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Algae cultivation and processing is an important pathway under discussion within the broader CO, capture

and utilization umbrella. Here, we discuss the results of a life-cycle analysis and techno-economic analysis

of a pilot-scale photobioreactor that uses flue gas directly from natural gas or biogas combustion at 3-5%

CO, concentration. The system requires minimal freshwater use as it has been successfully run with

industrial wastewater and has a much smaller areal footprint compared with open pond cultivation.

Introducing the flue gas directly to the photobioreactor avoids the need for CO, separation and

pressurization, which is undertaken in many other algae cultivation systems. For the end-use of the

biomass, the default case assumes conversion of algae to liquid fuels via hydrothermal liquefaction. The

results indicate that the pilot-scale system has a higher cost, and comparable greenhouse gas emissions

compared to pond-based systems, especially as the grid is anticipated to evolve to a lower carbon

intensity. The costs of algae biofuel production range from $12-16 per GGE at the current pilot scale.

Depending on whether the source of the carbon is fossil or biogenic, the net emissions are 68 g CO,e
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per MJ and —4 g CO,e per MJ respectively. If the marine algae species is used instead of the freshwater

species, it offers an additional 16 g CO,e per MJ carbon fixation in the form of calcium carbonate. The
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1. Introduction

CO, capture and utilization (CCU) is considered an important
suite of approaches to produce fuels, high-value products and
chemicals from flue gases. Past analyses suggest that CCU could
help in the reduction of 0.5 Gt-CO, annually with the present-
day technology." However, this could rapidly scale up with the
emergence of new technological pathways. One such pathway is
the conversion of microalgae into fuels and products of high
value. The key advantage of an algal CCU platform is its rela-
tively high carbon fixation efficiency, compared to other
biomass types. Particularly, the biomass yield of algae biomass
in closed bioreactors is estimated at 60-120 t ha™*, which is well
above that for terrestrial biomass (20-40 t ha™').2 Past work has
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findings point to broadly desirable trends in GHG emissions and costs, while the discussion aims to shed
light on areas that could further improve the scalability of the system.

shown that algal CO, utilization could increase to 200-900
MtCO, per year by 2050 under favorable conditions, which
could represent 5% of all CCU globally." Another study has
estimated this number to be as high as 4.1-7.5 Gt-CO,.* Addi-
tionally, algae biomass is useful because it can deliver a variety
of gaseous and liquid fuels, along with a number of valuable
chemicals.* That said, there are several gaps in the scalability of
algal biofuels. Notably, the current cost of CO, mitigation
through such platforms is subject to very wide uncertainty (with
estimates ranging from $220-1000 per t-CO,).* This wide vari-
ance is primarily attributable to differences in experimental and
modeled yields, although other reasons include differences in
financial assumptions (e.g., capital costs, discount rates, etc.).
Similarly, the energy burdens associated with algae remain
uncertain and depend on the type of configuration used. We
aim to address this by directly incorporating pilot-scale data
directly into our systems analysis.

While the literature on algal fuels is large and diversified,>”
their efficacy strongly depends on the context. Technological
development and feedstock availability tend to strongly affect
the supply chain. The present analysis looks at a novel micro-
algal technology platform, and its economic and life-cycle
environmental evaluation to produce algal biofuels. As

This journal is © The Royal Society of Chemistry 2025
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mentioned earlier, life-cycle analyses (LCAs) and techno-
economic analyses (TEAs) of algal systems have been subject
to wide uncertainty in energy investment for CO, provision.
Meta-analyses have shown that this often arose because of
differences in energy inputs that were assumed in the various
analyses.® As such, the energy return on investment has varied
from 0.46 to 2.° The platform being evaluated in this study
makes use of flue gas from power plants directly, which avoids
the additional energy investments and associated uncertainties
related to flue gas transport and distribution.

Instead of algal ponds, which are land-intensive, this
approach uses a novel, tall-column, LED-lit photobioreactor
(PBR) to cultivate the algal strains. Open-pond algal systems
may entail considerable loss in CO,.° The land and water
requirements for such systems also continue to be deterrents to
scalability.’® The two microalgal strains selected for this study
were Scenedesmus obliquus HTB1 (a freshwater strain) and
Nannochloropsis oceanica IMET1 (a saltwater strain), that could
tolerate CO, containing flue gases (6-12% CO, and 104-
112 ppm NO, from a power plant) and maintain a high-pH and
high-alkalinity culture for removal of CO, during their biomass
production.™ As noted above, CCU approaches are being widely
discussed to meet the decarbonization targets. It has been re-
ported that the red plastid-bearing marine microalgal species
can photosynthesize in highly alkaline cultures (>pH 10),"
while continuing their carbon concentrating mechanism.™
Hence, in the current study, Nannochloropsis oceanica, a marine
microalgal species was also selected to study its potential to
precipitate the calcium carbonate at high pH, facilitating
additional CO, storage. The feasibility of the algal system
strongly depends on its design considerations and product end
use. This study looks at specific sensitivities which affect the
multiple pathways explored in this algal system.

The key question of interest in this analysis is whether this
system, and PBRs in general, can offer a cost-effective algal
production pathway with comparable greenhouse gas (GHG)
emissions as open raceway ponds. We also wanted to under-
stand the impact of key design sensitivities affecting costs and
greenhouse gas metrics. From a systems analysis perspective, it
is important to emphasize that prior LCA/TEA of PBR systems
were limited to algae cultivation, where the system boundary
typically included cultivation, harvesting and dewatering but
not co-product valorization.'*** This study further considers the
conversion of algae into biofuel and the cited co-products in the
system boundaries which represents the primary novelty of this
study.

There are also additional novel features attributable to the
setup itself. First, flue gas is directly used for the cultivation of
algae, which is hypothesized to reduce the energy penalty for
CO, capture. Second, a non-potable industrial wastewater
source is used in place of freshwater to cultivate algae. Third, it
incorporates recycling of the dewatering loop that reduces
nutrient input requirements, and thus, the use of expensive
synthetic media. Fourth, two different algal strains are culti-
vated in PBRs: (1) S. obliquus, to study its potential in achieving
high biomass productivity and carbon utilization or storage via
a biochar end product, and (2) N. oceanica, to study its potential
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in precipitating calcium carbonate (an inorganic bio-
cementitious material) as a valuable co-product.

2. Material and methods

2.1. Pilot setup summary

The pilot PBR is made up of cylindrical polyvinyl chloride bags
and is supported by a Kevlar structure. The laminated Mylar/
Kevlar bond minimizes the cost of bioreactor construction.
The PBR uses a high-intensity, light-emitting diode (LED)
system comprising three external lights (ca. 200 pmol m > s™*
measured at the reactor mid-point). The facility is co-located
with a medium-size gas boiler (3 MW) and the Back River
Wastewater Treatment plant in Columbia, MD. The current
scale of the PBR is 500 L with a depth of 2.9 m and it uses 0.04 kg
CO, per h using a gas sparger. Ongoing work is targeting scale-
up to a 6800 L PBR with a depth of 5.9 m with a CO, input of 12—
40 0.04 kg CO, per h. Slipstream testing was conducted at the
500 L facility over a period of 28 days, during which the algae dry
weight was observed to plateau; further details have been dis-
cussed by Jonas et al.*®

We used non-axenic, monocultures of S. obliquus and N.
oceanica because we aimed to establish one freshwater (S.
obliqguus) and one seawater (N. oceanica) microalgae-driven
carbon capture platform. Among the strains we tested, S. obli-
quus and N. oceanica are top candidates for freshwater and
seawater microalgae, respectively. Moreover, our previous work
has shown that non-axenic, monocultures of N. oceanica*® and S.
obliquus"’ are highly effective in mitigating carbon emission
from power plant flue gas while also rapidly consuming NO,
emissions.

2.2. Goal and scope definition

This analysis focuses on the novel algae production process to
produce algal biofuels and deliver CO, fixation benefits. Fig. 1
shows the detailed configuration incorporating the baseline
and sensitivity cases. For the baseline configuration (shown via
colored boxes), the algae capture the CO, present (6-12%) in the
power plant flue gases coming from the combustion of natural
gas or biogas for its cultivation. The system boundaries include
the cultivation of the algal biomass - S. obliquus, for the base-
line configuration pathway - in a single PBR. Provision of light,
nutrients and water is accounted for in this analysis. The
cultivated algal biomass is dewatered and then converted to
biocrude via hydrothermal liquefaction (HTL), followed by its
upgrading to renewable diesel. This baseline pathway is
primarily aimed at liquid fuel production (Fig. 1). Waste heat
recovery produces electricity in the baseline configuration
pathway to offset the power demand of the LED lights and
induced motor loads. The primary functionality of the system
described in Fig. 1 is transportation fuel. The functional unit
(FU) is 1 MJ of algae biofuel for the baseline configuration's
GHG results and 1 GGE of fuel for the economic costs. Alter-
native functional units are also described for individual biofuel
and biochar pathways.
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In addition, we evaluated several sensitivities. For instance,
biogas or renewable natural gas combustion produces biogenic
CO,, which is considered as an alternative CO, source. Another
sensitivity is the cultivation of N. oceanica in PBR, which
precipitates calcium carbonate (a form of permanent carbon
sink) as a co-product. The third alternative configuration
involves converting algae to biochar to prioritize carbon storage
where the functional unit is 1 kg CO, stored.

2.3. Process parameters

2.3.1. PBR for algal cultivation. The initial CO, loading for
the PBR is calculated to be 1.83 kg CO, stored per kg of algal
biomass (dry basis)."* The CO, provision from the flue gas
involves no additional energy consumption for the separation
process as the algae use flue gas directly. Algae have the
potential to fix CO, (directly) using the Calvin-Benson-Bas-
sham pathway, even when the CO, concentration is as low as 5-
6%." This low level of CO, purity is sufficient for an optimum
algal growth, thus preventing the need for additional CO,
purification and pressurization steps. Some marine strains of
algae use this CO, fixation pathway for the calcification (bio-
mineralization) process, resulting in the formation of a protec-
tive calcium carbonate layer.* This is a substantial advantage of
this process compared to several other CCU processes that
require a much higher level of purity and pressurization.” The
flue gas is assumed to be transported with an additional energy
penalty of 0.0116 kW h per kg CO,.

Once the CO, feedstock is accounted for, we made several
assumptions based on the algal growth pilot data from the
UMCES facility. The current biomass density achieved in the
reactor is 4.5 g L™" or 32 g per m> per day, but experimental
trials have shown productivities as high as 7.1 g L™ after adding
BG11 medium on day-25. Thus, the analysis considers both
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these configurations in the costing study. The nutrient
requirements for the algal growth were also incorporated from
the pilot studies with N-nutrients equivalent to 0.42 kg HNO;
per kg algae (dry) and P-nutrients equivalent to 0.041 kg H;PO,
per kg algae (dry). The GHG emission intensity for HNO; and
H3PO, are 0.66 kg CO,e per kg and 0.96 kg CO,e per kg based on
the Greenhouse Gases, Regulated Emissions, and Energy Use in
Technologies (GREET) model.

This algae cultivation setup requires 0.93 kW h of electricity
consumption per dry kg of algae for the reactors, compressors
and LED lights (excluding facility heating, ventilation and air
conditioning). This is sourced from the U.S. grid average elec-
tricity using a CO, emission factor of 0.43 kg CO,e per kW h.****
Several sensitivities are also considered later, to assess the
impact of shifting to an electricity grid with lower carbon
intensity. The PBR facility has been operated thus far with
negligible freshwater consumption because non-potable water
(plant service water) is used for make-up water needs. As such,
a nominal freshwater consumption of zero is assigned.

2.3.2. Harvesting/dewatering of the algal biomass. The
second key design consideration comprises the dewatering
stage following the PBR. This is carried out with a series of
dissolved air floatation (DAF) and centrifugation processes. The
solids capture efficiency of the DAF and centrifugation
processes is assumed to be 97% and 93%, respectively. This
increases to 30% solids after DAF treatment, and further to 50%
solids after centrifugation of the DAF float material. Further-
more, the energy requirements for DAF and centrifugation are
assumed to be 1.33 x 10~* kW h per dry g and (3.3 kW h m?),
based on past GREET work.”® The initial algae density is
assumed to be 4.5 g L™ (or 0.45% solids), although the peak
concentration from the UMCES pilot tests achieved was 7.1 g
L. The increased productivity is depicted as a sensitivity case.

This journal is © The Royal Society of Chemistry 2025
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The daily input for dewatering is assumed to equal the total
volume of algal culture in a pilot-scale PBR of 500 L.

As noted, the immediate step following the PBR is dewater-
ing via a two-stage process (i.e. DAF and centrifugation). Such
a dewatering loop is schematically shown in Fig. 2. While these
systems are efficient with solids capture rates of 97% and 93%
respectively, considerable amounts of aqueous effluents are
generated with low-to-moderate nutrient concentrations. This
approach reuses these aqueous streams from the dewatering
stage to make up the volume of the PBR to maintain 100%
capacity and use the nutrients available in these effluents. The
objective here is to evaluate the benefits of nutrient recycling
from the dewatering loop in terms of the reduced need of
nutrient inputs and carbon utilization. Assuming a 5 g per L
algal density, the density of the algal biomass leaving the
centrifuge is 50% solids (1 kg L™"). The recycled water loops are
added to result in a return volume of 6767 L and 3.33 kg of
solids (0.04% solids as residual algal biomass).

2.3.3. HTL of the algal biomass. After the harvesting of
cultivated algae, they were subjected to HTL. At high tempera-
ture and pressure, this process converts the wet algal biomass
into three/four products: biocrude (hydrocarbons-rich),
biochar/solids (carbon-rich) and aqueous fraction (nutrients-
rich) and gases.** Table 1 shows the key process parameters
for the HTL pathway. In this pathway, energy products are
produced in the form of biocrude and naptha (roughly in a 65—
35% proportion). For the production of 1 M]J of energy products,
0.028 kg of algae (dry biomass basis) is utilized, with a higher
heating value (HHV) of 23.3 MJ kg~ *.2° The biocrude is further
converted to renewable diesel after upgrading with hydrogen.
Hydrogen is derived from steam methane reforming of natural
gas in the baseline configuration with CO, capture (blue
hydrogen). Because of the high concentration of CO, in the SMR
flue gas (40-50%), the incremental cost of capture is not
considered significant.* The aqueous co-product is recycled into
the PBR.

2.3.4. Slow pyrolysis of the algal biomass. Slow pyrolysis
prioritizes carbon storage in place of liquid fuel production and

3.35MJ
N 0.93 kWh

Flue gas
waste heat /1 kg

Dewatering

I
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Table 1 Process parameters for hydrothermal liquefaction (HTL)

Biomass input

Algae biomass (kg afdw per MJ) 2.79 x 1072
Fuel products

Renewable diesel (MJ per MJ biocrude) 6.52 x 10"
Naphtha (M] per MJ biocrude) 3.48 x 107!
Total (M] fuels) 1.00 x 10°
Energy inputs

Electricity demand (kW h MJ ") 1.07 x 10?2
Natural gas (utility) (M] per MJ) 1.58 x 107"
Natural gas (H, production) (MJ per MJ) 2.06 x 10"
Other inputs

HT catalyst (HTL) (kg MJ ") 1.09 x 107°
Hydrocracking catalyst (HTL) (kg MJ ") 8.11 x 10°*
Na,CO; (kg MJ ) 1.08 x 102
Boiler chemicals (kg MJ ) 1.02 x 1077
Cooling tower chemicals (kg MJ 1) 3.71 x 1077
Water (process demands) (gal per MJ) 5.80 x 107

may play an important role in delivering a dual effect ie.,
carbon dioxide removal from the atmosphere and transfer of
this carbon into soil for improved soil health. The literature on
algae pyrolysis shows that the primary product from slow
pyrolysis is biochar. Roughly 20-35% of the dry biomass gets
converted into biochar, with the rest converted into fuel oil and
gas.”® Accordingly, the key process parameters for slow pyrolysis
are summarized in Table 2. We nominally assume a 30% bio-
char yield in line with the literature. It is further assumed that
80% of the carbon in the biochar gets permanently stored, while
the rest is emitted over a period of 30 years.”” Based on regres-
sion estimates from Cheng et al.** about 40% of the carbon from
the algae and 50% of energy content are fractionated in the

1.91 M)
0.53 kWh

0.22MJ
0.06 kWh

0.3 kg

Harvested Biochar

biomass

0.7 kg
Fuel gas and oil

1.60 x 10 MJ

4.60 x 104 kWh

Fig. 2 Schematic of slow pyrolysis of algal biomass.
natural gas, and DAF: dissolved air flotation.

This journal is © The Royal Society of Chemistry 2025
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Energy calculations are on a per kg dry algal biomass basis. PBR: photobioreactor, NG:
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Table 2 Process parameters for slow pyrolysis

Biomass input

Algae biomass (kg, dry) 1
Products

Char (kg per kg algae, dry) 0.3
Fuel oil and gas (kg per kg algae, dry) 0.7
Heating value of fuel oil and gas (M]J) 8.3

Energy inputs

Natural gas (pyrolysis) (M] per kg algae, dry) 1.9
Natural gas (drying) (M] per kg algae, dry) 0.2

Other inputs

Carbon fractionated in biochar (%) 40
Permanent carbon stored from biochar over 100 years (%) 80

form of biochar. Algal biomass has an energy content of 16.5 M]J
kg™' (dry biomass basis). Assuming the product ratios
mentioned above, 8.2 MJ per kg of algae (dry biomass basis) is
fractionated into the biochar and the rest is fractionated into
fuel oil and gas. Algae have high moisture content (80-92%)>*
and require considerably high drying energy as compared to
other feedstocks assumed in GREET (e.g., corn stover or forest
residue). Cheng et al* provides an empirical relationship
which results in an energy requirement of 7.8 MJ per kg algae
(dry biomass basis) for reducing the moisture content from 80%
to 10%.*® In addition, the pyrolysis step itself requires an
additional 1.9 MJ per kg algae (dry biomass basis). With dryer
feedstock, it is observed that the heat from the residual oil and
gas is adequate to provide heat for drying and pyrolysis.

2.3.5. Waste heat recovery units. The power plant flue gas
exhaust temperature for natural gas is higher than that of coal-
fired plants, estimated at 121 °C. Low to medium quality heat in
the range of 60-350 °C can be reliably converted into electricity
for small-scale applications.” As such, this system utilizes an
organic Rankine cycle (ORC) to convert waste heat from the flue
gas into supplemental electricity. This electricity displaces U.S.
grid average electricity, which has a carbon intensity of 0.43 kg
CO,e per kW h. In the alternative configuration involving slow
pyrolysis for biochar, the heat is reused via a heat exchanger to
supplement these heating requirements.

2.4. LCA-specific assumptions

The principal output metric for the LCA pertains to the GHG
emissions reported in terms of kg-CO,e per functional unit. As
noted before, LCA is carried out using the GREET model
developed at the Argonne National Laboratory.”® In addition to
the process parameters mentioned above, GREET also allows
for tuning key LCA-related parameters. Particularly, all green-
house gas emissions for the output metrics are converted to
CO, equivalents using the global warming potential of the 5th
Assessment Report of the Intergovernmental Panel on Climate

4396 | Sustainable Energy Fuels, 2025, 9, 4392-4403
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Change (IPCC). The default electricity consumption is selected
as the U.S.-grid average, but sensitivities are also studied to
reflect the changes in the fuel mix. System expansion is used in
accordance with the guidance from the National Energy
Technology Laboratory.* As such, the algal biofuel is identi-
fied as the primary product and the energy obtained from
natural gas or biogas combustion is considered as the
secondary product. Accordingly, the electricity from the CO,-
providing process (e.g., NGCC power plant) is assumed to
displace GHG emissions and other environmental burdens.
The CO, equivalent content of the calcium carbonate (0.2 kg
CaCO; per kg of dried algae) is assumed to be stored for 100
years. Notably, past studies have found that GHG emissions
attributable to energy inputs and nutrients in a PBR vastly
outweigh construction burdens.'*** Therefore, environmental
burdens pertaining to reactor construction and assembly are
not included within the study scope.

2.5. TEA-specific assumptions

The principal output metric for the TEA is the minimum fuel
selling price required to achieve a net-present value of zero. The
TEA was carried out using an in-house spreadsheet based on the
discounted cash flow rate of the return method. The analysis
was carried out for 33 years (from year -2 to year 30). The
capacity factor was zero for years -2, -1 and 0, and 75% for year 2.
Year 2 is the year when the facility becomes fully operational
and starts generating revenue from the sale of biofuels.

2.5.1. PBR. The costs are reported here for a 500 L facility.
The overall fixed capital investment for the facility (i.e., a 20-
reactor module) is $3.73 million dollars, 70% of which is
invested in year -1 and 30% in year 0. The capital investment is
subject to an interest rate of 8% over 10 years of operation of the
plant. Additional working capital is also invested, that is
assumed to be 5% of the fixed capital investment (additional
details are included in Table S1 of the ESIT). The internal rate of
return is assumed to be 10%. The major operation and main-
tenance (O & M) expenses are the nutrients, electricity supply,
and provision of CO,. CO, is assumed to be free of cost, when
the supply is from flue gas. The cost of P-nutrients is $726 per
ton-P and that of the N-nutrients is $900 per t-N.

2.5.2. HTL. The cost parameters for the HTL pathway are
derived from the detailed cost report (assuming the 2022
configuration) of the Pacific Northwest National Laboratory.
According to their work, the biocrude production entailed an
expenditure of $1.04 per GGE while upgrading required
a further $0.50 per GGE. Further details can be found in ref. 32.

2.5.3. Slow pyrolysis. The cost of pyrolysis is highly variable
based on the scale and feedstock conditions.**** However,
assuming a scale equivalent to the algae biomass above, the
capital costs of biochar production without the feedstock costs
are $39 per t-dry feedstock after accounting for inflation and
considering currency exchange from the stated value of GBP
22.8 per t-dry (in 2007).*>*¢ The feedstock costs are the same as
the baseline configuration. The supplemental natural gas price
for heating requirement is assumed to be $4 per MMBTU. As

This journal is © The Royal Society of Chemistry 2025
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discussed in the future work section, these costs may be subject
to uncertainty.

2.5.4. Other system costs. The capital cost of dewatering via
DAF and centrifuge is $5000 per MGD and $12600 per MGD as
per the Algae Harmonization Report.’” Energy costs for the
process are based on the electricity price of $69 per MW h. The
costs for the ORC system are not directly available for the flue
gas system. That said, the NREL Annual Technology Baseline
indicates that the cost for a medium-grade heat system would
be $67-74 per MW h. We have assumed a nominal value of $70
per MW h.*®

3. Results and discussion

We have started the presentation of the findings with a discus-
sion of liquid fuel production pathway (functional unit = 1 MJ
renewable diesel). This begins with an evaluation of the base-
line HTL configuration, followed by sensitivity considerations.
Subsequently, the carbon storage pathway via biochar (func-
tional unit = 1 g CO, stored) is evaluated. LCA and TEA results
are presented in parallel for these pathways.

3.1. GHG emissions for liquid fuel production pathways

While it is known that the algal system takes up 1.83 kg CO,e
per kg-dry algae, it is imperative to evaluate the net emissions
after accounting for the other life cycle emissions and
displacement credits. For instance, a past analysis by Wilson
et al. showed a similar gross uptake (1.76 kg CO,e per kg dry
algae), of which 26% was stored from a life cycle perspective.*
Fig. 3 shows the net GHG emissions from the baseline HTL
configuration for freshwater algae assuming that the flue gas is
sourced from fossil CO, and electricity is supplied from the
current U.S. average grid.

The net emissions for the baseline configuration, microalgae
to HTL, are 68 g CO,e per MJ, which is represented by the dot
within the “Baseline” bar chart. This amounts to a 31% reduc-
tion compared to the fossil diesel baseline of 98 g CO,e per MJ.
The key source of emissions result from the eventual combus-
tion of renewable diesel (72 g CO,e per M]). The PBR inputs
result in a total of 11 g CO,e per MJ out of which 51% is due to
electricity requirements for running the compressors and PBRs,
while the rest is for nutrient supply (after accounting for recycle
from the dewatering loop). Energy requirements for HTL (with
upgrading) and dewatering (from DAF and centrifugation)
result in additional emissions of 25 g CO,e per MJ and 2 g CO,e
per MJ algae respectively. The CO, is sourced from natural gas
combustion (6% CO,), which has a similar emissions intensity
to the current U.S. grid average. As such, 51 g CO,e per MJ is
credited towards the net emissions. In this way, the system
expansion approach reveals nearly identical results to the so-
called ‘incremental approach’.*® Additionally, the ORC system
produces additional electricity which is credited with 1 g CO,e
per MJ algae.

This baseline, and all algal product pathways described
hereafter, also generate pure O,, a by-product of photosyn-
thesis, and recycle N- and P- nutrients within the dewatering

This journal is © The Royal Society of Chemistry 2025
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recycle loop along with algal biomass residuals. The former is
vented during all of the experimental test runs; thus the O,
impacts on TEA or LCA of the wastewater treatment plant are
not included in this evaluation. The latter leads to a reduction
in the nutrient requirement per kg-dry algae since the recycled
nutrients are accounted for as nutrient credits.

The second bar pertains to a sensitivity configuration where
the electricity assumed to have a end-of-pipe carbon intensity of
zero (ie., derived from nuclear, geothermal, solar or wind).
Here, we remain technologically agnostic regarding the exact
grid configuration. Both the PBR and HTL processes require
considerable electricity input. When these are decarbonized,
the net emissions reduce to 52 g CO,e per MJ from 68 g CO, per
M]. This is achieved through a reduction at the PBR stage by
11 g CO,e per MJ and at the HTL stage by 4 g CO,e per MJ,
compared to the baseline configuration.

The third bar represents the cultivation of marine algal
species, Nannochloropsis oceanica (IMET1). Here, the key benefit
compared to the baseline configuration is the additional carbon
storage in the form of CaCO; precipitation. Pilot data show that
1600 g CaCO; is precipitated per kg algae (dry). This corre-
sponds to 24 g CO, per FU, resulting in net emissions of 44 g
CO,e per M]J. The CaCO; yield in the presence of 0.02 M sodium
bicarbonate has been demonstrated in previous work by our
group.'®

The fourth bar in Fig. 3 represents the HTL baseline
configuration emissions when the flue gas is sourced from
biogas or RNG. Here, most of the emission components are the
same. That said, the combustion emissions that are considered
zero are biogenically derived. Moreover, the CO, providing
process results in slightly higher emissions due to higher fugi-
tive methane emissions in RNG as compared to fossil natural
gas. Lastly, assuming RNG pipeline quality of 97% methane, the
algal growth rates are reduced proportionally. As such, the net
emissions here are —4 g CO,e per MJ algae. This configuration,
accordingly shows that, decoupling of fossil carbon is necessary
for achieving carbon-neutral algae biofuels, as also evidenced by
our past work.*

Comparing the life cycle efficacy of this system with that
from Wilson et al.*® reveals some similarities. While Wilson
et al. did not consider any conversion of the algal biomass or the
subsequent combustion of its derivatives, the highest emissions
in their case resulted from nutrient requirements followed by
electricity needs for compressors. This is similar to our analysis.
That said, the overall nutrient and electricity requirements are
lesser for this system. Moreover, one of the sensitivity
approaches in Fig. 1 involves additional CO, fixation via CaCO,
precipitation as well as electricity credits from the ORC. As such,
the net CO, fixation from a life cycle perspective (without
accounting for fuel conversion and combustion to maintain
parity with Wilson et al.’s system boundary) is 54% of the gross
CO, uptake, which is more than double the rate reported by
Wilson et al (26%)."* When additional CaCO; storage is
accounted for in the case of the marine strain, the net uptake
increases to 62%.

These results for liquid fuel are important from the point of
view of incentivizing these technologies. For instance, the
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California Low Carbon Fuel Standard (LCFS) requires a 60%
reduction in GHG emissions from current gasoline emissions to
be eligible for reduction certifications.* In this vein, the
sensitivity pertaining to biogenic CO, shows the greatest influ-
ence. Thus, we may conclude that long-term pathways
compatible with the LCFS would need to use biogenic carbon
preferably from RNG exhaust or alternatively, CHP exhaust from
biomass combustion.

3.2. Costs for liquid fuel production pathways

For discussion of the costs, we have focused more on the PBR
stage because it relies on engineering design data from our pilot
setup. Other costs, which are obtained from the secondary
literature, are not sub-categorized as their discussion has been
carried out elsewhere. As with the LCA, we evaluate the baseline
configuration followed by other sensitivities (Fig. 4). These
sensitivities are slightly different from those in Fig. 3 as some
factors affect that GHG emissions may not affect the TEA (e.g.,
fossil NG versus RNG flue gas).

The cost of renewable diesel production in the baseline
configuration is $16.6 per GGE. Out of these costs, $13.9 per
GGE originates from the PBR system while the remaining comes
from upstream and downstream processes. The capital cost for
the PBR contributes $6.7 per GGE, while fixed operating costs
add $4.6 per GGE. Electricity and nutrient costs are $1.4 per
GGE and $1.2 per GGE respectively, assuming an electricity
price of $69 per MW h and nutrient costs of $412 per t-dry.

As the majority of the costs are concentrated on the PBR end,
increased algal concentration from 4.5 g L " to 7.1 g L™ can
facilitate lower costs for the liquid fuels. Here, the reduced
capital, fixed and electricity costs for the more productive PBR
results in a reduction of the liquid fuels costs to $12.1 per GGE.
At baseline productivity, the marine species add more logistical
costs to the PBR, with total liquid fuel costs being $16.8 per
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GGE. This is, however, offset by the large carbon storage by the
calcium carbonate precipitation.

These costs are substantially higher than the current diesel
price (US average: $3.7 per GGE). However, it may not be a fully
apples-to-apples comparison for multiple reasons. Primarily,
the scale at which the results are reported here correspond to
a pilot or demonstration scale. The market price of diesel is
projected to grow at a compounded annual growth rate of 3%
while the price of algae biofuels would nominally decrease with
increased commercialization. With higher commercialization,
economies of scale are anticipated to set in. On the other hand,
the market price of fossil diesel comprises taxes, royalties and
other margins not included in the estimates for algae biofuels.

For comparison with the past study by Wilson et al.™® it is also
important to discuss the cost of production of 1 t-dry algae. It is
seen that the baseline productivity leads to costs of $4555 per t-
dry algae (not including fuel conversion and combustion for
parity with Wilson et al.’s system boundaries) while improved
productivity can result in algae production at $3092 per t-dry
algae. Wilson et al. showed that their lowest cost converged to
$2322 per t-dry. This shows that the system studied in this paper
is comparable in costs to the current state-of-the-art. PBR-based
algal systems are currently substantially more expensive than
open pond algae cultivation, which ranges from $400-110 per t-
dry.** However, such processes often require higher-purity CO,,
as well as extensive land and freshwater requirements - which
are correspondingly reflected in the GHG emissions.

3.3. Pathway prioritizing carbon storage via biochar

The baseline configuration assumes that HTL will be used to
convert the algae into liquid fuels. That said, there may be
alternative uses of algal biomass. Patrizio et al. showed the
tradeoffs between using biomass for energy production versus
carbon storage.”” Indeed, future modeling scenarios differ in

This journal is © The Royal Society of Chemistry 2025
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the projected share of liquid fuels in the energy mix, based on
the extent to which various categories of transport may be
electrified or shifted to other energy carriers.”® In case the
demand for liquid fuel can be adequately addressed using waste
biomass resources or e-fuels, algal biomass may also supple-
ment carbon storage. In such a configuration, microalgae
biomass is converted to biochar using slow pyrolysis. Pyrolysis
is a heat-intensive process. Thus, the waste heat available from
the flue gas is used for the drying and pyrolysis processes,
instead of being converted to electricity. As this pathway prior-
itizes carbon storage, the functional unit is chosen as 1 g CO,
stored by algae using photosynthesis.

Fig. 5A shows the life cycle GHG emissions for the pyrolysis
configuration which prioritizes carbon storage for the two flue
gas sources evaluated. When fossil natural gas is treated as the
CO, source, each unit of CO, fixed by the algae corresponds to
GHG emissions of 1.2 g CO,e. This is comparable to post-
combustion CO, capture via solvents. However, when the CO,
is captured from a biogenic source, the additional emissions are
0.49 g CO,e per FU.

The costs of carbon mitigation via this pathway are esti-
mated at $5410 per t-CO, as shown in Fig. 5B. These are
substantially higher than the costs of carbon removal through
most other pathways, including pyrolysis with other feedstocks.
Again, these costs of storage should not be directly compared to
other systems for which costs are reported at a commercial
scale. For instance, Shackley et al.’*® reported that the average
cost of feedstock provision is $180 per t. Given the current scale
of the PBR, the feedstock production costs are >$4500 per t-dry
algae (corresponding to $4928 per t-CO,). In addition, dew-
atering adds another $426 per t-CO, to the system. The capital
costs of slow pyrolysis and supplemental natural gas are
comparable at an estimated $57 per t-CO,. Bio-oil and fuel gas
revenues are not shown in the figure since they are consumed
internally.

This journal is © The Royal Society of Chemistry 2025

Even at an increased productivity of 49 ¢ per m* per day, the
costs of carbon mitigation decline only marginally to $4016 per
t-CO,. Based on past work on pyrolysis, we conclude that cost
reductions in the PBR setup alongside accounting for the
holistic benefits of biochar, e.g., soil organic carbon, fertility
and nutrient retention may aid in reducing these costs. This is,
however, outside the scope of this paper.

3.4. Comparison with prior work

As noted in the introduction, the key aim of this study was to
elicit system-level insights for the PBR and fuel conversion. To
do so, we have compared the findings from the present system
with four prior studies (Table 3). Systems analysis of PBRs is not
new but has evolved with the emergence of more pilot data. For
instance, Davis et al.** compared PBR operation with open
raceway ponds. They found that the costs of green diesel
production (using the extraction/separation pathway) was more
than double that of open raceway ponds. Their work, however,
acknowledged the need for improved process data to refine
these results. Similar assumptions - and stated limitations -
formed the basis for the work by Richardson et al., wherein the
costs of biofuel production were even higher (>$30 per GGE)
when considering inflation.” Some degree of operational
experience, from expert elicitation, was then incorporated by
Zhu et al.*® who estimated the costs of algal biomass production
at $1137 per tonne (dry). This work also acknowledged the need
for pilot-scale data for PBR cost estimation. Notably, this work
relies upon previous work from the Algae Farm Model for CO,
and nutrients provisioning, which indicates that the process
requires medium-to-high purity CO,. More recent studies by
Gurreri et al.** and Wilson et al.* are at a comparable scale with
this study. Gurreri et al. found low productivity and in turn,
high GHG emissions (153 g CO,e per g [dry]). Furthermore, the
study comprised of a LCA only without costing results. As such,
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Table 3 Comparison of this study's findings with prior LCAs/TEAs on PBRs

Study Unit This study Gurreri et al.** wilson et al.*® Zhu et al.® Davis et al.*®
System boundary Flue gas to renewable PBR plant Flue gas to PBR only Flue gas to
diesel (and biochar as only algal biomass renewable
an additional pathway) diesel
Scale per reactor L 500 1440 (per tube) 1700 (per tube) 50 (per bag)
Productivity g per m” 32-49 0.15 32.1 25 25
per day
Reactor type Column airlift Tubular Tubular vertical Vertical Tubular
horizontal flat-bag
Biomass production $ per tonne 3100-4500 LCA only 2322 1137
cost (dry)
Biofuel production cost $ per GGE 12.1-16.9 LCA only N.A. N.A. 18.1
GHG emissions for PBR g COze 1.07 153 1.46 TEA only TEA only
only, excluding carbon per g (dry)

uptake

Wilson et al. provided the closest analog to our work as evi-
denced by a near-identical baseline productivity of 32 g per m>
per day. The costs for their system are comparable, although
slightly lower costs could be partially attributable to the larger
scale. That said, the net GHG emissions for the present system
are notably lower. This is due to the lower fertilizer consump-
tion (owing to the discharge loop) and the use of LED lighting. It
may be noted that these comparisons are based on the reported
results and are not completely harmonized.

4400 | Sustainable Energy Fuels, 2025, 9, 4392-4403

4. Conclusions and future work

In this paper, we discussed the GHG implications and the costs
of a novel PBR system for algae production and illustrated two
potential end uses. The key advantage of this system is that it is
directly able to utilize flue gas. Based on experimental findings
and updated LCA methodology from NETL, we find that the
costs of this system are comparable to other PBRs studied in the
literature, coupled with lower GHG emissions. The costs of
algae biofuel production range from $12-16 per GGE at the

This journal is © The Royal Society of Chemistry 2025
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current pilot scale. Depending on whether the source of the
carbon is fossil or biogenic, the net emissions are 68 g CO,e per
M]J and —4 g CO,e per M] respectively. If the marine algae
species is used instead of the freshwater species, it offers an
additional 16 g CO,e per M] carbon fixation in the form of
calcium carbonate. The slow pyrolysis pathway offers near-zero
or negative emissions depending on whether the flue gas source
is fossil or biogenic. As such, it may be treated as a form of
carbon dioxide removal. However, the costs of this pathway
exceed $5000 per t-CO, and would need to decline to be
competitive with other biochar systems.

We anticipate substantial cost reductions for the system.
While early system productivity was 32 g per m” per day, system
optimization resulted in a productivity of 49 g per m” per day,
resulting in a cost reduction of nearly 25%. It is also notable
that the current system is at a pilot scale, en route to
a commercial scale system of 6800 L. While cost estimates for
such a system are not readily available with us, a back-of-the-
envelope calculation suggests that biofuel costs could fall
below $10 per GGE. At such a stage, these costs would be
comparable to the estimates for open-raceway ponds. Even
assuming a conservative sixth-tenth rule for capital costs and
a 30% reduction in fixed O & M costs,*® the system costs would
be reduced by $6 per GGE. For the pyrolysis pathway, a holistic
accounting of benefits via soil organic carbon, fertility and
nutrient retention, is imperative to arrive at more realistic
system costs.

We have also identified three areas for future work. First, this
system can be used to directly capture flue gas from low-to-
moderate purity CO, sources. Thus, it is an analogue to post-
combustion CO, capture from power plants. Future work can
also compare the life-cycle efficacy of this system with solvent-
based or membrane-based capture. Second, life cycle inven-
tory for construction and assembly related emissions have been
excluded. This was done because past studies have shown that
emissions attributable to energy inputs and nutrients in a PBR
vastly outweigh construction burdens.'*** Monari et al
concluded that contributions from construction materials in
a PBR are negligible.* This is particularly the case as the share
of energy inputs in a PBR to the overall life cycle inventory is
much higher than in the case of open raceway ponds.*® That
said, future studies could incorporate these factors depending
on regional contexts. Third, while this study considers mono-
cultures, mixed cultures could have competitive advantages
over monocultures in some cases, and future work will test
different combinations of monocultures.

Data availability

Process parameters were derived directly from experimental
findings of co-authors from the University of Maryland Center
for Environmental Science and HY-TEK Bio, LLC (https://
doi.org/10.1016/j.jcou.2024.102669). Inventory and costing
data are provided within the manuscript (Tables 1, 2 and
Fig. 2) and the ESI material (Table S1).} Life cycle emission
factors for electricity, nutrients and biomass conversion can

This journal is © The Royal Society of Chemistry 2025

View Article Online

Sustainable Energy & Fuels

be found in the open-access GREET model developed at the
Argonne National Laboratory (https://greet.anl.gov).
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