Environmental and Climate Technologies 1862

. oPUE, 1K
2020, vol. 24, no. 2, pp. 258-271 %
https://doi.org/10.2478/rtuect-2020-0071 S C I e n d O RTECHL
https://content.sciendo.com UNIVERSITY

Ranking of By-products for Single Cell Oil Production.
Case of Latvia

Elina RACKO'*, Dagnija BLUMBERGA?, Kriss SPALVINS?, Egle MARCIULAITIENE*

SInstitute of Energy Systems and Environment, Riga Technical University, 12-kI Azenes iela, Riga,
LV-1048, Latvia

4Research Institute of Environmental Protection, Vilnius Gediminas Technical University,
Sauletekio al. 11, 10223 Vilnius, Lithuania

Abstract — Single cell oil is considered as a promising alternative to fish and vegetable oils. Due to
the ability of oleaginous microorganisms to produce significant amounts of polyunsaturated fatty
acids such as docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), single cell oil can be
used for human and animal consumption. In this context, marine microorganisms of the class
Labyrinthulomycetes are particularly highlighted in scientific literature. In order to clarify the
possibilities for the use of microorganisms of the class Labyrinthulomycetes in large-scale single
cell oil production, the first step is to gain awareness of the cultivation conditions required for
these microorganisms. In addition, to reduce the cost of single cell oil production, it is necessary
to identify potential agroindustrial waste products that are suitable for microbiological
cultivation of Labyrinthulomycetes. This article examines the potential biotechnological
applications of Labyrinthulomycetes in single cell oil production, the cultivation conditions,
nutritional requirements, inhibitors and suitable waste products. In addition, an agroindustrial
by-product availability analysis has been carried out. The article evaluates agroindustrial by-
products based on their availability in Latvia, required pre-treatment, price, shelf life and
efficiency.

Keywords — Biotechnology; high value-added product; Labyrinthulomycetes; TOPSIS
1. INTRODUCTION

The world population growth as well as the rise in global awareness among consumers
regarding healthy lifestyles and health benefits of omega-3 fatty acids contributes to the
increasing consumption of fish products. This factor impacts the expansion of the aquaculture
industry, which is followed by the need for an economically viable, sustainable and renewable
source of fish feed in order to obtain high quality and nutrient rich fish with large live weight.
Although the aquaculture industry contributes to reducing the burden on wild fish resources, fish
oil and fishmeal derived from wild fish are widely used in the aquaculture industry as a fish feed
ingredient, making this industry dependent on wild capture fisheries [1]. Also the demand for
fish oil for human consumption is expected to grow rapidly (estimated growth rate by almost
80 % in the period 2015-2025) [2]. Fig. 1 shows the global trend in fish oil consumption [2]. The
demand for fish oil in aquaculture will grow more slowly as the industry is expected to be forced
to use other alternatives, nevertheless, aquaculture consumption will increase by 17 % [2]. Based
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on projections shown in Fig. 1, by 2025 about twice as much fish oil (compared to 2014) will be
needed to provide both humans and aquaculture with the essential omega-3 fatty acids.

Traditional fish feed ingredients such as fishmeal and fish oil are effective, but their extraction
from wild fish is limited. Historically one of the most used alternatives is vegetable oil. However,
vegetable oils cannot be considered as a sustainable substitute, due to competition for these
resource between two sectors — animal feed production and human functional food production.
The main problems of vegetable oils, however, are their profile of essential fatty acids; most
plants are unable to efficiently synthesize polyunsaturated fatty acids (PUFAs) such as
docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) [3]. Vegetable oils are mostly
composed of PUFAs such as linoleic acid (LA) and alpha-linolenic acid (ALA) [2]. For these
reasons, marine fish are considered to be the best source of polyunsaturated fatty acids. At the
same time, scientists have proven that marine wild fish are able to accumulate high levels of
polyunsaturated fatty acids by consuming marine organisms that have already synthesized these
fatty acids, in other words DHA and EPA are biosynthesized mainly by phytoplankton, which
are consumed by zooplankton and then by fish [4]. In this context, the single cell oil potential is
highlighted in scientific literature.
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Fig. 1. Global consumption of fish oil [2].

Single cell oil (SCO) is oil obtained from oleaginous microorganisms like algae, protists and
bacteria, yeast and other microscopic fungi. SCO has a significant advantage over oils obtained
from plants or fish — it has a much higher content of PUFAs (omega-3) [2]. In the context of the
circular economy, one of the strategies for sustainable waste management is the promotion and
implementation of the idea that waste and by-products are considered as a resource.
Biodegradable waste products and by-products, such as waste glycerol, cheese whey, wastes
containing lignocellulose, etc. could be used in the production of SCO. The use of biodegradable
waste products as a source of carbon in microbial cultivation can significantly reduce production
costs, at the same time, value is added to residual products of agriculture and forestry.
Furthermore, use of by-products as the main carbon source in the cultivation process enables
treatment of generated waste streams, thus the negative impact on environment is reduced. The
fact that the production of SCO is independent of location, climate and season, which is
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considered to be a problem for the production of vegetable oils, also makes SCO an attractive
alternative. Depending on the purity of obtained SCO, its fatty acid profile and the extraction
technologies used, it is possible to use SCO as a viable option in the production of essential fatty
acids suitable for human nutrition or animal feed or as feedstock in the manufacture of biodiesel.
However, production of SCO has several challenges, such as difficulty of finding the most
suitable microorganisms, sources of nutrients, technology and growth conditions. Several
microorganisms with an outstanding performance in lipid production belong to the class
Labyrinthulomycetes. The production of SCO using species of Labyrinthulomycetes (in particular
Schizochytrium) is commercialized, but little information is available about the success of using
agricultural or industrial by-products in the commercial SCO production process [5], [6]. This
review aims to overview the most progressive members of the class Labyrinthulomycetes in the
context of SCO production. Also, an overview about application of biodegradable residues in
Latvia is given.

2. LITERATURE REVIEW

2.1. Use of Labyrinthulomycetes in Single Cell Oil Production

Labyrinthulomycetes are unicellular members of stramenopilian protists commonly found in
both marine and freshwater ecosystems all over the world [7]. The biomass of
Labyrinthulomycetes in the oceanic water column could reaches up to 675 x 103 cells/L [8].
Labyrinthulomycetes species has an important role in nature as a decomposer, but in some cases
these microorganisms are parasitic [8]. This group of microorganisms is characterized by a
specific ectoplasmic net — an external cytoplasmic network (outside the cells) secreted by a
specialized organelle called a bothrosome and multilamellate cell walls composed of Golgi
body-derived scales [9]. Based on these recent classifications, Labyrinthulomycetes is subdivided
into three groups — Labyrinthulids, Thraustochytrids and Amphitremids and more than 15 genera
[8], [10]. This classification of Labyrinthulomycetes will also be used in this review. All three
orders mainly are osmoheterotrophic in their mode of nutrition [7]. It should be noted that the
possibility of producing SCO by using Thraustochytrid is explored more; less information is
available about the potential use of strains belonging to the order of Labyrinthulids and
Amphitremids. It is known that the majority of Thraustochytrids prefer salinities of 20 %—34 %,
and have a requirement for Na* ions that is not replaceable by K* ions, therefore, it is necessary
to add sea water and, if necessary, additional sodium chloride and sea salts to the medium used
for cultivation [7], [11], [12]. The fermentation of Labyrinthulomycete strains can be easily
cultivated in a laboratory by baiting natural water samples with various organic rich components,
for example, plant material and plating on nutrient rich agar, while antibiotics may be used to
inhibit bacterial growth in samples [13]. Under laboratory conditions, the typical media for
species of Labyrinthulomycetes are:

— Medium H (glucose 2g/L, yeast extract 0.2 g/L, monosodium glutamate 0.5 g/L, agar 12
g/L, seawater till 1 L of media);

— dGPY-agar medium (glucose 2 g/L, polypeptone 1 g/L, yeast extract 0.5 g/L, agar 15 g/L
in sea water 500 ml and distilled water 500 ml);

— PYG-agar media (peptone 1.25 g/L, yeast extract 1.25 g/L, glucose 3 g/L, agar 15 g/L,
seawater till 1 L of media);

— YPD (1 g/L yeast extract, 1 g/L peptone, 5 g/L glucose, 12 g/l agar, thymine 2 ml (100
pg/ml), antibiotics 200 mg ampicillin/L, 100 mg doxycycline/L) [9].
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Optimal temperature and pH for Labyrinthulomycete cultivation may vary from 18 °C to 27 °C
(usually 20 °C or 25 °C) and from 6.5 to 7, respectively [13], [14]. Better biomass results are
obtained by fermentation of microorganisms in bioreactors for several reasons. First — a better
pH regulation, second — an improved oxygen supply. Conversion of saturated fatty acids to
unsaturated fatty acids in Labyrinthylales cultures occurs more efficiently under conditions of
abundant oxygen [15]. The most widely used carbon source for Labyrinthulomycete is glucose,
but it is not sustainable and profitable to convert sugars into oils, optimally SCO production
should avoid the use of synthetic media. However, whenever a by-product is used, additional
nutrients must be added to ensure an optimal C/N ratio. Oleaginous microorganisms accumulate
lipids more efficiently under nitrogen-depleted conditions, Ryu et.al (2013) reported that, for
example, Aurantiochytrium sp. achieves the highest biomass yield at C/N ratio of 50 — 47.1 g/L,
while at C/N ratio of 35 and 20, the obtained biomass was 45.2 g/L and 31.8 g/L, respectively
[16]. Also, Schizochytrium limacinum give the highest DHA yield at C/N ratios of 15, 20, 25
[17].

A study by Yokoyama et al (2007), in which SCO fatty acid profiles of 13 strains were analysed
and the results of research conducted by other authors on 12 other strains were summarized,
showed that strains such as Ulkenia amoeboidea SEK 214, Ulkenia sp. SEK 357,
Aurantiochytrium sp. SEK 217 and Sicyoidochytrium sp. SEK 362 have high potential for
producing essential fatty acids [18]. PUFA profiles of arachidonic acid (AA), EPA,
docosatetraenoic acid (DTA), docosapentaenoic acid (DPA) and DHA were determined in this
study. Biomass of Ulkenia amoeboid SEK 214 and several strains of Sicyoidochytrium contained
more than 70 % DHA, but the most significant amount of EPA was in the strains of
Parietichytrium. Such results were obtained by culturing microorganisms in H medium for 2 to
3 days at 25 °C and then by incubating these strains in agar-dGPY medium for 7 to 10 days at
25 °C [18]. It is also known from many other studies that Labyrinthulomycete can accumulate
large amounts of essential fatty acids — more than 50 % of total fatty acids and up to 25 % of dry
cell weight in some strains [13]. In the last decades a lot of efforts have been made to explore
the most effective way to obtain omega-3 fatty acids from these microorganisms at lower costs.
There are several factors affecting the obtained biomass yield and the accumulation of lipids,
ranging from pH, cultivation temperature, C/N ratio, and duration of cultivation or lighting to
type of flask or bioreactor used.

2.2. Suitable Waste Products and By-products for Cultivation of Labyrinthulomycetes

This chapter will only cover cases where biodegradable waste products have been used in the
production of SCO. The most extensive research has been done on the use of crude glycerol as a
substrate and Labyrinthulomycetes as a producer. An interesting study was done by Lung et al.
— the experiment was conducted to determine the effects of cultivation modes and concentration
of carbon sources (such as crude glycerol, pure glycerol and glucose) on biomass and SCO yield
using Schizochytrium limacinum SR21 [19]. The best results were obtained with a crude glycerol
concentration of 5 %, respectively, biomass yield — 7.39 g/L, total SCO yield 59.78 % (4.42 g/L),
DHA content of 141.89 mg/g or 24.72 %. Moreover, Schizochytrium limacinum SR21
completely utilized crude glycerol, which means that this strain effectively uses the crude
glycerol as a nutrient, regardless of cultivation mode — mixotrophic, heterotrophic or
mixo/heterotrophic [19]. Other studies have similar results when using crude glycerol as
feedstock, Schizochytrium limacinum accumulated 50.6 % of the lipids from the cell dry matter
[20]. The advantage of crude glycerol is that small amounts of glycerol are sufficient to ensure
optimal biomass growth.
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Alok Patel et al. (2019) showed that using lignocellulosic feedstock to cultivate the marine
oleaginous microorganism Aurantiochytrium sp. T66 in SCO production is a viable idea and has
great potential for industrial scale DHA production [15]. The use of birch hydrolysate achieved
remarkable results — Aurantiochytrium sp. T66 cultivated in a bioreactor resulted in a biomass
yield (cell dry weight) of 11.24 g/L, 5.90 g/L of SCO containing 35.76 % DHA [15]. To provide
the required amount of nitrogen in forest wood hydrolysate medium, along with artificial sea
water the yeast extract (containing 9 %—12 % of total nitrogen) was added. In this study medium,
a C/N mass ratio of 10:1 was used. When cultivating Aurantiochytrium sp. T66 in the bioreactor,
their stationary growth phase was reached after 72 h. The stationary phase is the right time to
harvest the biomass, as there is further risk that microorganisms will use the accumulated lipids
for energy growth and biomass production. The major problem related to using hydrolysates as
substrates is that raw material pre-treatment is energy intensive and high in terms of water
consumption. The hydrolysis efficiency, even for modern technologies, does not exceed 60 %,
respectively maximum 60 % of the hardwood is converted into sugars [21]. The cost of
hydrolysis consists of water, electricity, steam, enzyme, base solution and H,SO4 consumption
[22]. Table 1 summarizes the results of various studies using Labyrinthulomycetes as SCO
producers and biodegradable waste-products as feedstock.

TABLE 1. YIELD OF SCO OBTAINED USING LABYRINTHULOMYCETE AS PRODUCERS AND
BIODEGRADABLE WASTE-PRODUCTS AS FEEDSTOCK

. . . SCO content
Species Medium composition (W/W % of biomass) Reference

Schizochytrium sp. S31 Tofu whey wastewater, glucose, sea salt 56.85 [23]

Schizochytrium limacinum Crude glycerol 24.50 [20]

SR21

Schizochytrium limacinum SR21 Crude glycerol 59.78 [19]

Schizochytrium limacinum PA-968 Saline wastewater from demineralization of 46.26 [24]
cheese whey, glycerol, yeast extract

Japonochytrium marinum Saline wastewater from demineralization of 56.71 [24]
cheese whey, glycerol, yeast extract

Aurantiochytrium sp. T6 Birch hydrolysate 52.49 [15]

Schizochytrium sp. Sugarcane molasses 41.20 [25]

Schizochytrium limacinum Sweet sorghum juice 73.40 [26]

Schizochytrium sp. DT3 Enzyme saccharified hemp 16.90 [27]

Aurantiochytrium sp. Spent yeast from brewery 38.20 [16]
Industry

Schizochytrium mangrovei Food waste hydrolysate 16.00 [28]

In another study, tofu whey wastewater was found to provide better Schizochytrium sp. culture
performance (higher biomass and DHA yield) compared to results obtained from three different
conventional media [23]. Less efficient Schizochytrium mangrovei use the food waste
hydrolysate derived from rice, noodles, meat, and vegetables, 14 g/L of dry cell weight with 16 %
lipid content was obtained [28]. Countless other biodegradable waste products can be used as a
feedstock for oleaginous microorganisms. Spalvins ef al. have compiled information on more
than 70 suitable biodegradable waste products classified into two large groups: industrial
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by-products and agricultural by-products [29]-[32]. These two groups are subdivided into
smaller subgroups:
— industrial by-products include polymer rich sources, carbon compounds and sources for
photosynthetic microorganisms [29], [30];
— agricultural by-products include monosaccharide and disaccharide rich sources, starch
rich sources, structural polysaccharide rich sources and protein or lipid rich sources [31],
[32].

2.3. Suitable Waste Products and By-products for Cultivation of Labyrinthulomycetes in Latvia

When selecting waste products or by-products to be used as carbon and energy sources for
growth and lipid ac-cumulation, at least four factors must be considered: composition of waste
products or by-products, com-position of pathogens in potential feedstock mass, financial
possibilities, technological and technical capabilities.

2.4. Crude Glycerol

Crude glycerol is a major by-product of biodiesel production, it is affordable and suitable raw
material that can be used in the fermentation process. The price of crude glycerol is reduced by
undesirable compounds such as alcohol, heavy metals, soap, water and various salts. In addition,
the market price of crude glycerol is currently affected by the fact that the crude glycerol supply
is higher than demand [33], [19]. This situation is explained by the increase in biodiesel
production fuelled by the introduction of climate policy in various countries around the world
and the efforts to replace fossil fuels. In addition, refining crude glycerol for reuse in cosmetics,
food or other industries is relatively expensive [29]. Pre-treatment of crude glycerol includes the
addition of water to optimize viscosity, pH adjustment using chemicals, evaporation of methanol,
water and ethanol, and filtration. In 2018, 88 thousand tonnes of biodiesel were produced in
Latvia [34]. About one kg of crude glycerol is obtained from every 10 kg of biodiesel produced,
so to calculate the estimated annual production of crude glycerol in Latvia, it is assumed that
producing 88 thousand tonnes of biodiesel produces 10 % of crude glycerol [35]. It follows from
the above that in 2018, 8.8 thousand tonnes of crude glycerol were produced.

2.5. Low-quality Wood

Forests are one of the key natural resources in Latvia. On 1 January 2019, the forest area in
Latvia occupied 3285 thousand hectares, 98 % of which was forest stands, but the remaining 52
thousand hectares or 2 % was defoliated stands, burning, windfall and cleaning [36]. More than
50 % of the territory of Latvia is covered with forests [36]. Low-quality wood can be obtained
in forests, it is wood (branches, bark, stumps, treetops, roots, damaged trees) that is not suitable
for the manufacture of furniture, building materials, finishing materials or other products which
require high-quality wood. Low-quality wood can also be used for energy purposes, but in this
case a product with high added value is not produced. In the context of waste management, it is
preferable to use residues to create new products rather than to use them for energy production
purposes. The forestry and woodworking industries produce significant quantities of wood waste
products such as sawmill slabs, saw dust, shavings, wood chips, bark, hogged wood, defective
or damaged wood products. In 2018, the total amount of wood waste (non-hazardous) generated
in Latvia was 75 877 tonnes, most of which was sawdust, wood cuttings and damaged wood [37].
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TABLE 2. ANNUAL WOOD WASTE GENERATED IN LATVIA (2014-2018), TONNES [37]

Waste class 2014 2015 2016 2017 2018

Wood 166.5 111.7 1521.8 1898.7 351

Wastes from woodworking, board and furniture manufacture ~ 43 774.1 83 450.5 418359 276147 37249.2
(sawdust, wood shavings, damaged wood and wood particles
not containing hazardous substances)

Wood wastes from mechanical treatment of waste (sorting, 429.7 4423 5527.9 10 645 29 847.7
milling, compression, briquetting) not containing hazardous

substances

Municipal wood waste not containing hazardous substances 646.0 567.8 173.6 86.3 18
Wood packaging (crates, pallets) 7688.2 5999.4 7061 5505.8 8411.4
Total 52704.5 90571.6 56120.3 457504 758774

2.6. Dairy Waste

The dairy industry generates large volumes of wastewater, including significant quantities of
cheese whey. In the context of environmental protection, the disposal of cheese whey is
challenging because of its high organic content [38]. The high presence of organic compounds is
the reason why it is not recommended to irrigate agricultural land with raw cheese whey as a
fertilizer. Cheese whey contains about 95 %92 % water and 5 %—8 % dry matter (lactose,
protein, minerals, vitamins, etc.) [38].

TABLE 2. APPROXIMATE COMPOSITION OF CHEESE WHEY [39]

Component Percentage, %

Lactose 4.8-5
Protein 0.15-0.22
Salts 1-1.3
Organic acids  0.20
Water 95-92

Every year, an average of 24 million tonnes of cheese is produced worldwide from which
around 21.6 million tonnes of cheese whey results as a by-product, and when it comes to cheese
production the European Union is a leader [40]. As there is no data available on the amount of
cheese whey produced by cheese makers in Latvia, but it is known that about 90 % of all milk
used results in cheese whey, it is possible to determine the amount of cheese whey produced in
Latvia [41]. In Latvia, milk production is an important economic sector, the dairy industry
produced 47.4 thousand tonnes of cheese in 2018, the amount of cheese produced in Latvia is
growing every year, and compared to 2010 the production increased by 53 % (Fig. 2.) [42]. If it
is assumed that 90 % of the milk used in the production process results as cheese whey, in 2018
374 thousand tonnes of cheese whey were available. Cheese whey does not require specific pre-
treatment; however, it is necessary to meet the requirements for sterility and to remove large
solid matter [39]. In order to reduce transport costs and environmental impacts, it would be
reasonable to start SCO production business in an existing dairy or to create a symbiotic plant.
At the same time, cheese whey is no longer treated simply as a waste product, but as a raw
material for protein powder, which is widely used today. Potentially, protein powder production
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could be combined with SCO production, in other words deproteinised cheese whey could be
used as a carbon source for Labyrinthulomycetes.
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Fig. 2. Production of dairy products in Latvia [42].

2.7. Brewery By-products

By-products such as spent grain, spent yeast and spent hops/hot trub are obtained in the beer
production process. Since these by-products contain high levels of protein, lignin and
hemicellulose and often contain high levels of minerals and vitamins, it is suitable for the
production of SCO. Additional hydrolysis of brewer's grain residues can increase the
concentration of simple sugars (glucose, xylose), which are more easily converted into lipids by
microorganisms, resulting in a higher SCO result. Currently spent grains are widely used in
animal nutrition, however, the use of unprocessed by-products for direct animal feed must strictly
comply with the food safety requirements that are regulated by Regulation (EC) No 183/2005 of
the European Parliament and of the Council of 12 January 2005 [43]. These wastes are also
suitable for biogas production. In 2018, 82 million litres of beer was produced in Latvia, and
dozens of large and small breweries throughout the territory of Latvia are engaged in the
production of beer [44]. The production of 100 litres of beer release approximately 14-20 kg of
spent grain, 0.2—0.4 kg of hot trub and 1.5-3 kg of residual yeast [43]. It means that 11 480
tonnes of spent grains, 164 tonnes of hot trub and 1230 tonnes of residual yeast are produced
every year in Latvia.

2.8. Fruit Waste

Fruit residues obtained from the manufacture of juices and essential oils, containing fibre, are
classified as lignocellulose rich waste [29]. Available information shows that 25-65 % of the
total quantity of fruit used in pressing juices constitutes pomace and juice pulps [29].
Lignocellulosic waste, as well as waste from the processing of fruit, is not suitable for use in
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animal feed because of its low digestibility and low protein content [29]. In 2018, juice producers
in Latvia sold four million litres of fruit and vegetable juices and mixtures of juices [44]. Apple
pomance contains simple sugars, carbohydrate (cellulose 128 g/kg dry weight (DW),
hemicellulose 44 g/kg DW, lignin 24 g/kg DW), pectin, crude fiber (51 % of dry biomas),
proteins, vitamins and minerals [45]. A large producer of apple waste is the juice industry, apples
contain about 50 % of the juice and the remaining 50 % is turned into waste [45]. Juice producers
in Latvia sold 990 193 litres of apple juices in 2018 [44]. In the context of CSO production,
apples require simple pre-treatment (heating and filtration), but at the same time, they have a
short shelf life.

3. MULTI-CRITERIA ANALYSIS

Multi-criteria analysis was carried out to determine which of the by-product alternatives is the
most rational to use in Latvia for the production of single cell oil. In this work, the classical
TOPSIS (Technique of Order Preference Similarity to the Ideal Solution) decision analysis
method is used. After compiling data from official statistics of Latvia and scientific databases
(mainly reports of experiments), six suitable by-products found in the Latvia are put forward for
evaluation:

— Crude glycerol (from biodiesel production);
— Low quality wood;

— Dairy wastewater;

— Brewery by-products — spent grain;

— Brewery by-products — spent yeast;

— Apple waste from juice production.

In order to choose the best alternative, the following evaluation criteria are set: availability,
price, required pre-treatment, processing efficiency and shelf life of agro-industrial by-products
(see Table 3). The criterion of “required pre-treatment” considers how much energy is needed to
process one tonne of raw material. In this way, the environmental impact is considered. As energy
consumption may vary depending on the energy efficiency class of the equipment, treatment
volumes and other factors, to evaluate the alternatives, the required pre-treatment process is rated
from 1 to 5 (grades given by experts). The more energy-intensive pre-treatment is required, the
higher mark received, i.e. in the context of single cell oil production, the alternative with the
lowest mark in this criterion is preferred.

The “price” criterion presents the raw material cost, expressed in euros per tonne. The prices
of specific by-products are determined based on Internet resources that reflect prices in Latvia
and Lithuania, as well as consultations with industry representatives and experts. An essential
aspect to consider when evaluating different biodegradable by-products is how much DHA can
be produced from one tonne of feedstock. This value is included in the fourth criterion — process
efficiency — and information about the necessary amount of by-products was sought in scientific
literature, in the reports of experiments.

In large-scale production, the shelf life of feedstock plays an important role: the shorter shelf
life is, the more difficult the production. If the alternative has short shelf life, it should be used
quickly, and solutions such as freezing or cooling, which result in additional energy consumption
and thus environmental impact, should be considered. In order to maintain objectivity, the shelf
life of raw materials is determined for completely unprocessed material, for example, used
brewer's yeast, which is not dried, is contaminated with other microorganisms within two
days [46].
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TABLE 3. INDICATORS AND WEIGHT USED IN MULTI-CRITERIA ANALYSIS

Criteria Unit Weight
Local availability tonnes per year 0.247
Price EUR per tonne 0.197
Required pre-treatment mark from1to5 0.18
Processing efficiency kg per tonne 0.19
Shelf life of feedstock ~ days 0.185

1

Table 4 shows data that are used in the multicriteria analysis. Data were obtained from official
statistics, scientific databases and by invited experts. At the same time, a number of reasonable
assumptions were made. Apple waste — peel, seeds, pulp, stem, calyx — is rich in nutrients and
could be considered as lignocellulosic waste. No experiments have been reported in the scientific
database using apple waste as a nutrient for the micro-organism class Labyrinthulomycetes. But
since the composition of apple waste and the potential hydrolysate composition is quite similar
to that of orange waste hydrolysate, it is assumed that the same dry biomass, SCO and DHA yield
is obtained using apple pulp [47]. The glucose yield (mg glucose / g biomass) that can be obtained
from low quality wood biomass may vary for different tree species. To determine how much
biomass is needed to obtain 1 kilogram of SCO or DHA, the results of the Antczak et al. (2018)
experiment are used, respectively, in the calculations of this work it is assumed that it is possible
to obtain 602 mg of glucose from one g of wood biomass [48].

TABLE 4. DATA USED IN MULTI-CRITERIA ANALYSIS

Feedstock Local Price, Required pre- Processing Shelf life of Reference

availability, EUR treatment, mark efficiency, feedstock,

tonnes per per (1-5) DHA kg per days

year tonne tonne of

substrate

Crude glycerol ~ 8800 175 3 68.2 365 [49], [50]
Low quality 75877 42 5 422 730 [15]
wood
Dairy 374 000 0 2 35 2 [51]
wastewaters
Spent grain 11480 150 2 6.2 2 [52]
Spent yeast 1230 150 3 83.2 2 [16]
Apple waste 990 0 2 32 2 [44], [47]

In the context of SCO and polyunsaturated fatty acids production, in Latvia, preference should
be given to used dairy wastewater or whey (stable first place with a value of closeness to ideal
solution of 0.57). The next most suitable raw material is low quality wood, followed by 3 waste
products with almost identical results: raw glycerol, spent yeast from brewery and apple waste,
with the relative closeness to ideal solution 0.33, 0.31, 0.30, respectively (see Fig. 3). The results
show that the most unsuitable by-product are grain residues from brewery industry with value of
closeness to ideal solution 0.18. It can be concluded that further research and experiments should
optimize the growth of Labyrinthulomycetes class microorganisms and DHA biosynthesis using
dairy wastewater, low quality wood and raw glycerol.
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Fig. 3. Relative closeness to the ideal solution with TOPSIS method.

4. CONCLUSIONS

The microorganisms of the Labyrinthulomycetes class are special with their ability to
synthesize large amounts of long chain polyunsaturated fatty acids, for this reason, it is
appropriate to use single cell oil obtained from Labyrinthulomycetes as a component of human
food and animal feed. Huge attention has been given to the potential of Thraustochytrids (to
synthesize lipids with high levels of essential polyunsaturated fatty acids), but less research has
been conducted on other order of Labyrinthulomycetes, i.e. Labyrinthulids and Amphitremids.
More research needs to be done in the field of single cell oil production with Labyrinthulids and
Amphitremids.

Several suitable biodegradable waste and by-products are widely available in Latvia. Currently,
biodegradable waste products, if not landfilled, are mainly used for animal feed, biogas
production or composting. Considering the significant potential to produce a high-value-added
product that would benefit the overall national economy and the principles of sustainable waste
management, practical experiments must be carried out to select the appropriate strain of
microorganims and processing technology. There is relatively little information on the use of
waste products (excluding crude glycerol) in the production of single cell oil with
Labyrinthulomycetes, so extensive research is needed in this field. In Latvia, the focus should be
on experiments using by-products of dairy industry (for polyunsaturated fatty acids production),
in parallel, to determine the potential of other by-products, experiments using feedstock not
previously mentioned in the scientific literature are needed.
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