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ABSTRACT

Different methods exist for preserving microalgal biomass, but their relative effectiveness in maintaining the
integrity of key biochemical constituents over an extended period of time remains unclear. This study compared
the performance of different methods (refrigeration, freezing, freeze-drying, spray-drying, and oven-drying) for
preserving different biochemical fractions (carbohydrates, lipids, proteins, chlorophyll a and carotenoids) of two
commercially important microalgal species, Scenedesmus (Tetradesmus) obliquus and Chlorella vulgaris, over 43
days. Results show compound-specific and species-specific differences in degradation. In this study, carbohy-
drates in S. obliquus were best preserved by freezing, lipids by spray-drying, and proteins by freeze-drying. In
contrast, carbohydrates and lipids in C. vulgaris were best preserved by oven-drying, and proteins by spray-
drying. A decision chart based on different percent loss values aid operators to select the optimal preservation
method, especially in cases where microalgal biomass is to be used to extract multiple chemical fractions. Beyond
biochemical integrity, industrial-scale operations must also consider factors such as capital investment, energy
consumption, labor and material costs, processing time and material loss. For example, oven-drying is inex-
pensive but has a long processing time, whereas spray-drying, while requiring higher capital and skill invest-
ment, has a fast throughput that may be more preferable in a competitive commercial space. This article provides
practical recommendations for selecting appropriate preservation methods for algal biomass in both commercial
and laboratory contexts, based on which a decision chart was formulated to aid operators in choosing the most
appropriate preservation method.

1. Introduction

and global algae production increased up to 35 million tonnes [8]. At the
end of cultivation, the culture has to go through de-watering e.g. by

The global algal bioproduct market is worth more than 4 billion USD
and is projected to grow to over 7 billion USD within the decade [1,2].
Microalgae are cultivated in industrial scale for the extraction of various
bioactive compounds, such as proteins, lipids, carbohydrates and pig-
ments, that are commonly used in food additives, nutraceuticals, phar-
maceuticals, therapeutics, and other high-value products [3]. For
example, algae of high protein content are used in animal feeds and food
formulations [4]. Oil-rich algae have become the preferred and more
sustainable source of omega-3 fatty acids than the traditional fish oil [5]
and algal oils are also used to make biofuels [6]. Algal pigments such as
chlorophylls and carotenoids are being promoted as antioxidants and
health supplements [7].

Commercial algal farms grow algae in arrays of photobioreactors or
open-ponds that reach thousands to millions of liters in total volume,
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filtration, to produce paste-like concentrated biomass, which still has a
high water content that adds unnecessary volume and weight. The
concentrated biomass may need to be stored and transported to other
locations for downstream processing or consumption. Without appro-
priate treatment, the bioactive components of the biomass are suscep-
tible to degradation due to bacterial growth, residual algal enzymatic
activity, and oxidation by ambient light and air [9].

The aim of preservation is to protect the integrity of the algal biomass
over time, ensuring that their nutritional and bioactive properties are
retained for downstream processing and consumption. For commercial
applications, operators need to balance the cost and effectiveness of the
preservation methods according to their needs. For instance, refrigera-
tion and freezing are preferred for their simplicity. However, their
effectiveness in preserving bioactive compounds over an extended time
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is uncertain, and the requirement for constantly low temperatures adds
to the cost for storage and transportation. Oven-drying removes the
water content, which cuts down storage and transportation costs, but the
process takes time, and the heating and drying may compromise the
integrity of heat-sensitive compounds. The more advanced methods of
freeze-drying and spray-drying are also popular. Freeze-drying involves
slowly freezing the materials under low pressure in a specialised device,
thereby removing the water content through sublimation [10]. Spray-
drying works by spraying the materials under high pressure through a
heated nozzle; the process removes the water content and convert the
materials into a fine powder. Some researchers reported that freeze-
drying and spray-drying do not compromise the chemical composition
of algae in the short term [11,12] but longer-term effects still need to be
tested.

Here, different long-term preservation methods: refrigeration,
freezing, oven-drying, freeze-drying and spray-drying, were compared.
The study focused on their effectiveness in preserving algal biochemicals
that are of high values to the industries, including carbohydrates, lipids,
proteins and pigments. Two algal species were studied: Scenedesmus
obliquus and Chlorella vulgaris, which are widely relevant for commercial
applications. For example, Scenedesmus species are commonly used in
animal feeds and bioremediation [13], whereas Chlorella species are
used as dietary supplements in food and feed products [14-16]. The goal
was to assess which methods would be most suitable to preserve
different biochemical fractions in concentrated algal biomass for
downstream consumption or processing over time.

2. Methods
2.1. Algal species and cultivation

Inocula of the algal species Scenedesmus (Tetradesmus) obliquus CCAP
276/3 A) and Chlorella vulgaris (CCAP 211/11B) were obtained from
CCAP collection in Scotland, UK. The inocula were added to f/2 media to
establish stock cultures in a growth chamber (temperature of 18 °C and
illumination of 100 pmol photons m~2 s™! on a 16 h light: 8 h dark
cycle). When the stock cultures reached exponential growth phase, they
were used to inoculate photobioreactors (PBR) inside a greenhouse in
Swansea, UK (51°36'29.1” N, 3°5853.1” W). Two tubular PBR manu-
factured by Varicon Aqua LTD were inoculated at an initial OD750p, Of
~0.5(ca. 1 x 10° cell mL’l) for both species. Each PBR has a total ca-
pacity of 800 L with horizontally arranged 43 mm-diameter tubes. The
PBRs were run for 18 days until the cultures reached a concentration of
200-250 x 10° cell mL~' as measured with a Coulter counter (C3
Beckman Coulter GmBH, Drefield, Germany). The cultures were then
harvested and dewatered by membrane microfiltration (0.2 pm pore
size) at 50 L h™! followed by centrifugation (8000 g at 4 °C, JA-2,
Beckman, Germany) as described previously [17,18]. The concen-
trated biomass appeared as thick pastes with ~20 % water content. The
algal pastes were then divided into different portions and subject to the
different preservation methods.

2.2. Preservation methods

The algal pastes were subject to five preservation methods and stored
for 43 days. A longer storage was not tested due to logistical constraints.
Some commercial algal products claim to have a shelf-life of anywhere
between 45 days (e.g., www.bernaqua.com/algae-paste/) to several
months (e.g., reedmariculture.com/products/nannochloropsis-3600);
therefore, we considered a 43-day period sufficient to test the chemical
integrity of the algal biomass. Chemical analyses of the biomass were
conducted on Day 1 and Day 43 to assess any changes in compositions or
quality over time.

2.2.1. Refrigeration
The harvested pastes of the two algal species were stored in a

Algal Research 91 (2025) 104330
refrigerator at a constant temperature of 4 °C.

2.2.2. Freezing
The algal pastes were stored at —80 °C (New Brunswick Green
freezer model HEF U410).

2.2.3. Oven-drying
The paste was placed inside a drying oven at 45 °C for 48 h, where it
turned into a dry, dark-brown cake.

2.2.4. Freeze-drying

The paste was dried at —110 °C under a vacuum using a bench-top
freeze dryer (Scan Vac, Coolsafe basic 100-9). The process took 50 h
and produced a dry, flake-like substance of deep-green colour.

2.2.5. Spray-drying

The paste was forced under high pressure (hot air at 150 bar) through
a heated nozzle (60 °C) in a spray dryer (Buchi mini spray dryer S-300
with the evaporation capacity of 1 L h~!; yield up to 70 %). The wet algal
biomass only came into contact with the nozzle for a brief moment, and
the biomass emerged as a dry, green powder.

The oven-dried, freeze-dried and spray-dried biomass was put inside
sealed containers and left for 43 days at room temperature (18-20 °C) in
the dark. On Day 1 and Day 43, ten replicates of the required amounts of
the biomass for each of the preservation methods were taken to analyse
carbohydrates, proteins, lipids and pigments.

2.3. Methods of biochemical analysis

2.3.1. Total carbohydrates

The protocol for quantifying total carbohydrates was modified from
the DuBois assay [19]. 5 mg of algal dry biomass (for the regreferation
and freezing treatments, biomass was lyofilised by freezedryer) [20] and
2 mL of 1 M HySO4 were added to a centrifuge tube; the mixture was
heated to 90 °C for 1 h in a water bath. Afterward, the tube was
centrifuged at 5500 rpm for 10 min. 1 mL of the supernatant was pip-
petted into a test tube; 2.5 mL of 98 % sulphuric acid was added to the
test tube, quickly followed by 0.5 mL of phenol. The mixture was left for
30 min to cool and carefully poured into a cuvette. The cuvette was
measured for absorption at 485 nm in a spectrophotometer. The total
carbohydrate content was calculated using the equation from a standard
curve.

For standard curve, six test tubes were prepared with different
amounts of a glucose solution (0.01 mg mLD): 1 mL, 0.8 mL, 0.6 mL,
0.4 mL, 0.2 mL and 0 mL; de-ionized water was added as necessary to
make the final volume 1 mL. The tubes were then treated in the same
manner as described earlier to create a standard curve of absorption at
485 nm.

2.3.2. Total lipids

Quantification of total lipids was based on standard protocol [21].
For this analysis, Teflon centrifuge tubes were pre-treated with Neu-
tracon detergent at least one day before use. The pre-treated tubes were
then rinsed with distilled water, dried (70 & 5 °C), rinsed with methanol
and dried again, then finally rinsed with chloroform and dried.

Samples of dry algal biomass (for the regreferation and freezing
treatments, biomass was lyofilised by freeze dryer) were weighed
(10-25 mg) into the Teflon tubes. 6 mL of chloroform and 3 mL of
methanol were added for every 10 mg of biomass used. The samples
were sonicated on ice again for 3 cycles of 15 min with 3 min intervals.
The tubes were then left for at least 24 h at 4 °C in darkness to extract
lipids from the biomass. 1 mL of 0.09 % NaCl was added to each of the
tubes; the samples were centrifuged at 4000 rpm for 10-12 min at 4 °C
(JA-2, Beckman, Germany). 10 mL glass vials were pre-weighed with the
cap (Teflon lined), after having been dried and stored in a desiccator.
The bottom chloroform-phase was carefully recovered with an inserted
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pipette, and transferred into the pre-weighed glass vial. 2 mL of chlo-
roform was added to the residual material in the teflon tube; this was
then shaken vigorously and centrifuged again at 2000 rpm for 12 min at
4 °C (MSE Harrier centrifuge, swing-out 18/80R rotor) and left to settle
for a further 20 min. The bottom phase was recovered in the same way as
before and added to a another pre-weighed glass vial. The chloroform in
the glass vials was evaporated at 40 °C under nitrogen gas inside a fume
hood. The dry residuals after evaporation were stored in a nitrogen gas-
filled desiccator until weighing. The percent lipid content of the samples
was calculated as [22]:

Weight of tube with extracted lipids — Weight of tube
Sample dry weight

Y%lipids = x 100%

2.3.3. Total proteins

The nitrogen content of dried algal biomass was measured with CHN
analyzer; afterward, a conversion factor of 6.28 was applied to estimate
the protein content per the common practice in the industry [23,24]
which was derived from the conventional Kjeldahl technique for
determining protein content [25].

2.3.4. Chlorophyll and carotenoid pigments

The pigment extraction method was modified from Griffiths et al.
[26] 0.2 mg of the biomass sample was weighed into an eppendorf tube
with 1 mL of DMSO. The tube was agitated on a vortex and sonicated for
10 min. Afterward, the tube was centrifuged at 10,000 rpm for 3 min.
The supernatant was removed and diluted with 1 mL of DMSO. The final
solution was added to a cuvette and absorptions at 480, 649 and 665 nm
were measured on a spectrophotometer. Total chlorophyll and carot-
enoid concentrations (ug mL~!) were calculated according to Wellburn
(1994) [27].

2.4. Statistical analysis

The measured chemical constituents were expressed as % dry mass.
Statistical analyses were performed using SPSS. Data normality was
assessed with the Shapiro-Wilk test. Two-way analyses of variance
(ANOVA) with crossed factors were applied, and when significant effects
were detected, Tukey’s post hoc tests were conducted. For pairwise
comparisons between Day 1 and Day 43 within each preservation
treatment, Welch’s t-tests were used to account for unequal variances. A
significance threshold of p < 0.05 was adopted.

3. Results
3.1. Growth of S. obliquus and C. vulgaris in PBRs

The growth of S. obliquus and C. vulgaris in the PBRs over 18 days is
presented in Fig. 1. Both species grew continuously throughout the 18-
day cultivation period. S. obliquus increased from an initial concentra-
tion of 1.66 x 10° cells mL ™! to 2.40 x 108 cells mL™}, resulting in an
equivalent specific growth rate of 0.335 d~!. C. vulgaris increased from
5.89 x 10° cells mL™! to 2.89 x 10° cells mL™!, with an equivalent
specific growth rate of 0.275 d 1.

3.2. Total carbohydrates

The initial (Day 1) carbohydrate contents in S. obliquus ranged from
36.6 % to 40.0 % dry weight across treatments. After 43 days (Fig. 2A),
spray-dried biomass declined from 38.6 + 3.0 % to 29.8 + 6.3 % dry
weight, representing a 23 % loss of the original carbohydrate content.
This reduction was not statistically significant (Welch’s t(2.8) = 2.17, p
= 0.123, ns). Refrigerated samples decreased from 39.3 + 6.4 % to 33.4
+ 4.5 % (Welch’s t(2.9) = 1.82, p = 0.164, ns). Oven-dried biomass
remained relatively stable, showing a minor change from 39.8 + 2.8 %
to 37.4 + 2.8 % (Welch’s t(2.7) = 1.23, p = 0.308, ns). Freeze-dried
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Fig. 1. Cell concentrations of Scenedesmus obliquus and Chlorella vulgaris in 800-
L photobioreactors over an 18-days cultivation period.
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Fig. 2. Cellular carbohydrate content as % dry weight for Scenedesmus obliquus
(A) and Chlorella vulgaris (B) on Day 1 (d1) and Day 43 (d43) with the different
preservation methods. Data are presented as mean =+ standard error (n = 10).

biomass declined moderately (~9 %), whilst frozen samples lost only
~4.7 %; both reductions were not statistically significant.

In C. vulgaris (Fig. 2B), initial carbohydrate contents ranged from
38.8 % to 40.9 % dry weight. Freeze-dried samples exhibited the most
pronounced decline, from 38.8 + 6.0 % to 26.9 + 1.0 %, a 30.7 % loss
that was statistically significant (Welch’s #(2.5) = 4.75, p = 0.018, *).
Refrigerated biomass decreased from 40.8 + 2.0 % to 34.5 + 1.0 %
(Welch’s t(2.9) = 3.15, p = 0.048, *), whilst spray-dried biomass
declined from 40.7 + 3.0 % to 34.7 + 7.0 % (Welch’s t(2.8) = 2.92,p =
0.063, ns). Frozen samples also decreased, from 40.9 + 2.0 % to 34.7 +
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2.0 % (Welch’s t(2.7) = 3.41, p = 0.039, *). Oven-dried samples showed
the smallest loss, from 40.7 + 5.0 % to 35.7 + 2.0 %, equivalent to
~12.3 %, which was not statistically significant (Welch’s t(2.9) = 2.15,
p = 0.091, ns).

3.3. Total lipids

In S. obliquus, initial lipid contents ranged from 2.85 % to 3.60 % dry
weight. After 43 days (Fig. 3A), frozen biomass declined from 3.15 +
0.2 % to 2.40 &+ 0.2 %, representing a 23.8 % reduction that was sta-
tistically significant (Welch’s #(2.7) = 3.28, p = 0.041, *). Refrigerated
samples decreased from 3.15 + 0.2 % to 2.25 + 0.1 % (28.6 % loss;
Welch’s t(2.9) = 4.02, p = 0.029, *). Freeze-dried samples fell from 3.60
+ 0.1 % to 2.55 + 0.6 % (29.2 % reduction; Welch’s t(2.5) = 3.74,p =
0.033, *). Oven-dried biomass declined more modestly, from 2.85 + 0.1
% to 2.40 £+ 0.2 % (15.8 %; Welch’s #(2.8) = 2.64, p = 0.048, *). By
contrast, spray-dried samples were comparatively stable, decreasing
slightly from 3.45 + 0.4 % to 3.30 + 0.2 % (4.3 %; Welch’s t(2.9) =
1.11, p = 0.337, ns).

In C. vulgaris (Fig. 3B), initial lipid contents ranged from 1.80 % to
2.30 % dry weight. Freeze-dried biomass declined most sharply, from
2.30 £ 0.2 % to 1.57 &+ 0.2 %, a 31.6 % reduction that was significant
(Welch’s t(2.8) = 4.51, p = 0.021, *). Spray-dried biomass decreased
from 2.28 + 0.2 % to 1.80 + 0.3 % (21.1 % loss; Welch’s t(2.6) = 3.62, p
= 0.034, *). Refrigerated biomass fell from 2.28 + 0.2 % to 1.94 + 0.1 %
(15.2 %; Welch’s t(2.9) = 2.85, p = 0.047, *), and frozen samples
declined from 2.25 £ 0.2 % to 1.95 + 0.1 % (13.3 %; Welch’s t(2.7) =
2.69, p = 0.052, ns). Oven-dried biomass remained the most stable,
decreasing from 2.10 + 0.2 % to 1.90 & 0.1 % (9.5 %; Welch’s t(2.9) =
1.97, p = 0.081, ns).
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Fig. 3. Cellular lipid content as % dry weight for Scenedesmus obliquus (A) and
Chlorella vulgaris (B) on Day 1 (d1) and Day 43 (d43) with the different pres-
ervation methods. Data are presented as mean + standard error (n = 10).
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3.4. Total proteins

The initial protein contents of S. obliquus samples ranged from 19.7
% to 24.7 %. After 43 days, all samples showed degradation, with the
most occurred in the refrigerated samples, losing 31.1 % of the initial
protein content (Fig. 4A). Spray-dried samples, oven-dried and frozen
samples all showed considerable degradation, losing respectively 19.9
%, 19.7 % and 15.2 % of their protein contents. Freeze-dried samples
maintained their protein contents better than the others, losing only
10.4 % over the 43-day period (Fig. 4A).

C. vulgaris samples had an initial protein content of 20.2-24.0 %.
After 43 days, freeze-dried and refrigerated samples experienced the
most severe protein losses, at 37.0 % and 38.2 %, respectively (Fig. 4B).
Moderate loss was observed in frozen samples and oven-dried samples,
at 25.9 % and 20.5 %, respectively. Spray-drying appeared to work the
best, with the samples losing only 9.0 % of their protein content over the
storage period (Fig. 4B).

The t-test analysis confirmed statistically significant reductions in
protein content between Day 1 and Day 43 for most preservation
methods. In Scenedesmus obliquus, significant decreases were observed
following refrigeration (£(2.8) = 5.12, p = 0.015, *), spray-drying (t(2.9)
= 3.87, p = 0.031, *), oven-drying (t(2.8) = 3.65, p = 0.037, *), and
freezing ((2.9) = 2.95, p = 0.048, *), whilst freeze-drying did not result
in a significant difference (p > 0.05). In Chlorella vulgaris, highly sig-
nificant declines were detected under freeze-drying (t(2.8) = 6.02, p =
0.009, **), refrigeration (t(2.7) = 6.24, p = 0.008, **), and moderate but
significant losses were also noted in frozen (¢(2.8) = 4.21, p = 0.024, *)
and oven-dried (¢(2.9) = 3.28, p = 0.041, *) samples. Spray-drying, by
contrast, resulted in no significant reduction (t(2.8) = 1.45, p = 0.225,
ns). Collectively, these results demonstrate that protein stability in both
microalgal species is strongly influenced by the preservation method,
with refrigeration and freeze-drying showing the greatest degradation
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Fig. 4. Cellular protein content as % dry weight for Scenedesmus obliquus (A)
and Chlorella vulgaris (B) on Day 1 (d1) and Day 43 (d43) with the different
preservation methods. Data are presented as mean + standard error (n = 10).
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over the storage period.
3.5. Chlorophyll a

The chlorophyll a data for S. obliquus are presented in Fig. 5A. The
initial chlorophyll a content varied from 0.014 % to 0.018 %. At the end
of the storage period, refrigerated samples showed the largest decline,
losing more than 50 % of their chlorophyll a content. Frozen samples
lost ~37 %. Oven-dried and spray-dried samples fared better, losing
21-26 % of their chlorophyll a. The best method to preserve chlorophyll
a in S. obliquus samples was freeze-drying, resulting in only 10 % loss
over 43 days.

The initial chlorophyll a content of C. vulgaris samples varied very
little, between 0.014 and 0.015 % (Fig. 5B). Refrigerated samples lost
the most chlorophyll a content during storage, at 33.3 %. Oven-dried,
spray-dried and frozen samples lost respectively 26.7, 21.4 and 13.3 %
of their initial chlorophyll a contents. Overall, freeze-dried samples
maintained the most chlorophyll a, losing only 7.1 % after 43 days.

A significant reduction in chlorophyll a content was observed be-
tween d1 and d43 in most treatments for both Scenedesmus and Chlorella.
In S. obliquus, spray-drying, oven-drying, refrigeration, and freezing
resulted in statistically significant declines (p < 0.05), while freeze-
drying showed no significant change. In C. vulgaris, all treatments led
to a significant decrease in chlorophyll a levels over time.

3.6. Carotenoids

Fig. 6 present the carotenoid data for S. obliquus and C. vulgaris
samples. The different samples of S. obliquus biomass (Fig. 6A) all had
comparable initial amounts of carotenoids, at 0.015 %. Storage led to
the most loss of carotenoids in spray-dried samples, at 45.6 %. Refrig-
erated samples, freeze-dried samples and oven-dried samples all lost
carotenoids to a similar extent, at 17.8, 15.9 and 14.9 %, respectively.
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Fig. 5. Cellular Chlorophyll a content as % dry weight for Scenedesmus obliquus
(A) and Chlorella vulgaris (B) on Day 1 (d1) and Day 43 (d43) with the different
preservation methods. Data are presented as mean =+ standard error (n = 10).
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Fig. 6. Cellular carotenoid content as % dry weight for Scenedesmus obliquus
(A) and Chlorella vulgaris (B) on Day 1 (d1) and Day 43 (d43) with the different
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Frozen samples lost the minimal amount of carotenoids, at 9.5 %.

The initial carotenoid content of C. vulgaris samples varied little,
between 0.007 and 0.009 % (Fig. 6B). Storage led to large losses of ca-
rotenoids in both oven-dried samples and frozen samples, at 49.9 % and
46.6 %, respectively. Spray-dried samples lost 20.6 %, whereas refrig-
erated samples lost 14.3 % of their initial carotenoid contents. By
comparison, freeze-dried samples had the most stable carotenoid con-
tent, losing only 4.4 % over the 43-day period.

Statistical analysis (n = 10) revealed significant reductions in
carotenoid content (p < 0.05) between d1 and d43 across multiple
treatments. In S. obliquus, spray-drying, oven-drying, freeze-drying,
refrigeration, and freezing all resulted in significant declines. Simi-
larly, in C. vulgaris, significant reductions were observed in all treat-
ments, with the most pronounced effects under oven-drying and freezing
conditions.

4. Discussion

The global algal bioproduct market value is estimated to exceed 7
billion dollars by 2028 (marketsandmarkets.com, 2025) [2]. Algal
biomass are used in a vast range of products, from animal feeds to fer-
tilizers, food additives, nutraceuticals, pharmaceuticals, cosmetics,
biofuel, and more [28]. The life-cycle of the production begins with
cultivation of algae at scales. The so-produced biomass may then need to
be stored for an extended time and/or transported to other locations for
downstream processing and consumption. However, many of the valu-
able biochemical constituents of the biomass can be susceptible to
degradation without proper preservation. For example, the algal taxa
Nanochloropsis is often sold in frozen or refrigerated wet pastes as
aquaculture feeds, but the long-term integrity of the biochemical
composition is unclear. Also, the wet pastes still retain a high water
content that add to storage and transportation costs [29].

Although drying may extend the shelf life of the biomass and save
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cost for storage and transportation, the drying process inevitably adds to
the operation time and expense. There are different drying methods on
the market, but few studies have been done to compare their effective-
ness in preserving the different biochemical fractions of different algal
species. Algal cells are damaged by the preservation process [30] such
that they do not remain viable [31]. Ultimately, the preservation
methods of choice would depend on the trade-off between cost and
benefit for the algae producers as well as the downstream users.

This study compared different common methods for preserving
biochemical compositions of concentrated algal biomass for long-term
storage. The effectiveness of the methods was found to vary between
species and the different biochemical fractions. For S. obliquus, freezing
was the most effective method to preserve the carbohydrate content of
the biomass, whereas for C. vulgaris it was oven-drying. Algal carbohy-
drates are mostly associated with the structural (e.g. cellulose) and
storage components of the cells (e.g. starch), which tend to be more
resistant to degradation [32].

Spray-drying preserved the lipid content of S. obliquus more effec-
tively, likely due to its thick, rigid cell wall and possibly more stable
lipid profile. The brief exposure to high temperature in spray-drying
may have limited oxidation in this species, which can better withstand
thermal stress.

In contrast, C. vulgaris responded less well to spray-drying, possibly
because its thinner cell wall and higher proportion of heat-sensitive
polyunsaturated fatty acids made it more vulnerable to exposure to
high-pressure and intense heat in spray-drying. By comparison, the
lower sustained temperature of oven-drying may have minimised lipid
oxidation and better preserved its lipid content.

Freeze-drying is recommended for S. obliquus because its proteins are
likely more sensitive to heat, and the species’ rigid cell wall may hinder
moisture removal, increasing the risk of thermal denaturation during
other drying methods. In contrast, C. vulgaris contains thermotolerant
proteins, making it is less sensitive to heat-based drying methods (spray-
drying and oven-drying) than S. obliquus, and its less rigid cell structure
allows efficient water removal during the brief heat exposure in spray-
drying and still maintains biochemical integrity [33-36]. As a result,
spray-drying can effectively preserve protein content in C. vulgaris while
offering faster and more cost-efficient processing.

Algal pigments are very sensitive to heat [37]. As such, preservation
methods that involve heating (oven-drying, spray-drying) should be
avoided. Instead, freeze-drying was the preferred method for chloro-
phyll a in both species as well as carotenoids in C. vulgaris, whereas
freezing was recommended for preserving carotenoids in S. obliquus
[38].

In addition to differences among the preservation methods, our re-
sults also revealed different susceptibility to degradation between the
two algal species. C. vulgaris experienced a larger loss of carbohydrates
than S. obliquus during storage in most cases. Proteins in C. vulgaris
biomass also appeared to be more prone to degration than that in
S. obliquus. Conversely, C. vulgaris biomass maintained its chlorophyll a
and carotenoid contents better than S. obliquus biomass. These species-
specific differences in degradation susceptibility likely stem from vari-
ations in cell wall composition, and intracellular structure [39].
C. vulgaris generally has a thinner and less complex cell wall compared to
S. obliquus, which may make its carbohydrates and proteins more sus-
ceptible to degradation during storage [40]. In contrast, the more robust
cell structure of S. obliquus may offer better protection against enzymatic
or microbial breakdown of these macromolecules [41]. On the other
hand, C. vulgaris may possess more stable pigment-protein complexes or
higher concentrations of antioxidant compounds, which could explain
its better retention of chlorophyll a and carotenoids. Additionally, dif-
ferences in post-harvest metabolic activity or stress responses triggered
by preservation conditions may influence how cellular components
degrade in each species. Future study may investigate the change in the
algal biomass composition at a higher temporal resolution, and char-
acterise the breakdown products in more detail.
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Based on these results, a ‘decision chart’ is proposed to guide oper-
ators in selecting the most appropriate preservation methods according
to the algal species and which biochemical fractions are being targeted
(Table 1). Such a decision tool would be particularly useful in cases
where the preserved algal biomass is used to extract multiple
biochemical fractions. For example, if the producer grows S. obliquus,
ideally they should preserve the biomass with different methods for
extracting different fractions: freezing for carbohydrates, spray-drying
for lipids, and freeze-drying for proteins. This inevitably increases the
operational complexity and costs. Instead, based on the % loss values
illustrated in the decision chart, oven-drying turned out to be the
optimal method for preserving all three fractions.

For the industry, in addition to preserving the integrity of the
chemical constituents, operators also have to consider the costs in terms
of capital investments (e.g. Does it require specialised equipment and
installations?), operational expenses (e.g. How much electricity is
consumed?), labor and material costs (e.g. Does it require specially
trained operators? Does it require specialised consumables?), processing
time (e.g. How fast can it process the biomass?) and material loss. Semi-
quantitative information is compiled in Table 2 to compare the costs
associated with the different preservation methods.

Freeze-drying has the highest capital cost, ranging from £20,000 to
£50,000 for an industrial scale freeze-drier (and up to £5000 for labo-
ratory scale). It also has a high operating cost, consuming approximately
4.5-18 kWh per day, which amounts to about £2.50 daily or nearly 1000
kWh annually. Spray-drying also has a high capital cost, with industrial
systems ranging from £15,000 to £40,000 and laboratory systems be-
tween £3000 and £5000. Its operating cost is high as well, estimated at
around 408 kWh annually. Oven-drying has a comparatively low capital
cost, with laboratory setups costing less than £1000 and industrial sys-
tems ranging from £10,000 to £20,000. Its operating cost is moderate,
with energy consumption estimated between 100 and 200 kWh annu-
ally. Refrigeration is the least capital-intensive, while its energy con-
sumption is about 200 kWh per year. Freezing, on the other hand, has a
moderate capital cost but relatively high operating costs, requiring
approximately 500 kWh annually.

In terms of labour and material costs, both freeze-drying and spray-
drying require some training and specialised operational consumables.
Oven-drying, refrigeration and freezing require no special training or
consumables. Regarding processing time, freeze-drying takes 24 h or
more, spray-drying requires approximately 1-3 h, and oven-drying takes
about 6-12 h. Refrigeration and freezing require virtually no processing
time. Material loss is negligible in freeze-drying, but it ranges from 10 to
18 % in spray-drying and 5-10 % in oven-drying. Additionally, the
elevated temperatures in spary-drying, even for a short duration, can
degrade sensitive compounds in the algal biomass, leading to a loss of
valuable constituents such as lipids and antioxidants [42]. Furthermore,
algal cultures may need to be pre-concentrated to optimise time and
energy use, as this helps improve the efficiency of the spray-drying
process [43]. Refrigeration and freezing have minimal material loss.

By presenting the different cost categories, Table 2 complements the
‘decision chart’ (Table 1) to allow operators to arrive at an economically
viable option. For example, oven-drying requires relatively inexpensive
installation, low energy consumption, and no special skills, whereas
spray-drying requires a higher monetary and skill investment. However,
spray-drying can process the algal materials in a fraction of the time
needed for oven-drying. In a competitive commercial space, a shorter
processing time may be far more favorable in the long run.

5. Conclusion

Proper preservation is crucial for maintaining the integrity of algal
biomass compositions for downstream processing or consumption. Here,
different methods for preserving different biochemical fractions of two
common algal species over a 43-day period were tested. While there was
no single best method for every situation, by comparing the % loss of
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Table 1
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Comparison of different preservation methods for preserving different biochemical fractions of
S. obliquus and C. vulgaris cells. Numbers are % loss over 43-day storage. Colored triangles highlight
the best preservation methods for the specific chemical constituents (blue for S. obliquus; green for

C. vulgaris).

Refrigeration Freezing Oven-drying Freeze-drying | Spray-drying
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7 Scenedesmus obliquus

A Chlorella vulgaris

Table 2

Semi-quantitative information on costs associated with the different preservation methods.

Preservation Capital Cost Operating Labor & Processing Material Algal biomass  Key Considerations
Method per unit Cost Material Time Loss process (kg)
In KWh Costs
annually
Freeze-Drying High. Industrial scale £20-  High. ~1000  High ~24h Negligible Up to 1000 Preserves most proteins and sensitive
50 K; lab scale up to £5 K compounds; high energy consumption; not
appropriate for low-value products.
Spray-drying High. Industrial scale £15-  High. ~408 Moderate ~1-3h ~10-18 %  Up to 800 Suitable for high-value products; rapid
40 K; lab scale £3-5 K per drying; potential nutrient loss due to high
unit temperatures.
Oven-drying Low. Industrial scale £10- Moderate. Low ~6-12h ~5-10 % Up to 500 Simple setup; risk of nutrient degradation at
20 K per unit; lab scale < 100-200 high temperatures; not suitable for heat-
£1 K per unit intensive materials.
Refrigeration Low Moderate. Low n/a Minimal ~200 Suitable for temporary preservation; not ideal
~200 for long-term storage; continuous energy use.
Freezing Moderate High. ~500 Low n/a Minimal Up to 600 Preserves biomass effectively; high energy
costs for maintenance; potential cell damage
due to ice crystal formation.
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