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Abstract

Background: Seasonal variation in microalgae production is a significant challenge to developing cost-competitive
algae biofuels. Summer production can be three to five times greater than winter production, which could result

in winter biomass shortages and summer surpluses at algae biorefineries. While the high water content (80%, wet
basis) of harvested microalgae biomass makes drying an expensive approach to preservation, it is not an issue for
ensiling. Ensiling relies on lactic acid fermentation to create anaerobic acidic conditions, which limits further micro-
bial degradation. This study explores the feasibility of preserving microalgae biomass through wet anaerobic storage
ensiling over 30 and 180 days of storage, and it presents a techno-economic analysis that considers potential cost
implications.

Results: Harvested Scenedesmus acutus biomass untreated (anaerobic) or supplemented with 0.5% sulfuric acid
underwent robust lactic acid fermentation (lactic acid content of 6-9%, dry basis) lowering the pH to 4.2. Dry matter
losses after 30 days ranged from 10.8 to 15.5% depending on the strain and treatment without additional loss over
the next 150 days. Long-term storage of microalgae biomass resulted in lactic acid concentrations that remained
high (6%, dry basis) with a low pH (4.2-4.6). Detailed biochemical composition revealed that protein and lipid content
remained unaffected by storage while carbohydrate content was reduced, with greater dry matter loss associated
with greater reduction in carbohydrate content, primarily affecting glucan content. Techno-economic analysis com-
paring wet storage to drying and dry storage demonstrated the cost savings of this approach. The most realistic dry
storage scenario assumes a contact drum dryer and aboveground carbon steel storage vessels, which translates to a
minimum fuel selling price (MFSP) of $3.72/gallon gasoline equivalent (GGE), whereas the most realistic wet storage
scenario, which includes belowground, covered wet storage pits translates to an MFSP of $3.40/GGE.

Conclusions: Microalgae biomass can be effectively preserved through wet anaerobic storage, limiting dry matter
loss to below 10% over 6 months with minimal degradation of carbohydrates and preservation of lipids and proteins.
Techno-economic analysis indicates that wet storage can reduce overall biomass and fuel costs compared to drying
and dry storage.
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Background

Microalgae biomass has great potential for use as an agri-
cultural product due to its high conversion rate of sun-
light to biomass, its ability to grow in water unsuitable
for agriculture (e.g., seawater, saline groundwater), and
the potential to utilize carbon dioxide emitted from fos-
sil fuel-based power plants [1]. Furthermore, microalgae
biomass has been demonstrated as a feedstock suitable
for conversion to bio-based fuels and chemicals [2—4].

Seasonal variation in microalgae biomass production
is a well-known challenge when optimizing economics
for conversion to biofuels. Harvested biomass levels can
vary significantly between summer and winter months,
primarily due to the seasonal changes of solar irradia-
tion [5-8]. In algae biofuel conversion designs, seasonal
variations result in challenges with maintaining consist-
ent biomass supplies as well as determining the appropri-
ate supply rate on which to base conversion reactor size.
One approach to managing seasonal variability is to store
a portion of the harvested biomass during the high pro-
duction months to be used in the winter months such
that the biorefinery has a consistent feedstock supply, as
described in the conversion designs by Davis et al. and
Jones et al. [9, 10]. In these designs, biomass produced
in excess of capacity during the summer is preserved,
stored, and utilized in the winter months.

Seasonal harvests are a reality for most agricultural
products, requiring either immediate use or long-term
preservation of the harvested product to maintain qual-
ity. One successful preservation approach for any prod-
uct relies on reducing water activity, or the moisture
content at which a product is microbially stable [11]; this
is primarily accomplished through drying, although other
options include increasing the sugar or salt content in the
product. A second approach is to limit the oxygen source
in a product such that microbial activity is reduced, and
this is commonly accomplished in the food and for-
age industry through creating conditions favorable for
organic acid fermentations. Exclusion of oxygen enables
the accumulation of fermentation end products, such as
lactic acid, which serves to stabilize the biomass.

Drying has been considered as one approach for stabi-
lization of algae biomass [12—14]. However, preserving
algae by drying is energy intensive and can account for
over 50% of the total energy demand in algae preproc-
essing [12]. Wahlen et al. reported that drying harvested
algae in a rotary dryer was inefficient, as algae biomass
(20% solids) tended to adhere to the walls of the dryer,
minimizing surface area for drying resulting in reduced
drying rates [15]. Alternative options include solar dry-
ing, spray drying, and freeze drying, which are all expen-
sive and incompatible with cost-competitive biofuels [12,
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14]. An alternative stabilization method of anaerobic wet
storage, i.e., ensiling, is commonly used to preserve forage
crops [16], and > 120 million tons of forage-chopped bio-
mass are harvested annually and subsequently stored as
silage in the USA [17]. Ensiling relies on initial exclusion
of oxygen, followed by bacterial fermentation of soluble
carbohydrates to lactic acid. In addition to preservation
of forage crops, successful stabilization of macroalgae
biomass has been demonstrated through ensiling, and
stabilization has been effective for>200 days [18]. Ensil-
ing has also been proposed for microalgae either stored
alone or blended with terrestrial crops to facilitate stable
storage [19, 20]. This fermentation can be accomplished
by microorganisms present within the algae biomass or
through the anaerobic metabolism of the microalgae [21—
23]. However, microalgae are still metabolically active
post-harvest and thus they present an additional chal-
lenge compared to terrestrial biomass or macroalgae. In
Wendt et al. artificially created ensiling conditions were
used to assess microalgae stability over 1 month of stor-
age at room temperature; Scenedesmus obliquus blended
with corn stover was stable with total degradation rates
under 5%, while S. obliquus stored alone incurred total
degradation levels of 6-14% [19]. Additional storage
studies of microalgae biomass have been limited to a few
strains and have been conducted under refrigeration or
for short times (less than 1 week) to understand the time
frame that the cells can be stored prior to processing the
biomass without inducing compositional change [24-26].
However, there are no reported studies regarding how
well microalgae can undergo ensiling, and it is unknown
how long-term storage at room temperature will impact
the major compositional components of the algae includ-
ing lipids, carbohydrates, and protein.

Scenedesmus acutus is an oleaginous microalgae strain
that is well suited for high productivity in freshwater
sources, and this organism has been explored for its use
in algae-based biofuel production [27]. In the present
study, the full microbial succession that typically occurs
during ensiling was encouraged in S. acutus. Multi-
ple anaerobic treatment approaches were investigated
to assess the degradation extent and resulting impact
on compositional quality of the biomass over 30 and
180 days. Treatments included no additional treatment
beyond anaerobic conditions as well as chemical and
enzymatic preservative approaches. Techno-economic
analysis was performed based on the results of this exper-
iment to investigate the cost-effectiveness of the wet,
anaerobic stabilization approach compared to drying
using the previously reported frameworks of open-pond
raceways and biofuel production utilizing combined car-
bohydrate fermentation and lipid upgrading [2, 10, 28].
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Results and discussion

Storage performance

The stability of the harvested S. acutus was assessed in
wet, anaerobic storage conditions to understand the
effect of storage as well as multiple treatments on bio-
mass preservation and resulting quality. Anaerobic con-
ditions with no additives was the simplest treatment to
which others were compared. A chemical-based treat-
ment utilizing sulfuric acid was assessed for its poten-
tial benefit to preservation through reduced pH and
to enhanced lactic acid fermentation. Lower pH limits
microbial activity responsible for degradation, and sul-
furic acid hydrolyzes carbohydrates to monomeric sug-
ars making them available for fermentation to organic
acids and also ensuring the pH remains low. Sulfuric acid
treatment has the added benefit of being compatible with
algae biomass conversion processes that pre-treat algae
biomass with sulfuric acid to obtain fermentable sugars
[27]. To enhance stability in an analogous fashion, a com-
mercial enzyme cocktail containing glycosidases, specifi-
cally cellulases, p-glucosidases, and hemicellulases, was
utilized to release monomeric sugars from complex car-
bohydrates so that they could be available for fermenta-
tion to organic acids, resulting in reduced pH and stable
biomass. Glucose oxidase was also evaluated, which cou-
ples the oxidation of glucose to the reduction of oxygen,
forming hydrogen peroxide and gluconolactone. Glucose
oxidase was therefore hypothesized to improve preserva-
tion by scavenging oxygen from the storage reactor and
by inhibiting microbial growth through the production of
hydrogen peroxide.

Storage performance of the treatments after a total of
30 or 180 days is presented in Table 1, with means and
lower and upper bounds of 95% confidence intervals pre-
sented in Additional file 1: Figure S1. 30-day dry matter
loss was lowest for the anaerobic-only treatment at 10.8%,
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while the losses for alternative treatments were 11.6—
15.5%. Total dry matter loss after 180 days was higher
in glycosidase and glucose oxidase-treated biomass with
9.7% and 13.2% loss compared to 1.7% and 5% for anaero-
bic and sulfuric acid-treated samples. Linear regression
analysis suggests there is strong evidence that dry matter
loss means for all treatments and storage durations were
different from zero except anaerobic-only treatment at
180 days. Variation in final dry matter loss levels is seen
between samples stored for 30 and 180 days, particularly
in the anaerobic and sulfuric acid-treated samples, and
this is likely due to slight changes in moisture in extended
storage. However, the most notable result of this experi-
ment was that significant additional loss did not occur
over this time period for any treatment. These results
are important when considering that storage must span
a 6-month period between high-productivity summer
months and low-productivity winter months.

Organic acid production as a result of storage resulted
in 10.5-14.8% dry basis (db) total acids over 30 days
depending on treatment, and only in the case of glycosi-
dase treatment did organic acids change significantly over
the 180 days storage duration (mean difference is 8.69)
(Table 1). However, the composition of organic acids pro-
duced in storage was influenced by experimental condi-
tions (Fig. 1). Lactic acid was prevalent in anaerobic and
sulfuric acid-treated samples (6.5 and 6.7%, respectively)
after 30 days of storage, a trend consistent with well-
ensiled herbaceous biomass [16]. Lactic acid was slightly
reduced in extended storage in these treatment condi-
tions but was still prevalent at 5.6-5.9%. Alternatively,
glycosidase treatment resulted in 3.5 and 5.7% lactic acid
after storage at 30 and 180 days, whereas glucose oxidase
treatment resulted in 1.4% lactic acid over the storage
duration. A substantial amount of succinic acid accumu-
lated in anaerobic and sulfuric acid-treated samples (7.0

Table 1 Storage performance of Scenedesmus acutus biomass after 30 or 180 days of wet anaerobic storage

Treatment® Length of storage (days) Dry matter loss (%, db) Material pH Total organic
acids (%, db)®
Anaerobic 30 108+£3.7 4.2+0.06 158+£43
180 17+£16° 4540.06 174147
Sulfuric acid (0.5%, db) 30 155+14 424002 176+18
180 54442 46404° 16347
Glycosidase 30 11.6+20 50+£0.21 105407
180 97+£11 4440.04° 19.2+£06
Glucose oxidase 30 151405 51+£0.1 148+14
180 132+10 47402 175+£34

2 All treatment conditions were stored anaerobically in the dark at 20% solids. Mean (n=3) and standard deviation are presented

b Total organic acids refers to the sum of succinic, lactic, formic, acetic, propionic, isobutyric, butyric, isovaleric, and valeric acids present after storage

¢ Represent statistically significant difference between 30 and 180 days treatments based on likelihood probability analysis using 5% confidence intervals
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and 8.5%, respectively), but not in the enzyme-treated
samples (<0.5%). Succinic acid is a valuable intermediate
chemical and is widely recognized as a top value-added
product from biomass [29, 30]. Efforts within the biofu-
els community are underway to develop methodology to
convert lignocellulosic and whole algae biomass to suc-
cinic acid [2, 27, 31-33], and delivering algae biomass
to a refinery with significant levels of succinic acid is a
promising option for increasing the value of the biomass.

The storage conditions that incorporated enzyme treat-
ments for preservation resulted in a distinct organic
acid profile compared to the anaerobic and sulfuric acid
approaches to preservation. The reduction of lactic and
succinic acid in the enzyme-treated samples was coun-
tered by significant formation of butyric (2.1-5.3%),
propionic (1.9-4.2%), and isovaleric acids (0.9-5.3%)
during storage. The prevalence of butyric acid in the
enzyme treatments could be the result of proliferation
of Clostridia species, whose growth may be enabled by
the higher pH of 5.0-5.1 for these experimental condi-
tions after 30 days compared to a pH of 4.2 in anaerobic
and sulfuric acid-treated samples. Butyric acid formation
during ensilage of herbaceous biomass destined for ani-
mal feed is discouraged since it results in a feed unpalat-
able for livestock [34]; however, butyric acid formation in
biomass destined for fuel production may have economic
advantages if combined with other carboxylic acid fer-
mentations [35]. Propionic and isovaleric acid produc-
tion in all treatments appeared to be time dependent,
experiencing an approximate two- to threefold increase
between 30 and 180 days storage depending on treat-
ment. This increase is most prevalent in enzyme-treated
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[ Formic acid [ Butyric acid
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Fig. 1 Composition of organic acids produced after storage of
microalgae biomass
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samples, likely a result of continued enzyme activity
between 30 and 180 days of storage and the correspond-
ing loss of dry matter described above. It is possible
that these changes in the enzyme-treated samples are a
result of this algae batch being distinct from the algae
batch used for anaerobic and acid treatments. Although
growths were conducted sequentially in an identical
manner, potential changes in bacterial communities
could have an unknown effect. Regardless, the excessive
loss of dry matter suggests that glycosidase and glucose
oxidase treatments have limited applicability for long-
term preservation of algae biomass.

The biochemical composition of algae biomass is
an important consideration when determining poten-
tial fuel yields for biofuel production. Changes in bio-
chemical composition of stored algae were treatment
dependent, as shown in Table 2. Lipid content remained
constant for the anaerobic and sulfuric acid treatments
at 10-10.7%. This is consistent with reported lipid sta-
bility in Tetraselmis suecica stored at 4 °C over a 90-day
period, and Nannochloropsis salina stored at 4 °C and
40 °C over a 6-day period [24, 25]. In contrast, the lipid
content increased as a fraction of the total biomass for
the glycosidase (11.8-12%) and glucose oxidase treat-
ment (13.5-13.7%) after 30 and 180 days of storage due
to the loss of other biomass constituents. A detailed anal-
ysis of lipid composition (fatty acid) is presented in the
Supplemental Information (Additional file 1: Figure S2).
Slight differences in lipid composition were observed as
a result of glycosidase treatment, specifically in C16 and
C18 lipids; however, major differences were not observed
as a result of any storage treatment. Protein content for
anaerobic 30-day and sulfuric acid 30- and 180-day treat-
ments increased during storage from 32.1% to a high of
34.4% (180 days, sulfuric acid). Differences however, were
not substantial and were within 5-7% of the initial bio-
mass. In contrast, enzymatically treated biomass expe-
rienced substantial enrichment in protein content and
after 180 days protein content increased from an initial
value of 32.7% to 39.5% and 41% of the total biomass for
glycosidase and glucose oxidase-treated samples. Overall,
the impact on lipid and protein changes are an indication
that these components are not degraded in anaerobic
storage.

The predominant change in biomass composition dur-
ing wet anaerobic storage occurred in carbohydrates.
Carbohydrate content of stored algae biomass was
reduced compared to the initial material (Table 2). This is
anticipated in ensiling as accessible carbohydrates are fer-
mented to organic acids under the anaerobic conditions
in storage, resulting in reduced pH and increased inhibi-
tory organic acids. Similar decreases in carbohydrates
in microalgae have been noted during post-illumination
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Table 2 Biochemical composition of Scenedesmus acutus biomass after 30 or 180 days of wet anaerobic storage
Experimental condition Length of storage (days) Lipids (%, db) Protein (%, db) Carbohydrates
(%, db)

S. acurus—to1 0 10.1£0.2 321+0.14 387+£04
Anaerobic* 30 104+04 33.7+£086 33.0+12

180 100+£0.2 322+0.14 335+09
Sulfuric acid (0.5%, db)* 30 10.7+04 33.7£0.05 289+02

180 10.74£0.2 344+£0.05 29.5+£0.1
S. acutus—t, 2 0 10.0£03 32.7+0.09 33.7+£0.8
Glycosidase* 30 120£03 3594029 248+03

180 11.8+£0.2 3954048 18.8+0.01
Glucose oxidase* 30 13.7£09 38.040.05 21.8+06

180 13.5£0.1 41.0£0.09 13.9+£05

* Biological replicates (n = 3) were combined to accommodate all analyses. Variation is represented by standard deviation of analytical replicates (lipids, n=3; protein

n=3; carbohydrates n=2)
2 Harvest 1and 2

respiration of algae and are attributed to dark respira-
tion [36, 37]. Typically, in ensiling of herbaceous biomass,
organic acids accumulate until they reach a threshold
inhibitory concentration (occurring around pH 4.5), at
which point carbohydrate content remains stable. This
can be observed in the anaerobic untreated and sulfu-
ric acid treatments where initial carbohydrate content
(38.7%) after 30 days in storage was reduced to 33% and
28.9%, respectively. Additional carbohydrates were not
consumed during the next 150 days in storage. The fate
of carbohydrates after glycosidase and glucose oxidase
treatment was much different. Substantial loss from 33.7
to 24.8% and 21.8% was observed after 30 days of storage
in glycosidase and glucose oxidase, respectively. Addi-
tional degradation of carbohydrates continued during
extended storage and resulted in 18.8% and 13.9% car-
bohydrates remaining as a result of the respective enzy-
matic treatments.

Changes in carbohydrate composition can be better
understood by assessing the fate of each monomer as a
result of storage (Table 3). Each treatment condition
experienced large changes to both glucose and galac-
tose fractions, with minor changes in mannose content.
Reduction of glucose and galactose within anaerobic
or sulfuric acid-treated biomass occurred, but did not
reduce further with increased storage time. Mannose
content was either constant or slightly enriched in these
samples, which indicates that it was not consumed dur-
ing lactic acid fermentation. Unlike anaerobic and sul-
furic acid-treated biomass, carbohydrate consumption
in enzyme-treated biomass underwent a more severe
reduction, a trend which increased with time. Glucose,
galactose and mannose were all reduced as a result of gly-
cosidase treatment, likely from the conversion of complex

carbohydrates into simple sugars that were then easily
utilized as a carbon source. Glucose oxidase-treated algae
biomass underwent a reduction in glucose, galactose, and
mannose fractions, as these sugars are all substrates for
glucose oxidase [38]. In summary, carbohydrate compo-
sition was modified as a result of anaerobic storage, with
the largest differences experienced in the enzyme-treated
conditions.

Changes to algae biomass occurring in storage were
also assessed by bomb calorimetry, proximate and ulti-
mate analysis (Additional file 1: Table S3). Notably, all
samples after 180 days of storage had increased amount
of carbon and decreased amount of oxygen as a frac-
tion of the total biomass. This change in elemental com-
position is further reflected in an overall increase in the
energy density of stored biomass; the higher heating
value (HHV) for all treatments increased after 180 days
of storage relative to the initial value. Similar changes
in elemental composition and energy density have been
demonstrated in algae stored anaerobically [19]. The
increase in energy density should translate into higher
fuel yields in thermochemical conversion on a per unit of
biomass basis, although total yield would be expected to
be less as a result of material losses in storage. Additional
experiments would be required to fully understand the
impact of storage on thermochemical conversion.

Techno-economic analysis

Techno-economic analysis (TEA) was performed to
evaluate the feasibility of a series of conversion scenar-
ios where a fraction of microalgae is sent to storage (dry
or wet) in high-productivity warm months and drawn
from storage in low-productivity cold months to sup-
ply the conversion facility with a consistent feed rate
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Table 3 Carbohydrate composition of Scenedesmus acutus biomass after 30 or 180 days of wet anaerobic storage

Experimental condition Length of storage (days)

Glucan (%, db)

Galactan (%, db) Mannan (%, db)

S. acutus—t, ' 0 269+0.04° 374037 81+0.1°
Anaerobic* 30 22841.1° 19402° 8340.1%
180 235+0.7° 13£005° 87+0.2°
Sulfuric acid (0.5%, db)* 30 1924001° 1340.1° 844005
180 19.940.04¢ 134£0.04° 8240012
p value <0.001 <0.001 0.018
S. acutus—t, 2 0 219404 3.1+0.1° 87+03?
Glycosidase* 30 152403° 09+001° 8740017
180 10.7£001¢ 1.040.00° 7.14£002°
Glucose oxidase* 30 1254029 13£01° 81+02°
180 57402° 12400° 70403
p value <0.001 <0.001 <0.001

* Biological replicates (n = 3) were combined to accommodate all analyses. Variation is represented by standard deviation or analytical replicates (n = 2). Letters

represent statistically distinct values as determined by Tukey'’s test

2 Harvest 1and 2

of microalgae year-round, thus reducing or eliminating
underutilized equipment capacity. Figure 2 illustrates
the difference in seasonal productivity at the algae farm
relative to consistent capacity sent through the conver-
sion facility for both dry and wet storage scenarios. The
values for dry and wet storage represent the amount of
algae sent to the conversion facility to maintain con-
sistent capacity at the conversion facility throughout
the year. The design cases for algae biomass cultivation
[28] and combined fermentation and lipid upgrading to
fuels and chemicals [10] developed at National Renew-
able Energy Laboratory (NREL) were used to calculate
minimum biomass selling price (MBSP) and minimum
fuel selling price (MFESP), respectively, for each of the
dry and wet storage scenarios. In the scenarios pre-
sented here, the fuel product is mostly renewable die-
sel blendstock, with some naphtha, while the chemical
coproduct is succinic acid. Table 4 and Fig. 3 summa-
rize the results of the TEA evaluations.

The dry storage, rotary drum dryer design scenario
reflects the previously established design basis as uti-
lized in recent TEA models [10, 28], which place drying
and storage operations as the first step in the conversion
model. To quantify the impact of storage degradation
losses on the resulting MBSP, drying and storage opera-
tions were moved to the algae farm model. As a result,
the original $491/ton basis reported in previous NREL
algae biomass design reports [28] increased to $529/ton.
Given that this is largely an artifact of where drying and
storage costs are allocated, the $529/ton value reported
here is nearly equivalent to the $491/ton value reported
in the prior work with respect to downstream implica-
tions on fuel costs (although in the present work, storage
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Fig. 2 Seasonal biomass productivity and corresponding conversion
feed rate for dry and wet storage scenarios

tanks for the dried biomass are explicitly included in
the cost which further increases direct capital expenses,
relative to the prior work which implicitly assumed the
storage tanks to be included in the indirect facility cost
factors). MBSP for the contact drum dryer dry storage
design scenario increased as a result of using contact
drum dryers instead of rotary drum dryers, but may be
viewed as a more realistic design if the use of algae bio-
mass dryers were employed. Rotary drum dryers work by
bringing material to be dried into direct contact with a
heated gas while rotating inside a cylinder. The rotating
cylinder enhances drying by lifting particles with fins on
the inside of the rotating drum and then showering the
material through the hot gas stream as it falls back to
the bottom of the cylinder. Recent work indicates rotary
drum dryers may not effectively dry algae biomass, as
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Table 4 TEA results for all dry/wet storage scenarios evaluated

Design scenario Biomassyield, MBSP, $/ton Fuel yield,

Fuel yield, GGE/ Succinicacid Succinic acid yield, MFSP, $/GGE

MM US ton/ MM GGE/ dry US ton yield, ton/ Ib/dry US ton algae
year year algae year
Dry storage, rotary drum 0.188 $529 13.8 73.7 66,509 708 $3.53
dryer
Dry storage, contact drum  0.188 $542 138 73.7 66,509 708 $3.72
dryer
Wet storage, no degrada-  0.188 $499 13.8 73.7 66,509 708 $3.13
tion
Wet storage with degrada- 0.181 $520 134 743 63,660 703 $340
tion
Wet storage with degrada- 0.181 $520 134 743 65,048 719 $3.26
tion and succinic acid
credit
GGE gasoline gallon equivalent, MM million
B MBSP 0 MFSP Next, TEA vYas used to assess wet‘storage, evaluating
o 9600 po $6.00 one scenario with no storage degradation and two scenar-
s - $500 - = R ios with degradation based on the experimental results
25 g = from the anaerobic, no additive cases, both including and
S i L w . . S
§ @ 3400 $4.00 % 3 excluding a coproduct credit for succinic acid produced
é% $300 - $3.00 5 in storage on the final fuel costs. Modeled MBSPs are
@ o .
22 00 5200 £ lower for all three wet storage scenarios compared to the
g é T ES dry storage scenarios. MBSP in the wet storage with no
=3 £ ; .
£ = s100+ 9100 5 degradation loss scenario is the least costly of all scenar-
= 50 L 5000 ios because it does not incur drying costs or degradation
?‘3\(\9?“6‘ 00“@;\ < §66Q0° ‘963“020—9‘36\3;0“ losses. In the remaining two design scenarios, storage
ot NSRRI < degradation losses are included, which increased MBSP
" Dysomge | Wet sorage as production and storage costs remained unchanged
Fig. 3 MBSP and MFSP results of TEA models for all dry and wet but were allocated over a lower biomass yield. Notably,
storage scenarios evaluated modeled MBSPs are lower for all wet storage scenarios

sludge-like materials similar to dewatered algae have a
tendency to adhere to surfaces in the dryer and agglom-
erate, resisting the lifting and falling action that increases
drying surface area. In addition, drying occurs more rap-
idly at the material surface relative to its interior, form-
ing an outer crust that further interferes with removing
moisture from the interior [15]. Based on this, contact
drum dryers were considered as a potentially more suit-
able candidate, as they are designed to handle material
similar to algae paste, although the suitability for this
choice would still require experimental verification and is
currently not well understood. Contact drum dryers con-
duct heat to material applied on the surface of a heated
rotating drum. The biomass adheres to the outside of the
drums and is scraped off as the drums continue to rotate.
Replacing rotary drum dryers with contact drum dryers
in the dry scenario translated to an increase in modeled
MBSP from $529 to $542/ton.

compared to the dry scenarios even after including deg-
radation losses. This is reflective of relatively high capital
costs for both the dryers and aboveground storage as well
as operating costs for natural gas consumed in the dryers,
all of which are replaced by more simplistic in-ground
covered pits for wet storage.

As can be seen in Table 4, biomass yields from the
microalgae farm are identical for all scenarios when stor-
age degradation losses are not considered. Fuel yield per
year and per dry US ton of algae directly reflect whether
storage losses were included in the analysis. An interest-
ing finding reported in Table 4 is the fuel yield per dry
ton of algae for the last two design scenarios, both wet
storage with degradation losses. The fuel yield per dry
ton of algae increases from 73.7 to 74.3 GGE/ton bio-
mass relative to the other storage scenarios due to stor-
age degradation losses disproportionately occurring in
the carbohydrate fraction of the biomass rather than the
lipid/free fatty acid fraction (Table 5). As a result, the fuel
yield per ton of algae increases slightly (although the dry
ton algae yield is reduced). Again, expecting no changes
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due to degradation losses is not likely realistic for wet
microalgae storage and is not consistent with experi-
mental results reported here, but it offers value by allow-
ing for isolation of cost impacts due only to capital and
operating costs for wet and dry storage. Assuming no
degradation losses also provides a best-case scenario for
strategies aimed at mitigating storage degradation losses,
such as selecting different algae strains or applying stabi-
lizing agents.

The succinic acid yield for the first three design sce-
narios is 66,509 tons/year, and 708 1b per dry ton of algae
(Table 4). The storage degradation losses included in last
two design scenarios cause succinic acid yield to decrease
to 63,660 and 65,048 tons/year, respectively, particularly
because carbohydrates are most preferentially degraded.
The only difference between the last two design scenar-
ios is the addition of succinic acid produced as a storage
degradation product to the succinic acid intentionally
produced in the conversion process. This translates to a
$0.14/GGE decrease in MESP between the last two sce-
narios, primarily driven by the high coproduct value of
succinic acid, $2.14/kg ($0.97/1b), which illustrates the
significant reduction in MFSP that can be realized by
capitalizing on high-value coproduct opportunities. This
result also suggests that a small amount of degradation
during wet storage may translate to a net MFSP benefit,
provided the degradation products are valuable and can
be recovered. This approach has been documented with
fermentation products beyond succinic acid including
lactic, acetic, and propionic acids [39].

MEFSP was calculated based on the MBSP, fuel and
succinic acid yields, and capital and operating costs
(Table 4). Due to the fact that rotary drum dryers may
not effectively dry algae biomass, the most realistic dry
storage scenario is likely the dry storage with contact
drum dryers. The MFSP for this scenario is $3.72/GGE,
higher than the $3.53/GGE result for the dry storage with
rotary drum dryer scenario. The most realistic wet stor-
age scenario (as reflective of the currently available data)
is the wet storage with degradation losses scenario: stor-
age in covered, belowground ponds, including storage
losses and composition changes, while not giving credit
to final MFSPs for succinic acid production during wet
storage because succinic acid production is not guaran-
teed. The MESP of $3.40/GGE for this scenario is slightly
less than the dry storage with rotary drum dryer scenario
($3.53/GGE), but considerably less than the most realistic
dry storage scenario (contact drum dry storage scenario
at $3.72/GGE). Thus, overall this preliminary analysis
indicates that wet storage appears to compare favorably
to dry storage when all elements are evaluated consist-
ently. The last design scenario (wet storage in covered,
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Table 5 Input compositions to TEA models based
on baseline (raw) and wet storage composition
Raw algae Wet
storage
algae
Solids content (wt%) 20 20
Algae composition (wt%)
Protein 132 14.2
Free fatty acids 26.0 275
Ash 24 3.1
Fermentable carbohydrates 47.8 46.2
Non-fermentable carbohydrates 32 1.7
Glycerol 30 30
Non-fuel polar lipid impurities 2.8 2.8
Cell mass 1.6 1.6
Sum 100.0 100.0
Storage losses® 22.8%
Acid produced per kg of whole algae (after storage)
Succinic acid, kg 0.090
Lactic acid, kg 0.083

@ Based on total dry matter loss, succinic acid, and lactic acid formation in
anaerobic-only treatment after 30 days of storage

belowground ponds, including storage losses and com-
position changes, while giving credit to final MFSPs for
succinic acid production) can be considered a more opti-
mistic scenario if the downstream conversion process is
configured to target coproduction of the same types of
organic acids being evolved during storage.

The difference between the third and fourth design sce-
narios (wet storage with and without degradation losses),
with MFSP estimates of $3.13 and $3.40/GGE, respec-
tively, demonstrate that storage losses do not affect final
MESP as significantly as may be expected considering
22.8% of algae biomass is lost to degradation products
during wet storage. This can be explained in that only
16.2% of annual algae biomass produced is diverted to
wet storage, therefore only 3.7% of annual algae biomass
produced over the year is lost during wet storage deg-
radation. It should be noted that these values (percent
diverted and percent lost) are based on a targeted sea-
sonal productivity variability of 3:1 (i.e., maximum versus
minimum seasonal cultivation productivity). Higher vari-
ability will require more algae being diverted to storage
annually, thus increasing the percent of algae lost to deg-
radation. Another factor that may contribute to the frac-
tional degradation losses may be the storage duration.
This analysis is based on the 30-day anaerobic-only wet
storage experiments; however, data from 180-day storage
experiments indicate degradation losses beyond 30 days
are minimal. Additional reduction of storage loss may be
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possible, as the current results represent one of the first
attempts of long-term storage for wet algae and can be
likely improved upon.

The primary advantage of utilizing storage to manage
seasonal variation in biomass productivity results in the
reduction of capital equipment costs as well as the elimi-
nation of underutilized equipment. Davis et al. previously
demonstrated a reduction in MFSP by 4-6%, depending
on the biomass composition, when dry storage was uti-
lized relative to designing all equipment to accommodate
peak seasonal flows directly from biomass production
[10]. Both wet and dry storage can eliminate underuti-
lized equipment in the conversion facility, but drying and
conveying equipment must be sized to accommodate
the maximum productivities during summer months.
It is unavoidable that all drying capacity will sit idle for
about half the year, while much of the drying capacity
will be underutilized the rest of the year. Therefore, dry
storage does not eliminate all underutilized equipment
capacity. The dry storage scenario still may lack two addi-
tional factors that could further increase costs, namely
the potential for at least some storage degradation losses
(not currently accounted for) and also potential require-
ments for climate control given that storage is envisioned
to occur during summer months in the US Gulf Coast
region with high humidity (this is also not accounted for,
and could potentially incur significant cost and life cycle
assessment penalties if it were required). Biomass stor-
age losses also require that a larger amount of algae be
stored seasonally to achieve fixed biomass throughputs
downstream through the conversion facility, and this is
only reflected in the wet storage scenarios presented in
this TEA.

The TEA findings in this study reiterate the important
observation that seasonal variability in algae cultivation
productivity leads to either algae degradation losses for
wet storage, or underutilized drying capacity for dry stor-
age, both of which increase MFSP. Additionally, greater
seasonal variability in algae productivity leads to greater
storage requirements and costs, further increasing MESP.
Therefore, the results of this analysis further validate the
conclusions of previous analyses [10] that emphasize
the importance of improving winter productivity to the
extent possible, either through strain rotation or other
strategies (although recognizing it is not likely that win-
ter productivity can ever be improved to match summer
productivity, at least for outdoor cultivation systems in
the USA, given the lower solar irradiation available in the
winter months). Finally, it should also be noted that wet
algae storage research is in the nascent stages of devel-
opment, and improvements are possible that may reduce
losses and minimize composition changes.
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Conclusion

This paper describes approaches for stabilization of
freshly harvested microalgae to manage seasonal vari-
ation due to algae biomass productivity changes. Stor-
age performance in S. acutus was assessed after 1 and
6 months. Dry matter losses over 6 months ranged from
a low of 1.7% (anaerobic treatment) to a high 13.2% (glu-
cose oxidase treated). Changes in biochemical composi-
tion were characterized by reduction of carbohydrates
and preservation of lipids and protein. Anaerobic-only
and sulfuric acid treatments resulted in the lowest dry
matter loss and fewest compositional changes. Techno-
economic analysis was performed to compare wet stor-
age to drying and dry storage costs on overall fuel selling
price based on a conversion approach that converts car-
bohydrates to chemicals and upgrades lipids to fuels.
Drying and aboveground storage vessels considerably
increase MFSP due to capital costs as well as natural
gas required for drying. Mass losses and composition
changes due to algae degradation during wet storage have
relatively less impact on MFSP than expected, though
not insignificant. A wet storage approach that considered
storage degradation was shown to reduce MFSP to $3.40/
GGE compared to $3.72/GGE for drying using a contact
drum dryer. Succinic acid produced during wet stor-
age may also be captured downstream to further reduce
MESP to $3.26/GGE, suggesting that coproduct forma-
tion in storage could not only stabilize biomass, but also
reduce final fuel production costs. Overall, wet storage
offers significant potential as a cost-effective approach for
managing seasonal variability and maintaining a stable
feedstock source for conversion. Future research in this
area is warranted to understand the impact of these stor-
age approaches on additional microalgae species as well
as to demonstrate the conversion efficacy of the storage
approach utilized in the TEA presented in this study.

Methods

Algae cultivation

Algae cultivation was performed at the Arizona Center
for Algae Technology and Innovation in Mesa, AZ, in a
containment greenhouse. Two batch cultures were grown
sequentially in December and January. Scenedesmus
acutus LRB0401 was inoculated at 0.05 g/L and grown
in BG-11 medium. Algae was cultured in 110 L vertical
flat panel photobioreactors with a 2-in. light path using
natural lighting (natural diurnal light dark periods). High
temperatures averaged 20 °C and low temperatures aver-
aged 7 °C during both batch runs. Each batch culture was
grown over a 3-week period and harvested when culture
density reached 3 g/L. The algae biomass was dewa-
tered at 1800xg through Lavin 20-1160V Centrifuges
(AML Industries, Inc, Warren, OH) with a flow rate of
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approximately 2 L/min. Dewatered algae were placed into
Ziploc® bags, stored in a cooler on ice, and shipped over-
night to Idaho National Laboratory.

Storage experiments

Algae biomass storage experiments were initiated by
mixing algae with appropriate materials to achieve the
desired experimental conditions. Triplicate storage reac-
tors were used for all treatments. The simplest of the
experiments (anaerobic treatment) involved adding algae
biomass (20% solids) to 2 oz. jars fitted with an airtight
lid and a through-lid bulkhead adapter (SS-400-R1-4,
Swagelok, Solon, OH), which accommodated the con-
nection of a gas collection bag (P/N 262-01, SKC, Eighty
Four, PA) with silicon tubing. For sulfuric acid treatment,
algae biomass was first mixed with a sufficient amount of
72% sulfuric acid to achieve a loading of 0.5% acid (wt/wt,
db). For both the anaerobic and acid treatment, algae bio-
mass was added up to the top of the jar (2 oz) to mini-
mize headspace and facilitate the establishment of an
anaerobic atmosphere.

The second algae biomass harvest was utilized for
enzyme treatments. Algae biomass was mixed with either
glycosidase (Cellic Ctec2, Novozymes, Franklinton, NC)
at 400 ug/g (db) or glucose oxidase (P/N G7141, Milli-
pore Sigma, St. Louis, MO) at 11 U/g (db) and then added
to 4 oz. jars with airtight lids fitted with a through-lid
bulkhead tube adapter and a ball valve (P/N B-43S4, Swa-
gelok, Solon, OH). These jars were only filled partway to
permit material expansion. After filling, jars were repeat-
edly evacuated and filled with nitrogen gas to establish an
anaerobic atmosphere. Gas collection bags were then fit-
ted to the ball valve with silicone tubing. Dry matter loss
after 30 or 180 days was determined, as described previ-
ously [19].

Analysis of fermentation products

Organic acids present in both fresh and stored samples
were extracted using a 1:10 ratio of wet biomass (1 g) to
18 MQ nanopure water and analyzed in duplicate using
high-performance liquid chromatography (HPLC), as
described previously [19].

Lipid analysis

Algae biomass was lyophilized and ground by mortar
and pestle. Lipid content and fatty acid composition of
unstored and stored algae biomass were determined as
described by Van Wychen et al. [40]. Each sample was
analyzed in triplicate. Each experimental replicate was
analyzed for anaerobic and acid-treated biomass, and a
composite of triplicate storage experiments was formed
using lyophilized glycosidase and glucose oxidase-treated
algae biomass.
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Carbohydrate composition

Total carbohydrate content of unstored and stored (com-
posite of triplicate biological replicates) algae biomass
was determined by the two-step process described in Van
Wychen et al. [41], with all samples measured in dupli-
cate. A composite of triplicate storage experiments was
formed using lyophilized algae biomass, and an exception
to this occurred in the anaerobic, 30-day storage sample,
where all triplicate storage experiments were analyzed.
Carbohydrates were first hydrolyzed with 72% sulfuric
acid, diluted, and autoclaved at 121 °C for 60 min. Dupli-
cate samples were quantified for monomeric sugars by
high-performance liquid chromatography (Agilent, Santa
Clara, CA) using a Bio-Rad guard column (P/N 125-0118,
Bio-Rad Laboratories, Hercules, CA), Shodex Sugar
SP0810 column (P/N F6378105, Showda Denko America,
Inc., New York, NY) and refractive index detector.

Proximate and ultimate analysis

Unstored and stored (composite of triplicate biological
replicates) lyophilized samples were run in triplicate for
proximate, elemental CHN, and elemental S analyses as
described previously [19]. Proximate analysis was pre-
formed using a LECO TGA701 Thermogravimetric Ana-
lyzer (St. Joseph, MI, USA) following ASTM D 5142-09
[42] to determine moisture, volatile, ash, and fixed car-
bon content. Ultimate analysis was performed using a
LECO TruSpec CHN and S add-on module following
ASTM D5373-10 [43, 44] and ASTM D4239-10 [42],
respectively, to determine elemental carbon, hydrogen,
nitrogen, and sulfur concentrations. Protein content was
determined by multiplying the elemental nitrogen con-
tent by a conversion factor of 4.78 [45].

Statistical analysis

Averages and one standard deviation were calculated for
triplicate biological replicates in storage experiments.
Linear regression was used to model changes in dry mat-
ter loss, pH, and organic acids produced in storage as a
function of all treatment and time point combinations.
Approximate 95% confidence intervals were found using
profile likelihoods assuming constant variation among
groups.

TEA approach and assumptions

The techno-economic analysis (TEA) consists of mod-
eling the material and energy balances in Aspen Plus
(Aspen Technology, Inc., Bedford, Massachusetts), fol-
lowed by a discounted cash flow rate of return analysis
(DCFROR) in Microsoft Excel to determine minimum
fuel selling price given a net present value of zero for a
10% internal rate of return. The Aspen Plus model is
divided into two sections: an algae cultivation model
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(algae farm) that produces algae biomass at 20 wt% sol-
ids after dewatering, followed by a conversion model that
converts algae biomass to diesel blendstock and coprod-
ucts. The general concepts for both processes is explained
in detail in Davis et al. [10, 28]; however, a brief explana-
tion of the combined process is provided here.

A model strain of Scenedesmus acutus is grown in
unlined open ponds, occupying a total pond and culti-
vation area of 5000 wetted acres (2023 ha) excluding the
inoculum system. The inoculum system consists of three
sequential stages: a closed photobioreactor (PBR) system
is used for the first stage of inoculum growout, followed
by covered ponds of significantly larger cultivation foot-
print than the PBR’s, and then lined ponds with a larger
footprint than the covered pond stage. The main pro-
duction ponds are 10-acre in-ground, uncovered ponds.
However, capital and operating cost for the ponds are
based on the average of estimates from four slightly dif-
ferent raceway and serpentine pond designs. Purified
CO, from flue gas carbon capture (i.e., amine scrubbing,
membrane purification, etc. which may be expected to
provide CO, at>99% purity) is sparged into the produc-
tion ponds during daylight hours. Algae grown in the
ponds is harvested at a fixed concentration of 0.05 wt%
solids (0.5 g/L) and dewatered to 20 wt% solids (200 g/L,
AFDW) in a three-step process consisting of gravity set-
tling, membranes, and centrifugation. Dilute water from
the dewatering process is recirculated to the production
ponds. The dewatered algae stream is then sent to a co-
located conversion facility for conversion to fuels and
coproducts. Depending on the time of year and seasonal
productivity, a portion of the harvested algae is either
diverted to storage, or algae are drawn from storage, as
shown in Fig. 2. In the baseline cases of previously pub-
lished design reports by Davis et al. [10, 28], the algae
diverted for storage are first dried. An alternative storage
method, wet storage, is the focus of this analysis.

The conversion process from algae to fuels and coprod-
ucts is based on a modified version of NREL’s published
“Combined Algae Processing” (CAP) pathway [10],
wherein the algae biomass is combined with steam and
treated with dilute sulfuric acid catalyst at high tempera-
ture to hydrolyze the glucan carbohydrates to monomeric
sugars and make the biomass amenable for downstream
lipid extraction. In the cited base CAP model, the liber-
ated sugars are fermented to ethanol, algae lipids are
extracted and converted (hydrotreated) to a renewable
diesel blendstock (RDB), and protein is directed to an
anaerobic digestion process, where the methane-rich
biogas product is combusted in a gas turbine to gener-
ate electricity. Flue gas heat is used generate steam for
utility demands. Subsequent NREL modeling efforts
indicate targeting alternate coproducts from sugar, such
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as succinic acid rather than ethanol, may produce more
favorable overall economic results as a means to ulti-
mately reduce algae fuel costs to economically viable
targets in the future [2]. Therefore, in this analysis, sug-
ars are converted to succinic acid, while lipids are again
converted to RDB, and protein is again sent to anaerobic
digestion. Lipids are isolated using a countercurrent liq-
uid-liquid extraction process with hexane solvent. The
solvent-lipid phase is sent to a distillation stripping col-
umn to recover the solvent, while the oil is sent to a series
of purification steps including degumming, demetalli-
zation, and bleaching to remove phospholipids, metals,
salts, and other impurities. The purified oil is then sent
to hydroprocessing for conversion to diesel-range par-
affinic product suitable as a diesel blendstock (RDB) with
a small naphtha coproduct. The residual raffinate stream
from the lipid extraction step is combined with the oil
purification waste stream and sent to anaerobic diges-
tion, primarily used as a means to reclaim carbon via
biogas production as well as enabling nutrient recycle to
the algae production ponds. The sugar-to-succinic acid
process and associated design/economic details are con-
sistent with previously documented TEA research [31].

In the economic analysis, capital and operating costs
are estimated for the entire process and a DCFROR is
performed in Microsoft Excel to calculate MFSP. The
MESP can be described as the price at which the fuel
must be sold to achieve a 10% internal rate of return for
the project. The economic analysis was performed in
2014 US dollars. The purpose of this analysis is to com-
pare wet and dry storage; therefore, a thorough explana-
tion of the economic assumptions of the entire process
is not warranted here, although the details can be found
in Additional file 1: Table S3 and elsewhere [10, 28]. In
addition to calculating an MFSP, MBSP is also calculated,
which includes the capital and operating costs required
to grow and store the algae prior to routing through
downstream conversion to fuels.

Experimental data for biomass degradation from
the 30-day storage case for the anaerobic-only storage
approach was used in this analysis. The mass closure of
the data varied from 79 to 92%, although some of the
unaccounted mass may be present as minor components
that were not measured, such as glycerol, chlorophyll,
polar lipid impurities (i.e., sterols and non-fatty acid
methyl ester (FAME) lipids), and nucleic acids. These
additional components have previously been measured
for similar biomass species and compositional profiles
and were added accordingly here (unpublished data).
Table 5 shows the biomass composition assumed in
the TEA model both before and after wet storage. The
raw algae composition prior to storage was set consist-
ently with previous TEA modeling work with additional
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granularity shown in extrapolating lipids characterized as
FAME to free fatty acids plus glycerol [28, 46, 47]. From
there, the major components (protein, total carbohy-
drates, ash, and lipids as free fatty acids) were adjusted in
the “after storage” case based on the experimental storage
data, generally reflecting a degradation in total carbohy-
drates offset by an increase in remaining protein, lipids,
and ash. The minor components (glycerol, lipid impuri-
ties, and cell mass) were left unchanged as those compo-
nents were not tracked in this experimental work and do
not contribute appreciably to overall fuel selling price in
the model.

While the compositions for whole algae biomass (i.e.,
when excluding extracellular degradation products) do
not appear to change significantly, the wet storage algae
composition in Table 5 is distributed over less mass, as
22.8% of total algae mass is lost to CO, and degrada-
tion products during wet storage. As the degradation
products are not part of the intact algae cell, the whole
algae composition in Table 5 is closed to 100% without
including those components. Succinic and lactic acid are
then added as separate extracellular components based
on the mass ratio of acid produced per kg of whole algae
remaining after storage (CO, is not shown in this table,
but generally is expected to constitute the remaining
mass discrepancy from the original biomass before stor-
age degradation). An additional note regarding Table 5 is
that the ash content in the wet storage algae composition
was set manually to maintain an equal mass of ash in the
raw and stored algae.

Design scenarios and economic assumptions

Five design scenarios were evaluated in total: two using
dry storage and three using wet storage. The first dry
storage scenario reflects the current design scenario
baseline as typically assumed in recent TEA models: dry
storage with a rotary drum dryer. The second dry stor-
age scenario assumes a different type of dryer, a contact
drum dryer. All dry storage scenarios assume no algae
losses or composition changes during storage. The first
wet storage scenario assumes no algae losses or composi-
tion change during wet storage, primarily to isolate the
capital and operating cost impact of wet storage relative
to dry storage (and as a “best-case” scenario for control-
ling degradation losses in the future). The remaining two
wet storage scenarios include storage degradation losses
and composition changes, with and without credit for
succinic acid produced during wet storage. The five sce-
narios are described in more detail as follows.

In the first design scenario, algae biomass is dried in
a rotary drum dryer and conveyed to a covered storage
area. Capital costs for conveyors are estimated using
Aspen Capital Cost Estimator (ACCE) software [48]. The
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conveyor is covered, 300 feet in length, and 5 feet wide.
Three conveyors are deemed necessary: one to transport
dry algae from the dryers to the storage area, a second
conveyor to feed the storage vessel, and a third con-
veyor to move algae from the storage vessel to the con-
version facility. Power requirements for each conveyor
are estimated at 50 hp, based on previous NREL design
reports [49]. The capital costs for large aboveground
storage structures, constructed of carbon steel, are esti-
mated using ACCE software and reported in Additional
file 1: Table S2; these costs were implicitly assumed to
be included in other indirect cost factors under the pre-
viously cited design report [10], but are now explicitly
accounted for in this work. Two operators were deemed
necessary for conveying and storage operations. Addi-
tional operating costs for natural gas consumption are
reported in Additional file 1: Table S2. This first design is
consistent with previous TEA assumptions for this dry-
ing operation, with the exception of aboveground stor-
age costs now explicitly included in the direct capital
expenses as noted above [10].

The second dry storage scenario is consistent with the
first scenario but uses a different type of dryer, a contact
drum dryer. The capital costs of contact drum dryers
were estimated based on engineering design correlations
[50]. Operating costs for the contact drum dryer, mainly
natural gas consumption and labor costs, are assumed to
be identical to that of the rotary drum dryer.

The third design scenario assumes wet storage in
belowground storage pits, but does not consider poten-
tial degradation losses or composition changes due to
degradation. Capital costs for wet storage containment
were based on belowground storage pits, estimated using
settling ponds from the Davis et al’s design report [28]
as a proxy for storage pits. Covers were assumed for the
storage pits, with capital cost for the covers based on
capital cost for cultivation pond liners from the same
report. The resulting costs were consistent with a second
estimate furnished by an engineering subcontractor for
such in-ground pits. The total required storage pit area
would cover approximately 5 acres. Alternatively, above-
ground steel tank storage vessels were also considered,
but the costs for such large storage volumes with wet
material would be prohibitive, and we believe the less
expensive belowground “covered pit” option is viable for
this approach. Transport (i.e., conveyor) costs from the
dewatering area to the wet storage area are not estimated,
as the algae can still be pumped at 20 wt% solids, and the
wet storage area will be located near both the dewater-
ing operations and the conversion facility. An additional
operator is added to attend to the wet storage area, rela-
tive to the labor costs detailed in the Davis et al. design
report [28].
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The fourth design scenario is similar to the third sce-
nario but includes storage degradation losses and com-
position changes due to degradation as documented in
Table 5. Succinic acid produced during wet storage is
not given credit for final MFSPs in this scenario, as this
component may not always be produced depending on
algae strain selection and storage conditions, as well as
in potentially more optimized approaches wherein lactic
acid-producing organisms are inoculated in the storage
media as utilized for biomass ensiling (which then may
limit succinic acid evolution).

The fifth design scenario is similar to the fourth sce-
nario, but succinic acid produced during wet storage is
added to the succinic acid yields produced downstream
through sugar fermentation, thus giving credit for suc-
cinic acid produced during wet storage in resulting
final coproduct outputs and associated fuel selling price
calculations.

Additional file

Additional file 1. Additional information on composition of experiments
and capital and operating costs associated with dryers.

Abbreviations

MFSP: minimum fuel selling price; GGE: gallon gasoline equivalent; db: dry
basis; TEA: techno-economic analysis; MBSP: minimum biomass selling price;
RDB: renewable diesel blend; CAP: combined algae processing; DCFROR:
discounted cash flow rate of return.

Authors’ contributions

TAD and HG grew and harvested algae biomass. LW and BW conducted the
storage experiments and data analysis. CK and RD performed the techno-
economic analysis. LW and CK drafted the manuscript. All authors read and
approved the final manuscript.

Author details

! Biological and Chemical Processing Department, Idaho National Laboratory,
PO. Box 1625, Idaho Falls, ID 83415, USA. 2 National Renewable Energy Labora-
tory, Golden, CO 80401, USA. 3 Arizona State University, Mesa, AZ 85212, USA.

Acknowledgements

The authors acknowledge Austin Murphy, Kastli Schaller, Brad Thomas, Amber
Hoover, and Sergio Hernandez at Idaho National Laboratory for analytical
support. The authors thank Andrea Mack for statistical analysis support. The
authors also acknowledge Jennifer Clippinger and Philip Pienkos for critical
review of the techno-economic analysis.

Competing interests

The authors declare that they have no competing interests. RD serves as an
associate editor for this journal, but had no part in the editorial review process
for this manuscript.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Consent for publication
Not applicable.

Page 13 of 14

Ethics approval and consent to participate
Not applicable.

Funding

The research was supported by the US Department of Energy (DOE), Office
of Energy Efficiency and Renewable Energy (EERE), Bioenergy Technolo-

gies Office (BETO), under Idaho National Laboratory Award No. DE-AC07-
05ID14517 and National Renewable Energy Laboratory, operated by Alliance
for Sustainable Energy, LLC, for the US DOE under Contract No. DE-AC36-
08G028308. The views expressed in the article do not necessarily represent
the views of the US Department of Energy or the United States Government.
The US Government retains and the publisher, by accepting the article for
publication, acknowledges that the US Government retains a nonexclusive,
paid-up, irrevocable, worldwide license to publish or reproduce the published
form of this work, or allow others to do so, for US Government purposes.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 28 November 2018 Accepted: 28 March 2019
Published online: 08 April 2019

References

1. Langholtz MH, Stokes BJ, Eaton LM. 2016 US Billion-Ton Report:
advancing domestic resources for a thriving bioeconomy. Volume 1:
economic availability of feedstocks. Oak Ridge: Oak Ridge National
Laboratory; 2016. p. 448.

2. Knoshaug EP, Mohagheghi A, Nagle NJ, Stickel JJ, Dong T, Karp EM,
et al. Demonstration of parallel algal processing: production of renew-
able diesel blendstock and a high-value chemical intermediate. Green
Chem. 2018;20(2):457-68.

3. Elliott DC, Hart TR, Schmidt AJ, Neuenschwander GG, Rotness LJ, Olarte
MV, et al. Process development for hydrothermal liquefaction of algae
feedstocks in a continuous-flow reactor. Algal Res. 2013;2(4):445-54.

4. Davis R, Aden A, Pienkos PT. Techno-economic analysis of autotrophic
microalgae for fuel production. Appl Energy. 2011,88(10):3524-31.

5. Wigmosta MS, Coleman AM, Skaggs RJ, Huesemann MH, Lane LJ.
National microalgae biofuel production potential and resource demand.
Water Resour Res. 2011;47(3):W00H4.

6. Venteris ER, Skaggs RL, Coleman AM, Wigmosta MS. A GIS cost model to
assess the availability of freshwater, seawater, and saline groundwater
for algal biofuel production in the united states. Environ Sci Technol.
2013;47(9):4840-9.

7. Coleman AM, Abodeely JM, Skaggs RL, Moeglein WA, Newby DT, Venteris
ER, et al. An integrated assessment of location-dependent scaling for
microalgae biofuel production facilities. Algal Res. 2014;5:79-94.

8. Moody JW, McGinty CM, Quinn JC. Global evaluation of biofuel potential
from microalgae. Proc Natl Acad Sci USA. 2014;111(23):8691-6.

9. JonesSS, Davis R, Zhu Y, Kinchin C, Anderson D, Hallen R, et al. Process
design and economics for the conversion of algal biomass to hydrocar-
bons: whole algae hydrothermal liquefaction and upgrading. Richland:
Pacific Northwest National Laboratory; 2014.

10. Davis R, Kinchin C, Markham J, Tan E, Laurens L, Sexton D, et al. Process
design and economics for the conversion of algal biomass to biofuels:
algal biomass fractionation to lipid- and carbohydrate-derived fuel prod-
ucts. Lakewood: NREL; 2014. p. 110.

11. Beuchat LR. Microbial stability as affected by water activity. Cereal Foods
World. 1981;26(7):345-9.

12. Milledge JJ, Heaven S. A review of the harvesting of micro-algae for
biofuel production. Rev Environ Sci Bio/Technol. 2013;12(2):165-78.

13. Show K-Y, Lee D-J, Mujumdar AS. Advances and challenges on algae
harvesting and drying. Drying Technol. 2015;33(4):386-94.

14. Chen C-L, Chang J-S, Lee D-J. Dewatering and drying methods for micro-
algae. Drying Technol. 2015;33(4):443-54.

15. Wahlen BD, Roni MS, Cafferty KG, Wendt LM, Westover TL, Stevens DM,
et al. Managing variability in algal biomass production through drying
and stabilization of feedstock blends. Algal Res. 2017;24:9-18.


https://doi.org/10.1186/s13068-019-1420-0

Wendt et al. Biotechnol Biofuels

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

(2019) 12:80

McDonald P, Henderson AR, Heron SJE. The biochemistry of silage.
Aberytstwyth: Cambrian Printers Ltd; 1991.

U. S. Department of Agriculture, National Agricultural Statistics Service.
Crop production 2016 summary. ISSN: 1057-7823. 2017.

Herrmann C, FitzGerald J, O'Shea R, Xia A, O'Kiely P, Murphy JD. Ensil-

ing of seaweed for a seaweed biofuel industry. Bioresour Technol.
2015;196:301-13.

Wendt LM, Wahlen BD, Li C, Kachurin G, Ogden KL, Murphy JA. Evalua-
tion of a high-moisture stabilization strategy for harvested microalgae
blended with herbaceous biomass: part I—storage performance. Algal
Res. 2017;25(Supplement C):567-75.

Wendt LM, Wahlen BD, Li C, Ross JA, Sexton DM, Lukas JC, et al. Evalua-
tion of a high-moisture stabilization strategy for harvested microalgae
blended with herbaceous biomass: part ll—techno-economic assess-
ment. Algal Res. 2017;25(Supplement C):558-66.

Mus F, Dubini A, Seibert M, Posewitz MC, Grossman AR. Anaerobic
acclimation in Chlamydomonas reinhardtii: anoxic gene expres-

sion, hydrogenase induction, and metabolic pathways. J Biol Chem.
2007,282:25475-86.

Vanlerberghe GC, Feil R, Turpin DH. Anaerobic metabolism in the N-lim-
ited green alga Selenastrum minutum. Plant Physiol. 1990,94:1116-23.
Klein U, Betz A. Fermentative metabolism of hydrogen-evolving Chla-
mydomonas moewusii. Plant Physiol. 1978,61:953-6.

Montaini E, Chini Zittelli G, Tredici MR, Molina Grima E, Ferndndez Sevilla
JM, Sanchez Pérez JA. Long-term preservation of Tetraselmis suecica:
influence of storage on viability and fatty acid profile. Aquaculture.
1995;134(1):81-90.

Napan K, Christianson T, Voie K, Quinn JC. Quantitative assessment of
microalgae biomass and lipid stability post-cultivation. Front Energy Res.
2015;3:15.

Welladsen H, Kent M, Mangott A, Li Y. Shelf-life assessment of microalgae
concentrates: effect of cold preservation on microalgal nutrition profiles.
Aquaculture. 2014;430:241-7.

Dong T, Knoshaug EP, Davis R, Laurens LML, Van Wychen S, Pienkos PT,
et al. Combined algal processing: a novel integrated biorefinery process
to produce algal biofuels and bioproducts. Algal Res. 2016;19:316-23.
Davis R, Markham J, Kinchin C, Grungl N, Tan E. Process design and eco-
nomics for the production of algal biomass: algal biomass production in
open pond systems and processing through dewatering for downstream
conversion. Lakewood: NREL; 2016. p. 128.

Biddy MJ, Scarlata C, Kinchin C. Chemicals from biomass: a market
assessment of bioproducts with near-term potential. National Renewable
Energy Laboratory (NREL): Golden; 2016.

Werpy T, Petersen G, Aden A, Bozell J, Holladay J, White J, et al. Top

value added chemicals from biomass. Volume 1-results of screening for
potential candidates from sugars and synthesis gas. Washington DC:
Department of Energy; 2004.

Biddy MJ, Davis R, Humbird D, Tao L, Dowe N, Guarnieri MT, et al. The
techno-economic basis for coproduct manufacturing to enable hydro-
carbon fuel production from lignocellulosic biomass. ACS Sustain Chem
Eng. 2016;4(6):3196-211.

Gnansounou E, Kenthorai RJ. Life cycle assessment of algae biodiesel and
its co-products. Appl Energy. 2016;161(Supplement C):300-8.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.
49.

50.

Page 14 of 14

Pienkos PT, editor. Algal biomass conversion. BETO 2017 project peer
review. Denver, CO. 2017.

Henderson AR, McDonald P. The effect of delayed sealing on fermenta-
tion and losses during ensilage. J Sci Food Agric. 1975;26(5):653-67.
Karp EM, Cywar RM, Manker LP, Saboe PO, Nimlos CT, Salvachua D, et al.
Post-fermentation recovery of biobased carboxylic acids. ACS Sustain
Chem Eng. 2018;6(11):15273-83.

Beardall J, Burger-Wiersma T, Rijkeboer M, Sukenik A, Lemoalle J, Dubinsky
Z, et al. Studies on enhanced post-illumination respiration in microalgae.
J Plankton Res. 1994;16(10):1401-10.

Edmundson SJ, Huesemann MH. The dark side of algae cultivation:
characterizing night biomass loss in three photosynthetic algae, Chlorella
sorokiniana, Nannochloropsis salina and Picochlorum sp. Algal Res.
2015;12:470-6.

Bankar SB, Bule MV, Singhal RS, Ananthanarayan L. Glucose oxidase—an
overview. Biotechnol Adv. 2009;27(4):489-501.

Saboe PO, Manker LP, Michener WE, Peterson DJ, Brandner DG, Deutch
SP, et al. In situ recovery of bio-based carboxylic acids. Green Chem.
2018;20(8):1791-804.

Van Wychen S, Ramirez K, Laurens L. Determination of total lipids as
fatty acid methyl esters (FAME) by in situ transesterification: laboratory
analytical procedure (LAP). No. NREL/TP-5100-60958. National Renew-
able Energy Laboratory (NREL), Golden, CO,; 2015. Contract No.: NREL/
TP-5100-60958.

Van Wychen S, Laurens LML. Determination of total carbohydrates in
algal biomass. No. NREL/TP-5100-60957, National Renewable Energy
Laboratory, Golden, CO; 2015.

ASTM D 5142-09. Standard test method for proximate analysis of the
analysis sample of coal and coke by instrumental procedures. ASTM
International: West Conshohocken, PA, USA. http://www.astm.org2010.
Betancur GJ, Pereira N. Sugar cane bagasse as feedstock for second gen-
eration ethanol production. Part I: diluted acid pretreatment optimiza-
tion. Electron J Biotechnol. 2010;13:3.

Wijffels RH, Barbosa MJ. An outlook on microalgal biofuels. Science.
2010;329(5993):796-9.

Templeton DW, Laurens LML. Nitrogen-to-protein conversion factors
revisited for applications of microalgal biomass conversion to food, feed
and fuel. Algal Res. 2015;11:359-67.

Laurens LML, Nagle N, Davis R, Sweeney N, Van Wychen S, Lowell A, et al.
Acid-catalyzed algal biomass pretreatment for integrated lipid and carbo-
hydrate-based biofuels production. Green Chem. 2015;17(2):1145-58.
Laurens LML, Van Wychen S, McAllister JP, Arrowsmith S, Dempster

TA, McGowen J, et al. Strain, biochemistry, and cultivation-dependent
measurement variability of algal biomass composition. Anal Biochem.
2014;452:86-95.

ACCE A. Aspen capital cost estimator v8.0. 2012.

Davis R, Biddy M, Jones S. Algal lipid extraction and upgrading to hydro-
carbons technology pathway. NREL/TP-5100-58049, PNNL-22315. NREL;
2013.

Seider WD, Seader J, Lewin DR. Product and process design principles:
synthesis, analysis, and evaluation. 2nd ed. New York: Wiley; 2004.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



http://www.astm.org2010

	Assessing the stability and techno-economic implications for wet storage of harvested microalgae to manage seasonal variability
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results and discussion
	Storage performance
	Techno-economic analysis

	Conclusion
	Methods
	Algae cultivation
	Storage experiments
	Analysis of fermentation products
	Lipid analysis
	Carbohydrate composition
	Proximate and ultimate analysis
	Statistical analysis
	TEA approach and assumptions
	Design scenarios and economic assumptions

	Authors’ contributions
	References




