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Abstract: Wet anaerobic storage of algal biomass is a promising preservation approach that can
ensure a continuous supply of these feedstocks to biorefineries year-round. An effective solution to
preservation must ensure minimal dry matter loss and a change in biochemical composition during
storage. Therefore, the objective of this study is to investigate the preservation of Nannochloropsis
gaditana biomass through wet anaerobic storage and its impact on biomass quality. Prior to storage,
the algae sample is inoculated with two different strains of lactic acid bacteria and thereafter stored
for 30 and 180 days. Each inoculant limited the dry matter loss to <10% (dry basis) after the storage
duration. Final pH values (4.3–4.8) indicate that the biomass samples are properly ensiled, achieving
the acidic conditions necessary for preservation. Compositional analysis of the biomass after storage
shows a reduction in carbohydrate content, a relative increase in lipid content, and no significant
change in the protein fraction. Glucose and galactose were the most prevalent sugar monomers.
The low dry matter loss and minimal compositional change indicate that wet anaerobic storage is
an effective means of preserving algal biomass and ensuring a constant supply of algal biomass
feedstock to a biorefinery.

Keywords: algae; wet anaerobic storage; dry matter loss; organic acid; lactic acid bacteria

1. Introduction

Algal biomass is a versatile, viable, and sustainable biomass feedstock. This is due
to its high biomass productivity, biochemical composition, ability to be cultivated on
marginal lands, and utilization of non-potable water resources and carbon dioxide emitted
from fossil fuel-based power plants [1–3]. Its biochemical composition (comprising of
carbohydrates, proteins, and lipids) has made it a suitable feedstock for conversion into a
wide range of biofuels and bioproducts. For example, Shakya et al. [4] reported that the
hydrothermal liquefaction (at a temperature of 320 ◦C) of two Nannochloropsis species with
high lipid content (49–55 wt.%) resulted in a high bio-oil yield of 57–66%. Alternatively,
innovative processing schemes, such as combined algal processing and parallel algal
processing, have been developed to produce multiple bioproducts from each of the algae
biochemical macromolecules to make full use of the algal biomass in order to achieve cost
parity with petroleum [5–7].

Like other biomass feedstocks, there is a time difference between algal biomass har-
vesting and conversion to biofuel and bioproducts, therefore necessitating proper handling
after harvesting to ensure the maximum amount of biomass is utilized for conversion.
Since algal biomass is a biological material with high moisture content, ineffective storage
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can lead to significant degradation and changes in its biochemical composition. Microbial
degradation of algal biomass can start immediately after harvest, resulting in dry matter
loss of ~20% within a week of harvest [8]. Wendt et al. [9] reported dry matter losses of 36.8
and 44% (dry basis) for Scenedesmus obliquus algae strains (post-centrifugation solid concen-
tration of 20%) stored aerobically and anaerobically at room temperature, respectively, for
30 days.

Davis et al. [10] stressed the importance of algal biomass preservation and biochem-
ical composition in light of its economic implications on the minimum fuel selling price
(MFSP). The authors estimated that by storing a portion of the algal biomass produced
in the summer, the MFSP of Scenedesmus algae-derived biofuel can be reduced by 4–6%.
Moreover, the authors highlighted the importance of biochemical composition, estimating
that production of biofuels from high-lipid Scenedesmus biomass will reduce the MFSP by
14% compared to fuel obtained from high-carbohydrate Scenedesmus biomass due to the
higher fuel yield of the former (141 gallons of gasoline equivalent (GGE)/ton compared
to 116 GGE/ton). This implies that preservation of biomass composition will be a critical
success factor of any storage operation.

Despite the potential of large-scale algae growth to serve as an alternative source
of fuels and chemicals, seasonal variation in productivity and variability in biochemical
composition pose significant economic challenges to the optimization of biorefinery con-
version capacities. Wendt et al. [9] explain that even though cultivation and production of
algal biomass occur throughout the year across various geographical locations, seasonal
decreases in temperature and solar irradiation negatively impact growth rate and yield,
preventing constant conversion throughput. To mitigate the seasonal variation in algal
biomass productivity and ensure continuous feedstock supply to the biorefinery while
maintaining dry matter stability and minimal change in biochemical composition, vari-
ous preservation techniques such as drying, freezing, pasteurization, blending, and wet
anaerobic storage have been explored and reported in the literature [1,8,9,11].

Many approaches to mitigating variability have challenges that prevent their full-scale
adoption. Drying is utilized in many industries to stabilize high-moisture materials. How-
ever, drying algal biomass is considered economically unviable because of the high capital
and operational costs, which can be equivalent to approximately 75% of the total cost of
algal biomass harvesting [12]. Pereira et al. [13] investigated the blending of algae biomass
with spent coffee grounds as a way to ensure a constant feedstock supply, increasing the
amount of spent coffee grounds when algae productivity decreases. Although effective
for locations where spent coffee grounds resources are proximal to algae cultivation and
processing facilities, such an approach may not be practical for every location. Additionally,
the inclusion of a second feedstock with a different composition at variable ratios could
introduce unwelcome complexity to the conversion process.

Wet anaerobic storage of algal biomass functions by the same principles as ensiling
does in the preservation of forage for livestock feed [14,15] and has shown the potential to
effectively preserve algae’s biochemical composition and reduce dry matter loss. Wendt
et al. [15] investigated wet anaerobic storage of Scenedesmus acutus in 100 mL and 500 mL
storage reactors for 30 days and reported dry matter losses of 8.8 and 3.5% for the 100 mL
scale and 500 mL scale storage, respectively. Similarly, the authors reported a dry matter
loss of 7% for an algae/corn stover blend that was anaerobically stored for 30 days [9]. The
low dry matter loss was attributed to microbial conversion of corn stover soluble sugars to
organic acids. Lactic acid bacteria are considered to be very important in this process. They
undergo homolactic (lactic acid only) or heterolactic (acetic and lactic acid) fermentation
of algal sugars to produce organic acids. The reduced pH, along with the presence of the
organic acids, limits the microbial activities of mold, yeast, and clostridia associated with
biomass degradation [1,14].

The effectiveness of wet anaerobic storage in preserving the biochemical composition
and dry matter content of algal biomass can be fully evaluated when this storage approach
is utilized for various algae strains and the results are consistent. Previous work by the
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authors has focused on wet anaerobic storage of freshwater algae strains (S. obliquus,
S. acutus), algae blended with yard waste and corn stover [1,2,15,16]. However, this study
is investigating the wet anaerobic storage of a saline algae strain, and the results from this
study will contribute to the development of a holistic understanding of the effectiveness
of wet anaerobic storage in preserving algal biomass feedstocks. Therefore, the aim of
this study is to investigate the preservation of Nannochloropsis gaditana biomass through
short-term (30 days) and long-term (180 days) storage durations, the impact of storage on
biochemical composition, and whether preservation could be enhanced through inoculation
with lactic acid bacteria.

2. Materials and Methods
2.1. Materials

Nannochloropsis gaditana algae strain used in this study was cultivated in a contain-
ment greenhouse at the Arizona Center for Algae Technology and Innovation (AzCATI,
Mesa, AZ, USA) during the months of March and April of 2018. A 110 L vertical flat
panel photobioreactor with a 2-inch light path using natural lighting (natural diurnal
light/dark periods) was used in culturing the algal biomass. The culture medium used
in the photobioreactor was F/2 media, adjusted to 35 g/L using oceanic sea salt (Oceanic
Systems Inc., Dallas, TX, USA). The culture was grown over a 4-week period and harvested
when culture density reached 3 g/L. The algal biomass was dewatered at 1800× g through
Lavin 20–1160 V Centrifuges (AML Industries, Inc., Warren, OH, USA) with a flow rate of
approximately 2 L/min. Dewatered algae (35.3% post-centrifugation solid concentration)
were placed into Ziploc® bags, stored in a cooler on ice, and shipped overnight to Idaho
National Laboratory, Idaho Falls, ID, USA.

Lactobacillus buchneri (B-1837) and Tetragenococcus halophilus (B-4244) were obtained
from the Agricultural Research Service Culture Collection (NRRL, Peoria, IL, USA) as
freeze-dried cultures. L. buchneri was revived in De Man, Rogosa, and Sharpe (MRS)
broth and frozen at −80 ◦C in 20% glycerol MRS media. T. halophilus was revived in
MRS media supplemented with 5% NaCl and preserved as a frozen stock in MRS-5%
NaCl-20% glycerol.

2.2. Wet Anaerobic Storage

Storage experiments were performed in 125 mL reactors. A pictorial diagram of the
reactor is provided in the Supplementary Materials. Algal biomass was stored for 30 and
180 days in triplicate at room temperature for each treatment condition and storage duration.
For the untreated algal biomass, storage was initiated by filling the reactor 3/4 full to permit
material expansion. The reactors were sealed with airtight lids fitted with a through-lid
bulkhead tube adapter and a ball valve (P/N B-43S4, Swagelok, Solon, OH, USA). After
sealing, the reactors were connected to a pump to evacuate air trapped in the reactors and
filled with nitrogen gas to establish an anaerobic atmosphere. Gas collection bags were
thereafter fitted to the ball valve with C-flex Ultra tubing (Masterflex, Cole-Parmer, Vernon
Hills, IL, USA).

For all the treatment conditions, inoculants were added to an aliquot of biomass
and mixed thoroughly prior to being stored in the reactors as described for the un-
treated biomass. For inoculant treated biomass, 200 µL of 1–2-day(s) cultures were added
to ~300 mL of algal biomass at the following optical densities at 600 nm: L. buchneri,
OD600 = 2.25, T. halophilus, OD600 = 0.46. Tryptone (7 mg tryptone/g wet biomass) was
added to each inoculated experiment to serve as source of amino acids to support the
growth of lactic acid bacteria. About 50 mL of the inoculant-treated biomass was added to
each reactor and was then stored for 30 and 180 days. Lactic acid bacteria are fastidious mi-
croorganisms that rely on an external source for some amino acids. Tryptone was included
as a precaution to support growth of lactic acid bacteria. Algae biomass is protein-rich and
could very likely support the growth of fastidious lactic acid bacteria.
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The moisture contents of initial and stored materials were determined gravimetrically
by drying representative samples at 105 ◦C until reaching a constant weight. The mass of
the algal biomass samples before and after storage were measured and dry matter loss was
estimated as percentage of the initial materials using Equation (1).

Dry matter loss (%) = (Wi − Wf)/Wi × 100 (1)

where Wi and Wf are the initial biomass dry weight (g) before storage and final biomass
dry weight (g) after storage.

2.3. Compositional Analysis

The NREL Laboratory Analytical Procedure for determination of total carbohydrates
in algal biomass was followed in analyzing the carbohydrate compositions of fresh and
stored algae samples [17] Briefly, samples were incubated with 72% (w/w) sulfuric acid
for 1 h at 30 ◦C with frequent vortexing. Samples were thereafter diluted to 4% acid
(w/w) and autoclaved for 1 h at 121 ◦C. Cooled samples were thereafter neutralized with
calcium carbonate and filtered with a 0.2 µm syringe filter into two separate vials prior to
high-performance liquid chromatography (HPLC) analysis.

The HPLC detector was calibrated using a five-component carbohydrate standard at
5 different levels (p/n 13528, Absolute Standards Inc., Hamden, CT, USA) and validated
with a five-component check standard (p/n S-16632-R5, Accustandard, Inc., New Haven,
CT, USA). Each sample was injected twice into the HPLC, and the analyte peaks from each
sample were quantified using standards with matching retention times.

Similarly, NREL Laboratory Analytical Procedure for determination of total lipids as
fatty acid methyl ester by in situ transesterification was followed in analyzing the fatty acid
methyl ester (FAME) lipid content of the biomass samples [18]. Prior to the analysis, the
biomass samples were lyophilized and ground with a mortar and pestle. Protein content
of the biomass samples was estimated by multiplying the elemental nitrogen content by a
conversion factor of 4.78 [19].

2.4. Organic Acid Determination

Organic acids present in the algae samples were determined by HPLC analysis. Prior
to the analysis, the organic acids were extracted from the samples by adding refrigerated
nano-pure water to wet algal biomass at a ratio of 10 mL (water) to 1 g (wet biomass) in
50 mL tube. Samples were vortexed and equilibrated overnight, and thereafter an aliquot
was removed and filtered through a 0.2 µm syringe filter and acidified with 150 µL volume
of 4N H2SO4.

Each extract was analyzed in duplicate using HPLC with a refractive index detector
(1200 series, Agilent, Santa Clara, CA, USA). Individual organic acids were separated using
an Aminex HPX 87H ion exclusion column (P/N 125-0140, Bio-Rad, Hercules, CA, USA).
Refractive index detector was calibrated with a ten-component organic acid standard (P/N
95917, Absolute Standards Inc., Hamden, CT, USA) at five different levels. Sample analyte
peaks with retention times matching a standard compound were identified and quantified
using the calibration curve for the matching compound.

2.5. Energy, Proximate, and Ultimate Analysis

Higher heating values of the algae samples were measured using an isoperibolic
bomb calorimetric system (LECO AC600, St. Joseph, MI, USA) following the ASTM
D5865/D5865M–19 [20]. Samples were combusted in a combustion vessel under 450 psi of
UHP O2.

Prior to the proximate and ultimate analysis, the algae samples were freeze-dried
and then ground into fine particles with a mortar and pestle. Proximate compositions
of the algae samples were determined using a thermogravimetric analyzer (TGA 701
LECO, St. Joseph, MI, USA) following a standard protocol (ASTM D7582-15) [21]. ASTM
standards D5373-10 [22] and ASTM D4239-10 [23] were followed in analyzing the elemental
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compositions of the samples using a LECO TruSpec CHNS addon module (St. Joseph, MI,
USA). Oxygen was determined by difference.

2.6. Statistical Analysis

A two-way ANOVA test was conducted on the experimental data using SAS JMP Pro
software to test the impact of treatments and storage durations as well as the interaction
effects between the two factors at a significant level of p < 0.05. The Tukey HSD test
was used for the comparison of means and the results were reported as an average ±
standard deviation.

3. Results
3.1. Storage Performance

Lactic acid bacteria (LAB) are non-aerobic, aerotolerant bacteria that efficiently ferment
a variety of sugars to produce primarily lactic acid. Lactic acid bacteria can be further
grouped according to their metabolism. Those that exclusively produce lactic acid are
homofermenters, while those that produce both lactic and acetic acids are termed heterofer-
menters. The organic acids produced by LAB are inhibitory toward other bacteria, such
as Clostridia, which has led to their use industrially to preserve food, feed, and forage.
To evaluate how LAB inoculation would affect algae preservation, N. gaditana biomass
was inoculated separately with a homofermentative (Tetragenococcus halophilus) strain and
a heterofermentative strain (Lactobacillus buchneri). T. halophilus has the added benefit of
being a halotolerant strain [24] that would be less likely to be negatively affected by the salt
content of N. gaditana biomass.

N. gaditana biomass was stored anaerobically for 30 and 180 days without treatment
and after inoculation with either L. buchneri or T. halophilus. The storage performance data
can be found in Table 1. Lactobacillus buchneri treated biomass had the lowest dry matter
loss of 4.5% (d.b.), which was significantly lower (p < 0.05) than the dry matter loss for the
untreated and T. halophilus treated biomass samples after 30 days of storage. The lower
dry matter loss recorded for L. buchneri treated biomass in comparison to the T. halophilus
treated biomass is an indication that the heterofermentative metabolism of L. buchneri was
more effective at limiting microbial degradation.

Table 1. Stability of Nannochloropsis gaditana after 30 and 180 days wet anaerobic storage.

Treatment Storage
Duration (Days)

Dry Matter Loss
(% Dry Basis) pH Organic Acid

(% Dry Basis)

Untreated
30

6.2 a ± 1.1 4.34 c ± 0.10 9.8 ab ± 0.7
Tetragenococcus halophilus 6.5 a ± 0.3 4.60 b ± 0.03 9.8 ab ± 0.4

Lactobacillus buchneri 4.5 b ± 0.2 4.76 a ± 0.01 8.3 b ± 0.3

Untreated
180

9.3 a ± 0.8 4.29 b ± 0.16 14.0 b ± 0.4
Tetragenococcus halophilus 8.8 a ± 0.5 4.29 b ± 0.10 16.7 a ± 1.3

Lactobacillus buchneri 7.1 a ± 1.6 4.77 a ± 0.12 13.2 b ± 1.0
Values in each column with the same superscript are not significantly different (p < 0.05).

There was no significant difference (p < 0.05) in the dry matter loss recorded for all
the algae samples which were anaerobically stored for 180 days, and losses increased only
moderately from 30 days. If the same rate of material loss in the first 30 days continued in
the next 150 days, losses of 27% could be expected in the L. buchneri inoculated biomass.
This decreasing rate of degradation has been previously observed in the ensiling of forage
crops, where most of the dry matter loss occurs within the first days and weeks of stor-
age [25]. Although inoculation with L. buchneri was beneficial for short duration storage,
this advantage disappeared with long-term storage, with biomass experiencing the same
level of preservation regardless of treatment. This includes the no treatment control, where
the stability achieved indicates that sufficient lactic acid bacteria were already present
within the algae biomass. This is further supported by the composition of organic acids
produced in storage, which will be discussed later. Achieving stabilizing conditions with-
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out requiring specialized inoculants will simplify the process of preserving algae biomass
at industrial scales.

Dry matter loss is a key performance indicator for evaluating the preservation perfor-
mance of wet anaerobic storage and primarily occurs through the loss of material as CO2.
The gas composition consisted of primarily CO2 with trace amounts of hydrogen. While
the dry matter loss values after 180 days of storage were significantly higher (p < 0.05) than
after 30, they did remain less than 10% (d.b.) of the initial biomass, which was an initial
objective of the study. Preventing losses from exceeding 10% can be attributed to lactic acid
fermentation of soluble sugars to lactic acid and other organic acids [1,14].

The final pH of an ensiled material is dependent on the concentrations of individual
organic acids. For example, lactic acid has a pka of 3.8 and therefore ensiled material
containing predominantly homofermentative LAB would be expected to have a lower pH
than similar biomass containing primarily heterofermentative LAB due to acetic acid’s
higher pka of 4.8. The final pH values of all the stored algae samples were 4.29–4.77. At both
storage durations, the biomass with the higher pH had been inoculated with L. buchneri,
a heterofermentative organism. This outcome is consistent with the heterofermentative
metabolism of L. buchneri that yields both lactic and acetic acids. The final pH values are all
within the expected range for well-ensiled biomass [26].

Organic acid production and the decrease in pH values function to inhibit microbial
activity, leading to well preserved biomass. The data presented here indicate that wet
anaerobic storage can successfully preserve algae biomass with a high moisture content
(65%, wet basis) for more than six months, the length of storage required to mitigate for
seasonal variation in biomass productivity.

Total organic acids produced after 30 and 180 days of storage were 8.3–9.8% and
13.2–16.7% (d.b.), respectively (Table 1). There was a significant increase in the total organic
acid produced as the storage duration increased from 30 to 180 days, as well as a shift in
their relative concentrations (Figure 1). In both the untreated and the T. halophilus inocu-
lated algae biomass samples, lactic acid was the dominant organic acid at both short and
long storage durations. However, they differed in the second most abundant organic acid,
with isovaleric being prominent in untreated biomass and propionic acid with T. halophilus
inoculation. L. buchneri treated biomass had the lowest lactic acid and the highest acetic acid
production for both storage durations, consistent with its heterofermentative metabolism.
With continued storage, each storage condition experienced additional lactic acid produc-
tion. Butyric acid, commonly associated with Clostridia metabolism and poor preservation,
appeared to be below 1% for all samples and did not increase with additional storage for
the untreated and T. halophilus inoculated biomass. For all treatments, lactic, propionic, and
isovaleric acids were the predominant organic acids. Acetic acid was only a substantial
component of the L. buchneri inoculated algae biomass.

Cultivation of algae strains tolerant of water with a wide salinity range is important to
reducing the cost of algal biomass production and enhancing its sustainability. Evaporation
of water from open ponds increases salinity throughout the day, and a strain tolerant
of high dissolved salt (35–50 ppt) permits the use of brackish or saline water to replace
water lost to evaporation [27], avoiding costly consumption of freshwater. Prior to this
study, the effect of higher salt concentration on the microbial community responsible for
establishing conditions for the ensiling of algal biomass was uncertain and poor stability
had been observed with saline algae biomass (unpublished results). The outcome of storage
stability studies reported here, low dry matter loss, post-storage pH of 4.75 or lower, and
effective lactic acid production, indicates the compatibility of this approach to preservation
with algal biomass cultivated in saline conditions. The algal biomass for this study was
cultivated in closed flat panel reactors where evaporative water loss and contamination
were minimized. Additional research is needed to verify that the variable salinity and
increased microbial contamination inherent to open raceway ponds do not adversely impact
preservation in wet anaerobic storage of saline strains.
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Figure 1. Effect of storage treatment on the organic acid composition of Nannochloropsis gaditana
biomass after 30 and 180 days of wet anaerobic storage. Nannochloropsis gaditana biomass was either
stored without treatment (Untreated) or after inoculation with T. halophilus or L. buchneri.

3.2. Elemental and Proximate Compositions

Table 2 shows the elemental composition, energy, and ash content of the algae samples.
The ash content of the unstored biomass was 7.0%. The storage durations had no effect on
the ash content of the untreated biomass. However, the ash content slightly increased to
~8% for the biomass samples inoculated with L. buchneri and T. halophilus during the 30 and
180 days of storage. Wahlen et al. [1] reported a consistent increase in the ash content of
wet, anaerobically stored S. obliquus blended with corn stover. Wendt et al. [2] also reported
an increase in the ash content (3.50–4.36%, d.b.) of S. acutus mixed with glycosidase and
glucose oxidase, which were anaerobically stored for 30 and 180 days. The high ash content
reported in this study can be attributed to the cultivation conditions of N. gaditana, which, as
a marine strain, has a higher ash content compared to freshwater strains, which is expected
due to the much higher dissolved solid content of seawater [16]. It is imperative to note that
high ash content in algal biomass, or in any biomass, is an undesirable property. Elevated
ash content can adversely impact conversion operations to produce biofuels by reducing
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fuel yield, requiring greater throughput due to unconvertible material, and can have an
adverse effect on equipment operation (e.g., wear, slagging, scaling, etc.).

Table 2. Elemental and proximate compositions of Nannochloropsis gaditana stored for 30 and 180 days.

Treatment Storage
Duration

Ash
(% d.b.)

C
(% d.b.)

H
(% d.b.)

N
(% d.b.)

O
(% d.b.)

S
(% d.b.)

HHV
(MJ/kg)

Unstored 0 7.0 57.6 c ± 0.6 9.1 b ± 0.1 2.5 b ± 0.0 23.5 a ± 0.7 0.31 a ± 0.02 28.0 ab ± 0.2

Untreated
30

7.0 58.3 c ± 0.1 9.2 b ± 0.0 2.7 b ± 0.0 22.5 b ± 0.1 0.35 a ± 0.01 27.8 bc ± 0.1
L. buchneri 7.0 58.3 c ± 0.1 9.0 c ± 0.1 2.9 ab ± 0.0 22.5 b ± 0.1 0.32 a ± 0.03 28.2 a ± 0.2

T. halophilus 8.1 58.4 ab ± 0.1 9.1 b ± 0.1 3.0 a ± 0.0 21.1 c ± 0.2 0.29 a ± 0.02 27.6 c ± 0.2

Untreated
180

7.3 59.1 a ± 0.1 9.3 b ± 0.0 2.8 b ± 0.0 21.2 c ± 0.1 0.32 a ± 0.04 28.2 a ± 0.2
L. buchneri 8.4 58.9 a ± 0.2 9.3 b ± 0.0 3.0 a ± 0.0 20.2 d ± 0.2 0.29 a ± 0.03 28.5 a ± 0.2

T. halophilus 7.7 58.9 a ± 0.3 9.4 a ± 0.0 3.0 a ± 0.0 20.6 cd ± 0.3 0.36 a ± 0.05 28.5 a ± 0.3

All values were measured in triplicate and are displayed as a percentage of dry biomass (dry basis, d.b.). Values
in each column with the same superscript are not significantly different (p < 0.05).

The higher heating values of the algae samples ranged between 27.6–28.5 MJ/kg.
There was no significant difference (p < 0.05) in the higher heating values of algal biomass
stored for 180 days in comparison to the unstored biomass. However, the higher heating
value (27.6 MJ/kg) of T. halophilus treated biomass after 30 days of storage was significantly
lower (p < 0.05) than the higher heating value (28.0 MJ/kg) of the unstored biomass. This
reduction can be attributed to the higher ash content (8.1% d.b.) of T. halophilus treated
biomass. The small difference (<1.0 MJ/kg) in the higher heating values of the stored and
unstored biomass samples is an indication that the wet anaerobic storage was effective in
preserving the algal biomass.

There was a slight increase in the elemental compositions (Carbon, Hydrogen, and
Nitrogen) of the algae samples after the storage durations (30 and 180 days) in comparison
to the unstored sample. Meanwhile, elemental oxygen content was significantly reduced
(p < 0.05) for both storage durations and all treatments. This reduction may be attributed to
the production of CO2 occurring during storage due to microbial activity. There was no
significant difference (p < 0.05) in the sulfur content in any of the algae samples.

Algae biomass has high nitrogen content, which can be problematic for thermochemi-
cal conversion approaches such as hydrothermal liquefaction, but is less of a concern for
fermentation approaches to fuel production. The high concentration of nitrogen (2.5–3.0%,
d.b.) in this biomass is an indication that the utilization of the biofuel derived from this
algae feedstock may result in NOx emission or require substantial hydrogenation. However,
the carbon (57–59%, d.b.) and hydrogen contents (~9.0%, d.b.) of the algae samples were
higher and the oxygen contents (20–23%, d.b.) were lower than the ones reported for
lignocellulosic biomass feedstocks such as Miscanthus, Switchgrass, and Arundo [28,29],
pinewood and pine bark [30], yard wastes [16], and forest residues [31,32].

3.3. Biochemical Composition

The impact of wet anaerobic storage on the biochemical composition of N. gaditana is
presented in Table 3. The carbohydrate content of the unstored algae sample was 21.4%
(d.b.) and the carbohydrate content reduced significantly (p < 0.05) as the storage duration
increased from 30 to 180 days. The carbohydrate content of the untreated algae sample
decreased from 16.6 to 9.7% (d.b.) with continued storage. Similarly, the total carbohydrate
content of L. buchneri and T. halophilus treated biomass samples decreased from 16.7 to 11.7%
and from 13.9 to 9.1% (d.b.), respectively, from 30 to 180 days of storage. This reduction in
carbohydrate content with increased storage duration is not ideal and can be attributed
to continued fermentation of accessible and non-recalcitrant carbohydrates present in the
biomass to organic acids under anaerobic conditions. Ensiling as a method of preservation
necessarily leads to some decomposition of biomass in order to produce sufficient organic
acids to limit microbial metabolism and minimize degradation [2,9]. Of the treatments
evaluated in this study, L. buchneri inoculation was the most effective at preservation, as
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this biomass experienced the least amount of dry matter loss after 180 days and also had
the highest carbohydrate content after storage.

Table 3. Effect of wet anaerobic storage on biochemical composition of Nannochloropsis gaditana.

Treatment Storage
Duration

Carbohydrates
(%, d.b.)

Protein
(%, d.b.)

FAME
(%, d.b.)

Unstored 0 21.4 a ± 0.8 12.1 c ± 0.2 41.1 c ± 0.3

Untreated
30

16.6 b ± 0.1 12.7 c ± 0.1 45.1 a ± 0.3
Lactobacillus buchneri 16.7 b ± 0.2 13.9 b ± 0.1 40.6 c ± 0.6

Tetragenococcus halophilus 13.9 c ± 0.2 14.2 a ± 0.1 46.1 a ± 2.1

Untreated
180

9.7 e ± 0.4 13.3 b ± 0.1 46.9 a ± 0.8
Lactobacillus buchneri 11.7 d ± 0.1 14.3 a ± 0.1 44.3 b ± 0.8

Tetragenococcus halophilus 9.1 e ± 0.1 14.5 a ± 0.1 44.5 a ± 2.1
All values were measured in triplicate and are displayed as a percentage of dry biomass (dry basis, d.b.). Values
in each column with the same superscript are not significantly different (p < 0.05).

The protein content of the algae samples increased in apparent concentration as the
storage duration increased from 30 to 180 days. The protein content of the unstored algae
was 12.1% (d.b.) and after storage, the untreated algae had protein contents of 12.7%
(30 days) and 13.3% (180 days, d.b.). Increases in protein content observed for the treated
algae samples were not substantial as the increase was <5% higher than the protein content
of the unstored algae sample. A similar increase in protein content was reported for
S. acutus biomass after storage and various treatments [2]. The conclusion in this study
that protein is unaffected by storage is not conclusive and this is due to limitations in the
standard method for protein measurement [33]. This method is not a direct measurement of
protein but a measurement of nitrogen content. The protein content is then determined by
multiplying the nitrogen content by an experimentally determined conversion factor [34]. It
is possible for proteins to be degraded without the bulk nitrogen content changing. Future
research will explore protein stability through direct measurements of protein content. The
apparent increase in protein content can be attributed to the relative increase in nitrogen
content during storage. As carbon and oxygen are lost as CO2 from the consumption of
carbohydrates, nitrogen becomes enriched.

The FAME lipid content was influenced by the storage duration, as there was a
significant difference (p < 0.05) between the lipid content of unstored algae and the algae
samples stored for 30 and 180 days, except in the case of L. buchneri inoculated biomass
after 30 days of storage. However, there was no significant difference (p < 0.05) between
the lipid contents of the algae samples stored for 30 and 180 days, except for the L. buchneri
treated biomass, in which its lipid content increased from 40.6 to 44.3% (d.b.) as the storage
duration increased from 30 to 180 days. The relative increase in the FAME lipid content
is attributed to changes in the carbohydrate fraction of the algae samples during storage.
Degradation of any one of the three biomass macromolecules (carbohydrate, lipid, and
protein) during storage can cause the others to increase in proportion to the total. Changes
in biochemical composition could affect the value of the algal biomass and influence the
distribution of the biofuel and bioproducts obtained from the biomass [1].

3.4. Carbohydrate Composition

Storage has the greatest effect on carbohydrate composition (Table 4), with glucose
being affected to a greater extent than other sugar monomers. Glucose (4.2–15.2%, d.b.)
and galactose (3.8–4.5%, d.b.) were the primary sugar monomers identified in N. gaditana
biomass, while xylose (0.6–0.8%, d.b.), galactose (3.8–4.5%, d.b.), arabinose (0.2–0.4%, d.b.),
and mannose (0.6–0.9%, d.b.) were identified as minor sugar monomers. A comparison of
the sugar monomers of the algae samples after 30 and 180 days of storage, demonstrated
that glucose content was significantly reduced from its initial value of 15.2% (d.b.), reaching
values of 10.4% (d.b.) and 4.2% (d.b.) for untreated algal biomass stored anaerobically for
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30 and 180 days, respectively. A similar reduction in glucose content was observed for all
other treatments as well. Surprisingly, there were no significant changes in the contents of
other carbohydrate monomers. Given that glucose constitutes about 40–71% of the total
carbohydrate content of any of the algae samples, it can be inferred that the wet anaerobic
storage had a significant effect on the carbohydrate composition of N. gaditana biomass.

Table 4. Effect of wet anaerobic storage on carbohydrate composition of Nannochloropsis gaditana.

Treatment Storage
Days

Glucose
(%, d.b.)

Xylose
(%, d.b.)

Galactose
(%, d.b.)

Arabinose
(%, d.b.)

Mannose
(%, d.b.)

Unstored 0 15.2 a ± 0.6 0.63 c ± 0.04 4.68 a ± 0.25 0.39 ab ± 0.02 0.69 a ± 0.06

Untreated
30

10.4 c ± 0.03 0.70 b ± 0.01 4.46 ab ± 0.09 0.40 ab ± 0.02 0.77 a ± 0.04
L. buchneri 10.8 b ± 0.05 0.66 bc ± 0.01 4.17 c ± 0.05 0.40 ab ± 0.04 0.64 a ± 0.04

T. halophilus 8.5 e ± 0.02 0.61 c ± 0.02 3.84 de ± 0.05 0.32 b ± 0.10 0.64 a ± 0.1

Untreated
180

4.2 g ± 0.1 0.63 bc ± 0.03 3.80 e ± 0.05 0.40 ab ± 0.04 0.74 a ± 0.1
L. buchneri 5.5 f ± 0.03 0.83 a ± 0.02 4.04 cd ± 0.09 0.52 a ± 0.06 0.76 a ± 0.01

T. halophilus 3.6 h ± 0.04 0.65 bc ± 0.02 3.92 de ± 0.01 0.31 b ± 0.03 0.64 a ± 0.04

All values were measured in triplicate and are displayed as a percentage of dry biomass (dry basis, d.b.). Values
in each column with the same superscript are not significantly different (p < 0.05).

Wendt et al. [2] reported a similar change in carbohydrate composition for the freshwa-
ter strain S. acutus treated with sulfuric acid, glycosidase, and glucose oxidase. The authors
reported a reduction in the glucose, galactose, and mannose content of the enzyme-treated
biomass. This reduction was attributed to the conversion of complex carbohydrates into
simple sugars that were then easily utilized as a carbon source. Wahlen et al. [1], however,
reported glucose and xylose as the major carbohydrates (constituting about 90–93% of
the total sugars) while galactose, arabinose, and mannose were the minor carbohydrate
components found in a S. obliquus algae biomass blended with corn stover.

4. Conclusions

This study has demonstrated that wet anaerobic storage of Nannochloropsis gaditana
algal biomass is a promising preservation approach to ensure a continuous supply of the
algal biomass to biorefineries. Dry matter loss in long-term storage (180 days) of less than
10% (d.b.) for all treatment conditions and post-storage pH values measuring less than
4.8 indicates that wet anaerobic storage is an effective means of preserving saline microalgal
biomass. The minimal change in the higher heating values, reduction of oxygen content,
and preservation of lipids indicate that the wet anaerobic approach to preserving algal
biomass will preserve feedstock quality for high temperature conversion approaches, such
as hydrothermal liquefaction. The loss of carbohydrates in storage could impact fuel yields
through biochemical approaches to conversion. The loss in yield could partly be recovered
by the value of organic acids that are produced in well-ensiled algal biomass. Utilizing this
preservation technique will not only stabilize the dry matter and biochemical composition
of saline algae strains, but it will be a cost-effective preservation approach which will help
to mitigate the seasonal variation in the productivity of algal biomass feedstocks.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/fermentation8040159/s1, Figure S1: Pictorial diagram of the storage
reactors.
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