitude of the nutrient credits outweighs the
magnitude of end use and electricity consumption emissions, then this system can reverse the

eutrophication potential associated with diesel consumption.
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3.2.3. Net energy ratio

The net energy ratio (NER) is the overall energetic effectiveness of a system [75]. The
NER for this system is 0.33 MJ MJ!, indicating that more energy is contained in the biofuels
than is required for production. Values less than one are favorable, but the goal is to have a NER
lower than conventional diesel, 0.19 [63,64]. For reference, soy-based biodiesel has a NER of
1.64 [76]. The NER of other HTL systems range from 0.30 to 1.24 [39,75,77], but these
variations are largely due to differences in HTL plant layout and conversion yields. This system
is based on the work done by Chen et al. (2021) and therefore does not include a co-located
hydrogen generation plant for the biofuel upgrading but rather the purchasing of hydrogen.
Hydrogen is the greatest contributor to the NER for this system since it is treated as an operating
cost. Jones et al. (2014) included a hydrogen plant in their HTL system, lowering their NER to
0.22 [41]. Incorporating a hydrogen plant to this system may allow the NER for this system to

achieve parity with conventional diesel but could negatively impact other sustainability metrics.

3.2.4. Acidification

Acidification is a measure of how a system increases the concentration of hydrogen ions
or components that increase the acidity within local environments like NH3 or DAP and is
measured in sulfur dioxide equivalents (SO2. eq). Acidification damages human-built structures,
water bodies, plants, and animals [74]. The acidification potential for the baseline model
(1.5x10° kg SOz eq MJ™) is nearly an order of magnitude lower than conventional diesel and
soy biodiesel (1.4x10™* and 1.2x10™*, respectively). Fuel end use emissions are the largest
contributor (52%) to this metric, but the nutrient credits in the algal turf system reduce the net
acidification potential for the system. It should also be considered that field trials from the

Sandia Testbed indicate that the flow-ways raise the pH of the treated water by removing

22



dissolved carbon, which may also contribute to a further reduction in the acidification potential
for the system. For example if a pH change from 7 to 8 is observed in the source waters from an
attached algae flow-way, a reduction in SO, eq emissions (-2.38*%10” kg SO, eq hr'!) results in a
reduction in the acidification potential for the system (-102 kg SO2 eq MJ!). This reduction
causes the acidification potential for the system to turn negative, meaning the attached algae
flow-ways can reverse the acidification potential associated with diesel consumption. Sample

calculations are found in Appendix A.

3.2.5. Ecotoxicity

Ecotoxicity represents the susceptibility of freshwater ecosystems to chronic toxins
emitted from human activities and is measured in comparative toxic units for ecotoxicity (CTUe)
[78]. The baseline model results in an ecotoxicity of 3.5x102CTUe MJ'which is 1.8x greater
than conventional diesel, but a factor of 2.0x less than soy biodiesel. Electricity and hydrogen
consumption are drivers of CTUe emissions for this system (52% and 47%, respectively),
whereas the nutrient credits are the source of CTUe reductions. Inclusion of a hydrogen plant in
the process model and sourcing electricity from sustainable sources offer the greatest

opportunities reduce the ecotoxicity.

3.2.6. Human health (carcinogenic and non-carcinogenic)

Carcinogenic and non-carcinogenic human health impacts from 3000 substances are
assessed with the TRACI 2.1 assessment method and are measured in comparative toxic units for
humans (CTUh) [74]. The human health impacts of the algal renewable diesel for the
carcinogenic and non-carcinogenic categories are 2.5x107'° CTUh MJ! and 1.6x10° CTUh MJ!,
respectively. The carcinogenic impact for algal renewable diesel is less than conventional diesel

by a factor of 1.5x and less than soy biodiesel by a factor of 3.0x. Electricity consumption
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dominates carcinogenic emissions (93%) for the algal renewable diesel. The non-carcinogenic
impact for algal renewable diesel is greater than conventional diesel by a factor of 2.1x, but less
than soy biodiesel by a factor of 1.8x. Hydrogen consumption constitutes most of the non-

carcinogenic emissions (65%) for the algal renewable diesel.

3.2.7. Ozone depletion

Stratospheric ozone reflects harmful UV radiation away from earth. The ozone depletion
potential tracks the relative contribution of substances that degrade of the ozone layer and is
measured in Trichlorofluoromethane equivalents (CFC-11 eq) [74]. The ozone depletion
potential for the baseline model is 3.7x10™ kg CFC-11 eq MJ"!. The impact from conventional
diesel is greater than the impact from the algal renewable diesel by a factor of 5.4x. Soy
biodiesel exhibits a lesser ozone depletion potential than algal renewable diesel by a factor of
1.3x. Hydrogen consumption drives most of the ozone depletion emissions (95%) for the algal

renewable diesel.

3.2.8. Photochemical ozone formation

Smog, primarily originating from vehicle tailpipes and electric power utilities, reacts with
sunlight to produce ozone [79]. Ground level ozone is harmful to human health and can lead to
respiratory issues and damage various ecosystems and is measured in ozone equivalents (O3 eq)
[74]. In the photochemical ozone formation category, the baseline model releases 1.2x107 kg O3
eq MJ!. The impact for algal diesel is less than conventional diesel by a factor of 1.7x and less
than soy biodiesel by a factor of 2.2x. The end use of the algal renewable diesel is the largest
contributor for this impact (69%). The differences between these systems can be explained by a
reduction in emissions associated with electricity and natural gas consumption for the flow-ways

(i.e. less energy intensive), as well as the nutrient credits the flow-ways receive.
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3.2.9. Fossil fuel depletion

Fossil fuel depletion accounts for the depletion fossil fuels, which are a non-renewable
resource. The baseline model has an impact of 2.8x10™! MJ-surplus MJ ™! in the fossil fuel
depletion category, which is greater than conventional diesel by a factor of 1.6x and greater than
soy biodiesel by a factor of 11x. Hydrogen consumption for the algal renewable diesel is the
primary driver for this impact category (97%). This result is consistent with expectations since
fossil fuels generally require less processing than algae biofuels. Energy and resources like
hydrogen are required throughout the entire lifecycle—from algae cultivation through fuel
conversion and upgrading—whereas crude oil does not have a cultivation or conversion
processes. Soy biodiesel does not consume hydrogen during processing and is better than algal

renewable diesel in terms of fossil fuel depletion.

3.2.10. Respiratory effects

Particulate matter found in the air can lead to respiratory illnesses. Particulate matter
emissions originate from combustion of fuels and through chemical reactions in the air [74].
Respiratory effects is defined as emissions of particulates that are 2.5 microns or less in diameter
is measured in particulate matter 2.5 equivalents (PM2.5 eq) [80]. The baseline model has an
impact of 1.5x10” kg PM2.5 eq MJ ! in the respiratory effects category. The impact from algal
renewable diesel is less than the impact from conventional diesel by a factor of 1.1x and less than
soy biodiesel by a factor of 1.5x. Electricity consumption contributes the most to this impact
category (62%) for the algal renewable diesel. This result demonstrates that emissions that occur
upstream are just as important as the emissions out of the tailpipe. A clean grid mix is crucial to

reducing particulate matter emissions.
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3.2.11. Life cycle analysis interpretation

All the TRACI impacts are important to consider when evaluating a technologies effect
on the environment, but GWP, eutrophication, and NER are most relevant for this biofuel
system. The renewable diesel meets the RFS mandate by achieving a 71% reduction in lifecycle
COz¢q emissions relative to conventional diesel. The nutrients credits allow this system to reduce
the eutrophication potential associated with fossil fuel consumption, but the burden of the
fertilizer is carried by the end-user and how the fertilizer is used is out of the scope of this study.
The end-fate of the fertilizer may be back in the watersheds they are recovered from, but now the
nutrients are recycled in the system, rather than being consumed from chemical fertilizers that
commonly originate from crude oil extraction and refining. This system also demonstrated a
NER less than one, but advancements are required to approach the NER for conventional diesel.
Looking across most impact categories, the results are largely influenced by emissions associated
with the consumption of hydrogen for fuel upgrading and electricity in the growth phase and fuel
end use. While end use emissions are unlikely to decrease, it is possible to reduce the lifecycle
emissions by generating hydrogen onsite rather than bearing the burdens of transporting it from
conventional, emissions-intensive sources [66]. However, the tradeoff between diverting off-
gases from supplemental heating to an on-site hydrogen plant need to be investigated since
additional natural gas would then be required to raise the feedstock to the reactor temperature.
Reductions are also possible by sourcing electricity from sustainable sources like wind or solar
rather than fossil fuels, but this again has complications associated with consistent energy
supply. The results demonstrate that the baseline model produces renewable diesel that is an

environmentally sustainable alternative to conventional diesel.
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The results from this study highlight the consequences that design decisions have on the
impacts discussed. Minimizing uncertainties in results allows for more confidence in making
decisions, but assumptions and simplifications are often impossible to avoid. For this system,
more work is needed to understand the extent to which bioavailable nitrogen and phosphorus are
recovered from the conversion of the biomass [81]. The recovery rate directly impacts the
nutrient credits and counters harmful emissions across most impact categories. For example, if
the nutrient recovery rate is set to 80%, then life cycle GHG emission reduces by 8% while net
eutrophication potential reduces by 54%. Proportional changes in the opposite direction are
observed when the nutrient recovery rate is set to 40%. This shows that more research is needed
to validate the assumption proposed by Chen at al. (2021) and Jones et al (2014) [39], [41]. Other
uncertainties in the system exist, but nutrient recovery is most significant because of its impact

on the LCA.

3.3. Baseline techno-economic assessment

The baseline TEA was applied to three HUCS subbasins: Santa Monica Bay, CA;
Buffalo-San Jacinto, TX; and Sandusky, OH. The Santa Monica Bay, CA location has the
highest concentration of TN and TP, 21.9 mg-TN L' and 3.90 mg-TP L' and is nitrogen limiting
with an inflow TN:TP ratio of 12.4 mol mol'!. Even though Santa Monica Bay, CA had a lower
flow rate of water through the subbasin 20.7 m® s! (472 MGD), high TN and TP concentrations
led to greater TN and TP loadings (kg day™') than the other two locations. Both Buffalo-San
Jacinto, TX and Sandusky, OH had similar TN concentrations (6.51 and 6.01 mg-TN LI,
respectively), but Buffalo-San Jacinto’s TP concentration (0.812 mg-TP L) is greater than
Sandusky’s (0.300 mg-TP L!). Buffalo-San Jacinto, TX and Sandusky, OH are both phosphorus

limited with inflow TN:TP ratios of 17.7 mol mol™! and 44.2 mol mol™!, respectively. The flow
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rate of water through the subbasins are 69.4 m> s! (1584 MGD) for Buffalo-San Jacinto, TX and
61.4 m*s! (1401 MGD) for Sandusky, OH. These nutrient loadings, along with productivity
estimates from the algae growth model fed into the attached algae flow-way process model,
where the systems were sized to treat the incoming water with outputs used to evaluate the

economic viability at each location.

Three different growth rates were modeled to account for the varying degrees of
technological readiness for the attached algae flow-ways. For the lowest US maximum annual
productivity tested (12.4 g m™ day™!), Santa Monica Bay, CA, Buffalo-San Jacinto, TX, and
Sandusky, OH had local annual average productivities of 10.6 g m™ day!, 8.77 g m™ day™! and
7.56 g m™ day’!, respectively. This resulted in attached algae flow-way module areas and algae
productions of: 33.3 km? and 352 tonne day! for Santa Monica Bay, CA; 28.5 km? and 250
tonne day™! for Buffalo-San Jacinto, TX; and 11.6 km? and 89.0 tonne day™! for Sandusky, OH.
The effect of increasing the algae productivity reduced the area required for treatment but kept
the algae production constant. Increasing the US maximum annual productivity from 12.4 g m
day!, to 25 g m? day! and 40 g m™ day™! decreased attached algae flow-way module areas at
each location by a factor 2.02x and 3.23x, respectively. The attached algae flow-way module
areas and algae production values were then used to determine the minimum biomass selling

prices.

For the baseline TEA model, the MBSP ranged from $269 tonne™ to $1,447 tonne™!
across the three locations. Santa Monica Bay, CA exhibited the lowest biomass prices for every
productivity evaluated ($858 tonne™!, $427 tonne™!, and $269 tonne™! for 12.4 g m? day™!, 25 g m
2 day’!, and 40 g m? day™!, respectively). The MBSP at Buffalo-San Jacinto ranged from $331

tonne™! to $1,046 tonne™!, while the MBSP at Sandusky ranged from $470 tonne™! to $1,447
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tonne ™. The biomass prices are driven by attached algae flow-way module costs, which represent
86% of the CAPEX and roughly 50% of the total MBSP. Despite Santa Monica Bay, CA
requiring the largest area for remediating the water (increased module costs), the algae
production was high enough to reduce the MBSP to levels lower than both Buffalo-San Jacinto
and Sandusky. This is because Santa Monica Bay, CA had greater TN and TP loadings and
greater algae productivities, which translates to more algae production. The biomass prices
informed the biorefinery economic model where the price of the renewable diesel was

determined.

The MFSP at each location for all three productivities is broken down by sub-process in
Fig. 3. The price of the renewable diesel ranged from $1.20 per cubic decimeter (dm™) to $5.10
dm™! or $4.56 per gallon of gasoline equivalent (GGE™) to $19.3 GGE™!, with Santa Monica Bay,
CA having the lowest MFSP for each productivity. Feedstock prices dominated system
economics for every scenario and contributed from 56% to 86% of the total price of the
renewable diesel selling price. Indirect costs and HTL costs made up 71% of the CAPEX costs
on average. Of the remaining OPEX costs, fixed costs (labor, maintenance, and insurance) are
the next major contributor. Fixed costs ranged from 4.3% to 18% of the price of the renewable
diesel. Like the LCA, 60% of the nitrogen and phosphorus in the algae is recovered and sold as a
fertilizer co-product. The fertilizer co-product revenues did not greatly alter the MFSP and the
impact on reducing the renewable diesel price ranged from $0.095 dm™ ($0.36 GGE™) to $0.19

dm™ ($0.71 GGE™).

Any reductions to the MFSP are mainly due to reductions in the feedstock price. As
previously discussed, Santa Monica Bay, CA had high nutrient loadings and productivities

relative to the other locations. These conditions allowed for a high level of algae production
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(economies of scale) which offset the production costs and lowered the MBSP. Future work is
needed to optimize algae productivities to maximize algal biomass production. Renewable diesel
will be competitive with conventional diesel if the feedstock price is minimized in the proposed

system.
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3.4. Baseline sensitivity analysis

Single point sensitivity analyses were conducted on the TEA at Santa Monica Bay, CA.
Major input variables were perturbed +20% from their baseline values. The resulting price
changes are seen on the tornado plots in Error! Reference source not found.Fig. 4. The US
maximum annual productivity was set to 12.4 g m™ day™! for this analysis, translating to a local

annual average productivity of 10.6 g m™ day™..

The algae productivity is one of the most impactful variables on the MBSP as expected.
Decreasing the productivity by 20% decreased the biomass price by 17% from its baseline value
of $946 ton™. This is due to an equivalent 20% increase in the attached algae flow-way module
area required to remediate the water. For a given algae production (kg day™), increased module
areas increase the capital costs, which are the largest contributor (Figure 3) which increases the
MBSP. Similarly, when the productivity increases, the required area decreases, reducing the
biomass price. This demonstrates that productivities are the crux of this system, further
validating previous conclusions drawn by Cruce et al. (2021) [73]. This process model addresses
some of the uncertainties by using a geographically resolved algae growth model rather than

assuming the same productivity at every test site.

Operational days is the number of days a test site is operational per year and accounts for
the number of freezing days. The operational days does not affect daily or hourly flows, instead
it affects the total consumption of raw materials and production of products over the course of a
year. Increasing and decreasing the operational days resulted in biomass price changes that are
similar in magnitude to productivity changes. The high degree of model sensitivity to operational

days shows that more work is needed to address the limitations of a 1*' order growth model.
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The inflow TN and TP concentrations, as well as the target effluent TN and TP
concentrations had little effect on the MBSP. Santa Monica Bay’s TN and TP concentrations are
much higher than the specified effluent limits. Thus, changing these parameters only slightly
reduced the amount of TN and TP that could be removed with an attached algae flow-way. Had
the inflow concentrations been closer to the effluent concentrations, greater sensitivity in the

MBSP to these changes would be observed.

For the MFSP, ash content is one of the least impactful variables. Unlike in previous
studies, this model assumes a lower initial ash content of 20wt% based on new data from Sandia
National Laboratories. Increasing ash content by 20% raised the MFSP to $2.77 dm™ ($10.5
GGE™!). If the ash content was set higher to 60wt%, then the MFSP would increase to $3.01 dm™
($11.4 GGE™). The increase is primarily attributed to the HTL system as additional ash increases
the amount of water in the system and thus the size of the HTL system. Higher ash contents
additionally result in higher operational costs associated with natural gas and electricity
consumption due to the added parasitic load in conversion of excess water. Reductions in ash
content may be achieved through implementation of more upstream ash reduction technologies
or operational changes that result in lower ash contents during cultivation or in harvested

biomass.

Biocrude yields are also important to system economics. Increasing the biocrude yield to
54% decreased the MFSP of the renewable diesel by 16%. Decreasing the yield to 36%
demonstrated a greater impact by increasing the MFSP by 24%. Studies have reported biocrude
yields between 35% to 60% with reactor temperatures, reaction times, and solid loadings pointed
to as the key drivers [39], [41], [40], [82—88]. It is possible to improve biocrude yields by

boosting protein and lipid content in the algae biomass, however high protein content is
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associated with increased nitrogen content, lowering the quality of the resulting fuel [32], [89].
More research is needed to optimize reaction dynamics and algae compositions. For example,
seeding the flow ways with algae that contain high lipid fractions could improve fuel yields due

to changes in composition.

Another impactful variable to the MFSP is the biomass price, as discussed in section
Error! Reference source not found., the feedstock price contributes to most of the renewable d
iesel costs, with the attached algae flow-way module costs contributing nearly 50%. Attached
algae flow-ways are not operationally intensive processes [32], so the most gains will be made
by addressing the capital costs. Although it is possible to reduce the module costs by increasing
algal productivities, the limits of biology can only be pushed so far; photosynthetic efficiencies
for representative algae species are estimated to be significantly higher than terrestrial plants, but
photosynthetic efficiencies greater than 5% have not been observed for outdoor algae production
[90]. If productivities are maximized, then only other viable option to reduce the biomass price is

by valuing the service the algae provide for remediating contaminated water.

A)
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Fig. 4. Tornado plots of (a) minimum biomass selling price (MBSP) sensitivity to changes in
major input variables and (b) minimum fuel selling price (MFSP) sensitivity to changes in major
input variables. All major input variables were perturbed +/- 20% from their baseline values.
The resulting changes in prices are plotted

3.5. HUCS8 model results

The baseline process model was applied to each HUCS subbasins in the contiguous US
with the three light efficiencies (1.4%, 2.8% and 4.5%), translating to three US maximum annual
productivities (12.4 g m? day™, 25 g m? day!, 40 g m™ day, respectively). Following the same
methodology as the baseline locations, attached algae flow-ways were sized to treat the delivered
loads of nitrogen and phosphorus from all 2,112 HUCS subbasins. The resulting biomass

production and prices informed the biorefinery process models to produce renewable diesel and
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determine the MFSP. The service of cleaning watersheds with attached algae flow-ways was
valued by the inclusion of WQT credits. The following sections contain the results for MFSP of

the renewable diesel and the effects of incorporating WQT credits on the fuel price.

3.5.1. HUCS8 model techno-economic assessment

Maps displaying the renewable diesel MFSP at all HUCS subbasins for the three biomass
productivities evaluated are shown in Fig. SError! Reference source not found.Some subbasins
already meet the specified effluent limits and do not require any treatment with these locations
defined as NA and show up as a grey color on the maps. Many other locations are on the cusp of
meeting the TN and TP limits and their resulting MFSPs are so large a price cutoff criterion is
introduced for clarity on the maps. These locations generally exhibited low nutrient loadings
which led to low algae production and high fuel prices. Locations with prices greater than $6.61
dm™ ($25 GGE') are indicated with an orange color on the maps. A consistent green color scale
is used across the maps for prices between $0 dmto $6.61 dm™ ($0 GGE™! to 25 GGE™}) to

clearly illustrate the change in prices from changes in productivities.

Productivities impact the feasibility of the system. Assuming a US maximum annual
productivity of 12.4 g m™? day! resulted in the lowest MFSP of $2.75 dm™ ($10.4 GGE™!) and an
average price of $5.23 dm™ ($19.8 GGE™) for prices below $6.61 dm™ ($25 GGE™). There are
123 locations with prices below this average and only 6 locations with a price less than $3.95
dm™ ($15 GGE™'). Increasing the US maximum annual productivity to 25 g m day™! decreased
both the lowest MFSP to $1.62 dm™ ($6.14 GGE™') and the average price to $3.79 dm™ ($14.4
GGE™) for prices below $6.61 dm™ ($25 GGE™). There are 202 locations with a price below the
average and 24 locations with a price below $2.64 gm™ ($10 GGE™). Increasing the US
maximum annual productivity to 40 g m? day™! reduced the lowest MFSP to $1.21 dm™ ($4.56
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GGE™) and an average price of $3.78 dm™ ($14.3 GGE™) for prices below $6.61 dm™ ($25
GGE'!"). The number of locations with a price below the average increased to 227, providing 9
locations with a price below $2.64 gm™ ($10 GGE™!). The concentration of locations with
favorable MFSPs remained relatively consistent across corn belt for the three US maximum
annual productivities tested, but in general, increasing the US maximum annual productivity

decreases the renewable diesel MFSP.

The subbasins varied in initial conditions, but there are several key features that lead to
lower MFSPs. As indicated by the darker green color on the maps, the highest concentration of
favorable locations is found in the Midwest. Also known as the corn belt, the Midwest is
responsible for over a third of the world’s corn and soybeans [91]. These agricultural products
require large quantities of chemical fertilizer. As a result, subbasins located within the Midwest
suffer from high nitrogen and phosphorus loadings because the fertilizers leach off the arable
land. Increased loadings of nitrogen and phosphorus result in more algae production because
more nutrients are available for the microorganisms to thrive. Maps showing the TN and TP
concentrations of the HUCS subbasins are found in Appendix A. As the production of algae
increases, facilities reach the economies of scale required to see a decrease in the renewable

diesel selling price.

Operational days is another indicator of a favorable renewable diesel price. Temperature
effects on algae growth were approximated with operational days to differentiate regions that are
susceptible to harsh winters from regions that can maintain year-round algae production.
Decreasing operational days results in idle capital because a given location is sized to treat a
specified load of TN and TP but cannot operate the entire year, causing the algae production to

decrease and the MFSP to increase. Southern states like Texas, Louisiana and Florida did not
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suffer from deep freezes and had plant capacities of 365 days per year. The number of freezing
days increases as attached algae flow-ways are deployed further north. For example, subbasins
located near Glacier National Park produce algae for roughly 220 days a year. These northern
locations demonstrated some of the highest MESPs. A map of the operational days for every

HUCS subbasin is found in Appendix A.

Unsurprisingly, high productivities correlate with lower MFSPs. The desert southwest
receives the most sunlight compared to other states. It is expected that locations near the desert
southwest would have the highest productivities, while northeastern states like Vermont and
New Hampshire would have the lowest productivities. Regions with lower productivities require
larger areas for treating the same amount of TN and TP when compared to regions with higher
productivities. Larger attached algae flow-way module areas increase the capital costs associated
with the biomass, which increases the price of the renewable diesel. Productivity maps are also

found in Appendix A.

While none of these variables alone can predict the economic feasibility of individual
subbasins, when combined, they point to the optimum conditions for this system: high nutrient
loadings, high productivities, and maximal annual operational days. It is possible to improve
operating conditions for the attached algae flow-ways like algae productivities, but increasing
productivities offers diminishing returns for reducing the renewable diesel MFSP. If renewable
diesel is to be competitive with conventional diesel, it is imperative that the service the algae
provides for removing nitrogen and phosphorus from water is valued. Water quality trading
credits offer a solution for valuing this service and can dramatically improve the system

€conomics.

39



A)

$dm” ($ GGE)
Il 01320t05)
I 13210264 (510 10)
I 26410396 (1010 15)
[ 396 t05.28(15t020)
[ 52810661 (20t025)
- Greater than 6.61 (25)

[0 Na
B)

40

4
73]

Vo

%

[ Vg



$ dm™ ($ GGE™)
Il 0%1320t05)
B 13210264 (5t010)

I 26410396 (10t0 15)
[ 39610528 (1510 20)
[ 1528t0661(20t025)
I Greater than 6.61 (25)

I
O

$ dm™ ($ GGE™)
Il 01320t05)
I 1320264 (510 10)

I 26410396 (1010 15)
[ 396 t05.28(15t0 20)
[ 52810661 (20t025)
- Greater than 6.61 (25)

[0 N

41



Fig. 5. Maps showing the MFSP for renewable diesel at the HUCS level for maximum
productivities of (a) 12.4 g m? day™, (b) 25g m? day”, and (c) 40 g m™ day.

3.5.2. HUCS8 model water quality trading

Water quality trading is a market-based approach to finding the least cost solution for
cleaning watersheds [64]. A WQT credit is generated when a pollutant, like nitrogen or
phosphorus, is removed from surface waters. Polluters facing high control costs can meet their
regulatory obligations by offsetting their emissions through the purchase of WQT credits. Water
quality improves and the buyer can reduce their emissions at a lower cost. Two different water
quality trading credit scenarios were added into the economic model and their effects on the
MFSPs are shown in Fig. 6. A productivity of 25 g m™ day™! was assumed because it represents a
feasible productivity for the attached algae flow-ways to achieve in the near-term and does not
overstate the effects of higher productivities on the MESP. Two levels of WQT credits, $4.5 kg-
nutrient-removed™! ($10 Ib-nutrient-removed') and $45 kg—nutrient—removed'1 ($100 Ib-nutrient-
removed!), were selected to represent the bounds of the possible value of the credits this system
would receive [28,69]. The WQT credits represent an additional revenue stream for the total
mass of nitrogen and phosphorus removed by the attached algae flow-ways over an operational

year.

When a credit value of $4.5 kg™! is included in the analysis, the lowest MFSP drops to
$1.01 dm™ ($3.84 GGE™!) in Santa Monica Bay, CA. This modest WQT credit results in a
renewable diesel price that is on par with the price of conventional diesel. The average price of
the renewable diesel for prices lower than $6.61 dm™ ($25 GGE™) also dropped to $3.59 dm™
($13.6 GGE™!) when compared to the same productivity with no WQT credits. The concentration
of favorable locations also expanded to include more regions in western states like Idaho and

Utah, with 225 locations with a MFSP below the average. However, the term ‘favorable’ is
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relative to the entirety of the contiguous US; a price target of $1.32 dm™ ($5 GGE™!) is more
representative of a viable location. There are only three locations in the US with MFSPs below
$1.32 dm™ ($5 GGE™!) under this water trading credit scenario. Given that there are few
locations that achieve price parity with petroleum fuels, higher WQT credit values are necessary

to see further reductions in the renewable diesel MFSP from the proposed algae system.

Leveraging WQT credits valued at $45 kg-nutrient-removed™! ($100 Ib-nutrient-removed-
1) creates a new classification of favorable locations. As seen in Figure 6, there are now locations
with prices below $0 dm™ ($0 GGE™!) and are denoted with shades of purple. When the price of
the renewable diesel turns negative, the value of the fuel becomes negligible as the value of the
service that the algae provide for removing dilute nutrients covers all costs of the system. This
means that the fuels are no longer required to make the biorefinery profitable. The greater the
WQT credit value, the more negative the MFSP and the more revenue investors can make in
each subbasin. There are now 398 locations where the price of renewable diesel is less than $0

dm? ($0 GGE™"), with the lowest MFSP of $-9.97 dm™ ($-37.7 GGE™).

These results highlight the impact the algal system can have in dilute nutrient remediation
where traditional wastewater treatment systems cannot compete. Traditional wastewater systems
cost approximately $45 kg-nutrient-removed™! ($100 Ib-nutrient-removed') to remediate surface
waters due to the large volumes of water that must be processed. The results also demonstrate
that traditional locations considered for algal systems—the gulf coast or the desert southwest—
are not optimal as these watersheds are not contaminated with high nutrient loads. However, for
the locations identified as the best deployment zones for an attached algae flow-way, there may
be challenges in terms of land availability. Land in the Santa Monica Bay, CA subbasin is scarce

and deploying a large attached algae flow-way is likely unattainable. Less populated regions
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downstream of major polluters along the Colorado River or the Mississippi River are potential
deployment locations. As WQT values reach $45 kg-nutrient removed™! ($100 Ib-nutrient-

removed™!) land availability is expected to be the limiting factor in some locations.
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Fig. 6. Maps showing the renewable diesel minimum fuel selling price at the HUCS level with a
light efficiency of 2.8%, corresponding to a US maximum annual productivity of 25 g m>day™.
Two levels of water quality trading (WQT) credits were used as subsidy inputs to the
technoeconomic assessment model: (a) $4.5 kg™ ($10 1bs.”)" and (b) $45 kg™ ($100 Ibs.”)". The
values of the WQT represent a revenue in the cashflows for the mass of nitrogen and phosphorus
removed from each HUCS subbasin.

Chapter 4 — Conclusions

This study demonstrates a feasible path forward for deploying attached algae flow-ways
to mitigate eutrophication while producing renewable diesel in the process. The baseline LCA in
Santa Monica Bay, CA determined that this system is capable of meeting RFS mandates with a
71% reduction in life cycle GHG emissions. When compared to other biofuel pathways, this
system reduced the eutrophication potential associated with diesel consumption. The economics
of the baseline model show high feedstock prices as the limiting factor for feasible deployment
of this novel biorefinery. Sensitivity analyses highlighted that reducing attached algae flow-way
capital costs and improving algae productivities are crucial to reducing feedstock prices.
Reductions in the renewable diesel MFSP are also possible by reducing the ash content of the
algae and improving biocrude yields. However, these improvements may not be enough to make
the renewable diesel competitive with conventional diesel. The scalability of the system is
evaluated through coupling of the system with a geographically resolved growth model that
remediates contaminated water systems. The HUCS- level TEA results show that increasing the
productivities reduces the MFSP to a minimum of $1.21 dm™ ($4.56 GGE™"). The biofuel prices
varied, but the highest concentration of ideal locations is found in the Midwest. Additionally, the
economic impact of incorporating two different WQT credits is evaluated. Valuing the water
remediating capabilities of the algae at $45 kg! ($100 Ib™!") results in negative renewable diesel
prices illustrating the ability of the system to be economically viable without revenue from the

fuels product. Successful deployment of this system is possible in most states when WQT credits
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are considered. Future work is needed to understand the limitations imposed by the availability

of land to support large attached algae flow-way modules.
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Appendix A

1. Water quality data
Data from the USGS Spatially Referenced Regression on Watershed attributes

(SPARROW) model was used to determine nutrient impairment in each HUCS subbasin in the
contiguous US [1-5]. Total nitrogen (TN) concentrations, total phosphorus (TP) concentrations

and TN to TP ratios from the SPARROW model data are mapped below

Appendix A 1. Total nitrogen (TN) concentrations of all 2,112 HUCS subbasins. Southern
Florida was not included in the USGS data set and appears as NA.
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Appendix A 2. Total phosphorus (TP) concentrations of all 2,112 HUCS subbasins. Southern

Florida was not included in the USGS data set and appears as NA.
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Appendix A 3. TN to TP ratios of all 2,112 HUCS subbasins. Southern Florida was not included
in the USGS data set and appears as NA.
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2. Operational days data
Appendix A 4. Operational days of all 2,112 HUCS subbasins.
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3. 1%t order algae growth model
Algae productivities were estimated with the following equation:

kJ

P [ngday] - 22 [ﬂ]
g

where Pis algae productivity in g m? day’!, 0.458is the fraction of full spectrum radiation that
is photosynthetically active radiation [6], GH/is the full spectrum radiation in kJ m™ day™!, 22 is
the energy density of the algae biomass in kJ g™ [7], and 7 is the photosynthetic light efficiency

of the algae.

The following field trail data was leveraged to validate the 1*' order growth model [8,9]:
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Appendix A 5. Field trail data acquired by Sandia National Laboratories in Laguna Madre, TX.
The Global Horizontal Irradiance (GHI) was converted from W m-2 day-1 to kJ m-2 day-1. The
productivities were converted into equivalent units and divided by the GHI to determine the
photosynthetic light efficiency.

Date GHI Productivity  Productivity Light

[k) m-2day-1] [g m-2day-1] [kl m-2day-1] efficiency

17-Jan 12,850 3.5 77.3 0.6%
24-)Jan 9,391 2.2 48.2 0.5%
31-Jan 10,905 1.7 38.3 0.4%
7-Feb 8,514 2.6 57.2 0.7%
21-Feb 14,618 6.9 150.9 1.0%
28-Feb 11,223 8.0 174.9 1.6%
7-Mar 15,384 11.2 247.1 1.6%
14-Mar 12,874 11.9 261.4 2.0%
21-Mar 17,677 16.2 355.7 2.0%
28-Mar 15,114 12.8 280.9 1.9%
4-Apr 18,241 13.6 298.5 1.6%
11-Apr 14,160 3.8 82.5 0.6%
18-Apr 21,616 9.0 198.4 0.9%
25-Apr 15,950 13.6 298.1 1.9%
2-May 13,000 14.6 321.4 2.5%
9-May 20,293 16.0 351.6 1.7%
16-May 20,796 9.8 216.0 1.0%
30-May 22,250 3.7 81.4 0.4%
6-Jun 21,863 9.8 215.6 1.0%
13-Jun 20,386 9.8 214.7 1.1%
20-Jun 13,864 22.1 486.0 3.5%

avg 1.4%

After calibrating the growth model, three light efficiencies (1.4%, 2.8% and 4.5%)
predicted the productivities across all subbasins in the contiguous US. This translates to three US
maximum annual productivities for the attached algae flow-ways: 12.4 g m? day!, 25 g m? day’!

and 40 g m day'.The resulting productivity maps are shown below.
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Appendix A 6. Geographically-resolved annual average algae productivities assuming a light
efficiency of 1.4%.
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Appendix A 7. Geographically-resolved annual average algae productivities assuming a light
efficiency of 2.8%.
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Appendix A 8. Geographically-resolved annual average algae productivities assuming a light
efficiency of 4.5%.

4. Variable algae composition
Linear regression was used to fit coefficients to polynomial equations that predict the

composition of nitrogen and phosphorus in the algae biomass as a function of the inflow TN:TP
ratio. Constraints were applied to ensure that the composition at an inflow TN:TP ratio of 13:1
was equivalent to the N-limiting algae composition and that the composition at an inflow TN: TP
ratio of 86:1 was equivalent to the P-limiting algae composition. The following equations were
estimate the composition of nitrogen and phosphorus in the harvested algae:

TN TN\? TN
xy =f (ﬁ) = —4.290E — 05 * (ﬁ) + 4.625E — 03 * (ﬁ) + 4.749E — 05

2

TN TN
Xp = f(ﬁ) = 3.936E — 10 = (ﬁ) + 1.023E — 02
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where xy is the mass fraction of nitrogen in the algae biomass and xp is the mass fraction of
phosphorus in the algae biomass. The variable composition plots are shown below. A reference

line of the resulting algae N:P ratio versus inflow TN:TP ratio is also plotted.

Appendix A 9. Inflow total nitrogen (TN) to total phosphorus (TP) ratio versus the mass fraction
of nitrogen and phosphorus in the algae biomass. A secondary axis shows the nitrogen to
phosphorus ratio of the algae.
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5. Life cycle analysis

Appendix A 10. Summary of TRACI 2.1 total environmental impacts of renewable diesel
compared to conventional diesel and soy biodiesel on a well-to-wheels (WTW) basis.

Algal Soy Conventional

Renewable Biodiesel Diesel Units [per MJ
Impact category Diesel [10,11] [10,11] fuel]
Acidification 1.5x10 1.2x10* 1.4x10* kg SOz eq
Ecotoxicity 3.5x10? 7.1x107 1.9x1072 CTUe
Eutrophication 1.3x10°° 7.1x107 4.0x107 kg N eq
Global Warming » 1 2
Potential (GWP) 2.5x10 1.0x10 8.8x10 kg COz2 eq
Human health 25x1070  75x107°  3.7x1071° CTUh
(carcinogenic)
Human health = =y 6109 28x10°  7.7x10710 CTUh
(non-carcinogenic)
Ozone depletion 3.7x107 2.8x107 2.0x108 kg CFC-11 eq
Photochemical 12x10°  2.6x10°  2.0x107 ke 05 eq
ozone formation
gg;lsélﬁi‘fl 2.8x107  2.6x1072 1.7x10"! MIJ surplus
Respiratory effects  1.5x107 2.3x107 1.6x107 kg PM2.5 eq
g&%ﬂgy Ratio 330007 16x10°  1.9x10" MJ

The following contains the calculations used to determine the acidification potential (AP)
for a pH change in the source waters from an attached algae flow-way. Two pH changes were
investigated: 1) a pH change from 7 to 9; and 2) a pH change from 7 to 8. The Acidification of
sulfur dioxide was found from Heijungs et al. (1992) [12]. Assume the flow rate of water through
the Santa Monica Bay, CA subbasin is 472 MGD (7.43*%107 L hr'!) and the total fuel production

is 234,238 MJ hrl.
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1.
pH = —log([H*]) - [H*] = 107P"
ApH =7 —9 = =2 - A[H*] = 102 = 100 mol L™}

SO0, + H,0 4+ 05 & 2H" + S0~ + 0,

100 mol H* (1 mol 502) (64.07 g SOZ> ( 1kg ) 7.43 %107 L
L 2mol H*/\ 1mol S0, /\103 g hr

= 238 % 108 kg SO,_pq hr™?

S$0,_¢q emissions = <

_ 2.38%10°kg SO, hr™*
234,238 MJ hr1

= 1,020 kg SOy_gq MJ 1

2).
A[H*] =10 =10 mol L1
50,_cq emissions = 2.38 * 107 kg SO,_pq hr™*

AP =102 kg SO;_pq MJ ™
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6. Bioenergy Technology Office cost assumptions

Appendix A 11. "Nth-of-a-kind plant" assumptions utilized in the discounted cashflow rate of
return economic model to determine the minimum price of the biomass and the renewable diesel.
The on-stream factor is a variable in the process model, see section 2.1.3. for more details.

Parameter Standard Value
Internal rate of return 10%
Plant financing debt / equity 60% / 40%
Plant life 30 years
Income tax rate 35%
Interest rate 8.0% annual
Debt financing term 10 years
Depreciation schedule 7-year modified accelerated cost
recovery system (MACRS)
Construction period 8% year 1
60% year 2
32% year 3
Plant salvage value None
Start-up time 6 months
Start-up revenue and costs 50% revenue

75% variable costs
100% fixed costs

On-stream factor Variable
Indirect capital 60% of total installed capital
Base costs year 2018

7. Cost estimates

Appendix A 12. Attached algae flow-way capital (CAPEX) and operational (OPEX) expenses.
Costs are listed in 2018 $.

Variable Value Units Source
CAPEX

Growth System $47,446 $ acre™! [13]
Harvest Equipment $5,391 $ acre™! [13]
Land $2,233 $ acre™! [14]
OPEX

Pump energy use 0.006061 kW gpm’! [13]
Electricity $0.036 $ kWh'! [15]
Additional energy use  10% % of pump electricity use [13]
Labor $1,398 $ acre’! [13]
Harvesting $646 $ acre™! [13]
Maintenance 1.6% % of CAPEX [13]
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Appendix A 13. Equipment costs associated with the HTL system [16,17]. The costs are shown in
2018 $ and the results are representative of the Santa Monica Bay, CA HUCS subbasin with a
US maximum annual productivity of 25 g m* day.

. . 5 .—°:) B o 0 = Ed E g ‘g Scaled Purchase Costin | Installed Cost in
Equipment Title g % Quote Cost E § T;) % é T;) ?} :‘2 E 2 _% (l’jlé:c[hase Project Year Project Year
Z. & =< @ > s} al| &8 PN :
Ash Reduction
De-ash tank 2 $162,000 2005 1 Unit 1 1.14 1 $324,000 $416,285 $474,565
Filter press 1 $5,300 2010 98.01 m’hr! 1 1.8 98.0 $519,462 $570,236 $1,026,425
De-ash pump 4 $35,400 2010 45,881 kg hr! .6 23 0.12 $39,025 $42,840 $98,531
Ash Reduction Totals | $882,487 $1,029,361 $1,599,521
Hydrothermal Liquefaction
First feed preheater 1 $44,604,000 2012 2,741 ft? 0.7 22 0.06 | $5,863,201 $6,048,746 $13,307,241
Second feed preheater 1 $31,860,000 2012 1,963 ftt 0.7 22 0.06 | $4,195,931 $4,328,714 $9,523,170
Feed recycle heat exchanger 1 $2,948,000 2012 3,654 et 0.7 22 0.81 $2,548,343 $2,628,987 $5,783,771
Final feed heater 1 $998,850 2012 2,086 ft? 0.7 22 0.35 | $474,968 $489,999 $1,077,997
HTL reactor 1 $272,788 2013 7,848 ft 1.0 2.0 1635 | $4,460,054 $4,741,510 $9.483,020
Reactor gas KO drum 1 $5,600,000 2012 1 [ 0.7 2.0 1.00 | $5,600,000 $5,777,215 $11,554,430
Solids filter 1 $1,311,000 2011 1,001 gpm 0.6 1.7 0.27 | $599,266 $617,069 $1,049,017
Separator 1 $3,565,000 2011 1,001 gpm 0.7 2.0 027 | $1.430,252 $1,472,742 $2,945.484
Bio-oil heat recovery steam generator 1 $102,000 2012 42 et 0.7 22 0.05 | $12,243 $12,630 $27,786
Hydrothermal Liquefaction Totals $25.184,258 $26,117,611 $54,751.917
Upgrading
Hydrotreater reactor, vessels, columns 1 $27,000,000 2007 1,527 bpd 0.75 | 1.51 0.23 $9,087,278 $10,344,541 $15,620,256
Hydrogen compressor 1 $1,385,600 2011 32 MMscfd H2 | 0.80 | 1.10 0.19 | $365,202 $376,052 $413,657
Hydrogen recycle PSA 1 $1,750,000 2004 32 MMscfd H2 | 0.80 | 2.47 0.19 | $9.087,278 $622,184 $1,536,793
Hydrocracker unit and auxiliaries 1 $25,000,000 2007 1483 bpd 0.75 | 1.51 0.07 | $3,307,899 $3,765,561 $5,685,997
Upgrading Totals $13,221,628 | $15,108,337 $23,256,704
Utilities
Hot oil system package 1 $1,200,500 2012 20 MMBtu hr' 0.6 1.8 033 | $612,790 $632,182 $1,137,928
Hot oil 1 $2,101,710 2012 23,200 gal 1.0 1.0 1.00 | $2,101,710 $2,168,220 $2,168,220
Cooling tower system 1 $2,000,000 2009 64,730 Ib hr! 0.60 | 2.95 0.002 | $45,352 $52,639 $155,287
Cooling water pump 1 $445,700 2009 64,730 1b hr! 0.60 | 2.95 0.002 | $10,107 $11,730 $34,606
Plant air compressor 1 $32,376 2002 14.7 ton day! 0.34 | 2.95 0.007 | $6,089 $9,307 $27,456
Hydraulic truck dump with scale 1 $80,000 1998 14.7 ton day! 0.60 | 2.95 0.007 $4,193 $6,491 $19,149
Firewater pump 1 $184,000 1997 14.7 ton day! 0.79 | 2.95 0.007 | $3,791 $5,917 $17,456
Instrument air dryer 1 $8.349 2002 14.7 ton day! 0.60 | 2.95 0.007 | $438 $668 $1,973
Plant air receiver 1 $7,003 2002 14.7 ton day! 0.72 | 2.95 0.007 | $204 $311 $918
Firewater storage tank 1 $166,100 1997 14.7 ton day! 0.51 | 2.95 0.007 $13,549 $21,147 $62,385
HTL oil intermediate storage (3 day) 1 $470,000 2005 192,441 gal 0.65 | 2.95 0.182 $155,340 $199.,586 $588,779
Naphtha storage (3 day) 1 $320,384 2005 21,646 gal 0.65 | 2.95 0.039 $38,758 $49,797 $146,903
Biodiesel storage (3 day) 1 $320.384 2005 97,513 gal 0.65 | 2.95 0.175 $103,098 $132,463 $390,767
Utilities Totals | $3,095,419 $3,290,462 $4,751,826
TOTALS $42,383,792 | $45,545,771 $84,359,968
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Appendix A 14. Fixed operating costs associated with the hydrothermal liquefaction system. The
costs are shown in 2018 $ and the results are representative of the Santa Monica, CA Bay HUCS8
subbasin with a US maximum annual productivity of 25 g m? day.

Labor Jones et al. (2014) [17] & Chen et al. (2021) [18]
Position Number Salary (2014 $) Position cost (2018 $)
Plant manager 1 $ 150,000 $ 157,030
Plant engineer 2 $ 70,000 $ 146,561
Maintenance
supervisor 1 $ 60,000 $ 62,812
Lab manager 1 $ 60,000 $ 62,812
Shift supervisor 2 3 48,000 $ 100,499
Lab tech 2 9 40,000 $ 83,749
Maintenance tech 5 9 40,000 $ 209,373
Shift operator 9 % 48,000 $ 452,246
Yard employee 2 $ 27,500 $ 57,578
Clerks & secretaries 2 9 40,000 $ 83,749
Total Salaries $ 1,416,411
Other Fixed Costs
Benefits + Overhead 90% % of total salaries $ 1,274,770
Maintenance 3% % of ISBL $ 2,530,799
Property Insurance 1% % of FCI $ 1,585,967
Total Fixed Costs  $ 1,416,411

Appendix A 15. Variable operating costs associated with the hydrothermal liquefaction system.
The costs are shown in 2018 $ and the results are representative of the Santa Monica Bay, CA
HUCS subbasin with a US maximum annual productivity of 25 g m” day’.

Variable Value Units Source
Electricity $0.036 $ kWh! [15]
Catalyst $38.90 $kg! [18]
Natural gas $4.14 $ MMBtu'! [19]
Cooling water $0.000227 $kg! [20]
Hydrogen $1.39 $ ke [21]
Wastewater $0.0054 $ gal! [22]
Solids disposal $0.029 $ kg [23]
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