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Abstract: Achieving “Zero Hunger” (SDG 2) requires overcoming complex challenges,
especially in vulnerable communities in developing countries. Livestock plays a key role in
food security, but limited resources threaten productivity, prompting interest in innovative
solutions like microalgae supplementation in ruminant diets. Microalgae offer potential
benefits by enhancing productivity and nutrition while addressing local protein deficien-
cies. However, barriers such as economic costs, processing requirements, and resistance to
changing traditional feeding practices present challenges. This review examines the feasi-
bility of microalgae-based livestock feed as a sustainable strategy to improve food security,
particularly in arid, climate-affected regions. Biomass yield estimates suggest that small-
scale cultivation can meet livestock nutritional needs; for example, a 22-goat herd would
require approximately 88 g of microalgae per day to enrich meat with polyunsaturated
fatty acids. Semi-continuous production systems could enable smallholders to cultivate
adequate biomass, using local agricultural resources efficiently. This approach supports
food security, improves meat quality, and strengthens community resilience. Collaboration
among researchers, extension services, and local farmers is essential to ensure the effective
adoption of microalgae feed systems, contributing to a sustainable future for livestock
production in vulnerable regions.

Keywords: microalgae; food security; livestock feed

1. Introduction
The global challenge of achieving “Zero Hunger” (SDG 2) involves overcoming a range

of interconnected economic, environmental, social, and political obstacles that threaten
food security. In developing countries, particularly in vulnerable communities, widespread
poverty severely restricts access to nutritious food, resulting in chronic hunger and malnu-
trition. This issue is further compounded by inadequate infrastructure—such as poor roads,
insufficient storage facilities, and limited market access—which increases post-harvest
losses and hinders efficient food distribution. Moreover, farmers in these regions often lack
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access to critical agricultural inputs, including seeds, fertilizers, and irrigation systems,
which impairs their ability to produce sufficient food and pursue sustainable farming
practices. Climate change intensifies these challenges, as extreme weather events such as
droughts and floods disrupt traditional farming patterns, lower crop yields, and worsen
food insecurity. Meanwhile, developed countries face the paradox of overnutrition and
food insecurity, with low-income populations struggling to access healthy food options.
In these areas, food deserts and economic inequities leave marginalized groups reliant
on calorie-dense, nutrient-poor foods, contributing to both malnutrition and rising diet-
related diseases. Vulnerable populations such as children, the elderly, and minorities are
disproportionately affected by this imbalance.

Ultimately, achieving SDG 2 requires innovative solutions tailored to the specific
contexts of these diverse challenges. In the process of addressing global food security, efforts
must focus on localized strategies that incorporate economic development, infrastructure
improvements, climate adaptation, and equitable food access to ensure sustainable and
inclusive progress in eradicating hunger.

Microalgae-based livestock feed is increasingly being explored as a strategy to im-
prove animal health and product quality. However, its contribution to the SDG 2 goal
remains understudied. A search in the Web of Knowledge database using the keywords
“microalgae” and “animal feed” reveals 947 records spanning from 2000 to 2024. The data
indicate a general upward trend in publication counts over this period, with a notable
acceleration in recent years. Specifically, from 2020 to 2024, there has been a consistent
increase in publication numbers, despite a slight decline in 2020 (83 publications, 8.76%).
The year 2024, though not complete, already features 51 publications, reflecting ongoing
interest and activity in this research area. This trend suggests that the study of microalgae
in animal feed has gained prominence due to advancements in the field, technological
progress, or increased funding. However, an analysis of the research records in relation
to the Sustainable Development Goals (SDGs) reveals that only 28 records (representing
2.857% of the total) are associated with SDG 2, which focuses on ending hunger and ensur-
ing food security. This suggests that, while the field is growing, its direct alignment with
specific SDGs may still be limited. One reason why SDG Zero Hunger is often overlooked
in articles discussing the use of microalgae in livestock feeding is that many studies tend to
emphasize scientific findings in isolation. These research efforts frequently fail to connect
their findings with the realities of livestock and water management in vulnerable commu-
nities. Instead, they often focus on intensive animal agriculture, which may not address the
specific challenges faced by smallholder farmers in resource-limited settings. This lack of
contextual understanding makes it difficult for various stakeholders, such as policymakers,
practitioners, and local communities, to implement these innovative solutions effectively.
By neglecting to consider the broader socio-economic context and the unique needs of
these communities, the potential contributions of microalgae to achieving food security
and sustainable agriculture are underexplored.

The aim of this paper is to investigate the real potential of microalgae-enhanced live-
stock feed as a solution to improve food security and nutritional well-being in vulnerable
communities living in arid regions. Specifically, this study investigates the potential of
microalgae-enhanced livestock feed, focusing on the integration of microalgae biomass
into livestock diets. It evaluates the practicality of producing sufficient biomass at the
community level and how these innovations can enhance animal productivity and improve
the nutritional quality of animal products. The focus is on identifying sustainable strategies
that can benefit small farmers and producers, particularly women, in regions dispropor-
tionately affected by climate change, water scarcity, and food insecurity, contributing to the
global objective of achieving Zero Hunger.
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2. Method
This study combines primary research (interviews and observations), secondary lit-

erature synthesis, and meta-analytical techniques to provide a comprehensive multidisci-
plinary understanding of the role of microalgae in livestock feed and sustainable agriculture.

The authors conducted an extensive review of the scientific literature in their respective
areas of expertise, maintaining regular communication to align with the research objectives.
The literature search was conducted using established academic databases (Web of Science
and Scopus).

Shared digital platforms, such as reference managers (Mendeley Reference Manager
Version 2.124.0) and Google Docs, facilitated collaborative writing and systematic com-
pilation and annotation of relevant literature. Thematic analysis was conducted through
online meetings via Google Meet and in-person meetings, where the research team regu-
larly discussed findings, resolved differences in interpretation, and refined their collective
understanding of the problem. ChatGPT (OpenAI, Generative Pre-trained Transformer 4)
and the Ask AI tool from Writefull for Word were helpful tools for improving the cohesion
of the draft and assessing clarity. The prompt used was “Improve cohesion of the following
two paragraphs preserving the academic style”. Clarity was validated by asking ChatGPT
to provide summaries of the text to ensure alignment with the authors’ objectives. Writefull
for Word was used for automated writing and proofreading of the final manuscript.

In addition to the literature review, this study incorporated data from non-profit
organizations (NPO). Reports from the NPOs and interviews with their staff provided
essential context for understanding the socioeconomic challenges and opportunities related
to rural and gender-focused development. Observations from the implementation of
microalgae cultivation with a group of non-expert students offered additional insights into
the feasibility of microalgae cultivation by nonscientific personnel. The interview with NPO
personnel provided insight into the social and economic impacts of integrating microalgae
into livestock feed, with a particular focus on gender perspectives.

3. Microalgae as Feed Livestock
Numerous studies [1–11] have confirmed that the incorporation of microalgae in

livestock feed improves animal health and improves the quality of animal products (meat
and milk). Table 1 provides a comparative analysis of various livestock species based on
their adaptability to arid environments and economic viability.

Goats, with their low water intake (ranging from 3.8 to 11.4 L per day) and their ability
to produce milk year-round, are especially advantageous for communities facing resource
constraints. Their short gestation period and high turnover rate further enhance their
economic resilience and reliability as a source of income. Sheep, while also adapted to
arid environments, have seasonal milk production, which somewhat limits their potential
compared to goats. Although they provide wool, which can generate additional income, the
variability of market prices can affect their reliability as a sustainable resource. Although
poultry is well adapted to arid conditions, this review will not focus on them, as they do
not present significant challenges for growth in these regions. Poultry already constitutes a
stable, low-cost, and quick-producing source of income for many communities. Instead,
the focus will be on addressing specific resource constraints and nutritional challenges
faced by ruminants such as goats and sheep through the integration of microalgae as a feed
resource. This approach aims to enhance the quality of animal products while utilizing
resources that do not compromise human food supplies, thus supporting the sustainability
and resilience of livestock systems in arid regions.
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Table 1. Comparative analysis of livestock animals based on adaptation and economic factors.

Animals
Well Adapted

to Arid
Environments?

Gestation Period
(Incubation for
Poultry), [Days]

Basic Animal
Products (Other Than

Meat)

Water Intake per
Animal [L·Day−1]

Suitability for
Resilient Income

From [12] [13,14]

MONOGASTRIC

Swine No 114 Milk is not consumed
by humans 1–23 Moderate (often

higher prices)

Poultry Yes 21 Eggs 0.03–0.47 High (low cost,
quick turnover)

RUMINANT

Cattle No 280 Milk all year round 24–155 Moderate (High
investment)

Sheep Yes 152

Milk only in
certain months

(spring–summer)
Wool

4–10.5 Moderate (variable
prices)

Goats Yes 150 Milk all year round 3.8–11.4 High (low cost,
quick turnover)

In a metanalysis carried out in 2024, the addition of microalgae to ruminants’ feed
proved to increase their weight gain and decrease their feed conversion ratio [5]. It has also
been reported to increase food intake and rumen degradation of nutrients in sheep and
camels [15]. Several studies discuss the double edge of microalgae supplementation, as it
can negatively affect palatability [16,17]. Despite that, the data recorded in a meta-analysis
of 2023 mention that, although lower dose supplementation with microalgae increased
ruminant dry matter intake, the value remained unchanged with higher levels of microalgae
supplementation in the diet compared to the traditional or non-supplemented diet [2].

Microalgae have also emerged as a promising nutritional supplement to improve
reproductive health in small ruminants, due to their rich content of polyunsaturated fatty
acids (PUFAs) and antioxidants. These essential nutrients play a critical role in various
reproductive processes, including hormone synthesis [18], semen quality [19], and embryo
development [20]. The presence of omega-3 and omega-6 fatty acids in microalgae supports
optimal ovarian function [21] and improves sperm quality [19]. Meanwhile, antioxidants
help mitigate oxidative stress, thus safeguarding reproductive cells from damage and
addressing the significant losses caused by free radical-induced oxidative stress in the
livestock industry [22].

A study conducted in vitro demonstrated that embryos resulting from a short period
of supplementation with a daily dosage of 20 g of Chlorella exhibited higher mitochondrial
activity, a characteristic often associated with improved embryo viability and potential for
successful implantation [20]. Another study from the same year proved that supplementing
ewes with n-3 PUFA-rich fish oil increased the number of fetuses in comparison to non-
supplemented ewes by 46% at day 45 of gestation, with a three times higher percentage of
twinning [21].

These enhancements in reproductive outcomes are complemented by evidence that
enriching the diet of male ruminants with polyunsaturated fatty acids (PUFAs) supports
critical aspects of reproductive health, including testicular development, spermatogenesis,
and the motility and viability of sperm [19]. Together, these findings underscore the
potential of nutritional interventions in optimizing reproductive performance in both
female and male ruminants.
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Regarding meat quality, microalgae supplementation has been shown to increase
omega-3 and omega-6 fatty acid levels in lamb meat, while also improving antioxidant
content and thus protecting against lipid oxidation. Additionally, meat tenderness has
been shown to improve, evidenced by increased water retention capacity and reduced
Warner-Bratzler shear force values compared to lambs fed traditional diets [2]. In particular,
supplementation of lamb feed with Nannochloropsis oceanica increased long-chain omega-3
polyunsaturated fatty acids, mainly eicosapentaenoic acid, followed by docosapentaenoic
acid and docosahexaenoic acid, in lamb meat and subcutaneous fat while maintaining meat
quality and productivity [8].

4. Source of Protein, PUFA and Antioxidants
Microalgae are rich in proteins, polyunsaturated fatty acids (PUFAs), and antioxidants,

all beneficial for animal nutrition and health. Microalgae hold significant promise as a
component in animal feed due to their rich nutritional profile and environmental benefits.
Using microalgae as a resource can be sustainable when choosing the appropriate species
for those culture conditions that make efficient use of local resources. The most common
species of microalgae used to feed goats and sheep are generally chosen for their high
nutritional content, including proteins, lipids, and essential fatty acids. Some of the most
commonly used microalgae include:

Limnospira platensis (Spirulina) cyanobacteriae (L platensis (maxima), L. platensis
(fusiformi), etc. . . . formerly classified under Arthrospira) can achieve a value of around 70%
proteins [23] in biomass dry weight, up to 3% of ω-6 Gamma-Linolenic acid (GLA) [24],
vitamins such as B12 (~1.64 µg·per 100 g) [25] and A [26], and minerals such as calcium
(~15 µg·100 g), iron (~0.9 µg·100 g), and potassium (~14 µg·100 g) [27]. Spirulina is one
of the most widely used microalgae in animal feed and one of the few species approved
for human consumption in the European Union. This cyanobacteria can grow at very high
pH [28], optimally around 9, which other organisms cannot tolerate so well, and can also
tolerate different salinity levels (from 0 to 12.8 g L−1) [29]. It is also capable of growing
heterotrophically and mixotrophically [30].

Chlorella vulgaris can achieve up to 52% proteins [31] in terms of biomass, and approxi-
mately 12% polyunsaturated fatty acids such as linoleic acid and α-linolenic acid [32,33],
along with antioxidants [33]. Chlorella is another popular microalgae used in livestock
feed and is approved for human consumption. It supports heterotrophic and mixotrophic
growth [34] and has also been used in wastewater treatment [35].

The small species of the genus Nannochloropsis (Nannochloropsis oceanica and N. oculata)
are known for their high content of omega-3 fatty acids (around 5%), particularly eicos-
apentaenoic acid (EPA), alongside their antioxidant activity [33] and high protein content
(55%) [36]. Nannochloropsis is increasingly being used in animal nutrition and can grow in
wastewater with high levels of salinity [37].

Schizochytrium is a microalgae notable for its high content (up to 35% on a dry weight
basis) of docosahexaenoic acid (DHA), an essential omega-3 fatty acid, which can improve
the health and growth of livestock. The highest levels are reached when using organic
carbon sources, and it tolerates very high salinities [38,39]. The oil extracted from this
microalgae has been recently approved as a novel food in the European Union.

Dunaliella salina is rich in beta-carotene and other carotenoids, exhibiting great antioxi-
dant activity [40]. Dunaliella is sometimes used as a supplement to improve antioxidant
levels in animal diets. Although the total content is not comparable to other microalgae,
it has a good proportion of EPA in its fatty acid profile [40]. Additionally, it can grow in
high-saline environments [40].
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Phaeodactylum tricornutum is made up of biomass that is rich in EPA (up to 3.2%). It also
contains some DHA [41,42] and exhibits antioxidant properties, thanks to its fucoxanthin
content, among other factors [43].

The biomass of Porphyridium (cruentum) purpureum microalgae can offer up to 40%
proteins and araquidonic acid (1.72%), as well as eicosapentaenoic acid (1.63%) [44]. In ad-
dition, this microalgae can produce phycobiliproteins, with up to 3.42% phycoerythrin [44].

Global microalgae production is dominated by Asia, which accounts for over 97% of
global output. In 2019, the total biomass of microalgae produced globally was approxi-
mately 56,456 tons [45]. Spirulina production led with 56,208 tons, primarily cultivated in
China (97% of global production), using open-pond systems for applications in dietary
supplements and food additives [45]. Chlorella vulgaris is widely produced in Japan and
Korea, where closed photobioreactor systems are employed to meet demand for health
foods and cosmetics [45]. Nannochloropsis, essential for aquaculture feed due to its high
omega-3 fatty acid content, is cultivated across Asia and Europe using both open and
closed systems [45]. In Europe, Germany, Spain, and Italy are the top three countries for
microalgae production, while Spirulina producers are predominantly located in France, Italy,
Germany, and Spain [46]. Photobioreactors are the main production method (71% of the
production), while for Spirulina, open ponds prevail (83%) [46]. The most cultivated species
in Europe in terms of the number of companies are Nannochloropsis spp., Chlorella spp., and
Haematococcus pluvialis (the last two account for more than 80% of the total microalgae pro-
duced) together with Spirulina [46]. The European scale shows an approximate production
of 182 tons dry weight (DW) of microalgae and 142 tons DW of spirulina. Phaeodactylum
tricornutum, cultivated for its eicosapentaenoic acid (EPA) content, and Porphyridium pur-
pureum, known for its polysaccharides and pigments, are grown in smaller volumes in
specialized bioreactors, with a focus on nutraceutical and biotechnological applications [46].
In Latin America, Chile is the major producer of microalgae (903 tons per year), while in
Africa, the main producers are Tunisia and Burkina Faso (140 tons per year each), followed
by the Central African Republic (50 tons per year) and Chad (20 tons per year) [45]. These
production systems reflect regional adaptations to environmental and market demands,
emphasizing the diverse roles of microalgae in global sustainability efforts.

When comparing the protein content of ingredients traditionally used in animal feed
to that of microalgae, microalgae have a similar protein percentage by dry weight (30 to
70%, with most species having values closer to 40%) [3] to that of soybean (30 to 40%), and
higher than that of corn, barley, sorghum (9–10%), wheat, oats, or treacle (around 12%) [47].

In terms of polyunsaturated fatty acids (PUFAs), common sources in ruminant diets
include oilseeds and their by-products. For instance, soybeans contain up to 9.1% PUFAs,
predominantly linoleic acid, while canola contains up to 28.4% PUFAs, and sunflower seeds
boast as much as 62.3% PUFAs [48]. Forages also contribute valuable amounts of PUFAs,
with fresh grass providing up to 3.9% PUFAs [49]. Excessive PUFAs in ruminant diets
can induce oxidative stress and disrupt mammary gland homeostasis, but plant-derived
bioactive compounds may help alleviate these effects [10]. Therefore, the antioxidant
properties of microalgae bioactives, such as carotenoids and phycocyanin, can help alleviate
oxidative stress caused by dietary factors like high PUFA intake, allowing the animal to
still benefit from the positive effects of PUFA.

Studies in sheep have demonstrated that adding 18:3 n-3 sources to their diet, despite
ruminal biohydrogenation, effectively raises n-3 PUFA levels in the meat [1], ultimately
benefiting consumers’ health. Different PUFAs have varying impacts on meat quality and
acceptability. A study showed that enriching goat meat with n-3 PUFAs did not negatively
affect drip loss, cooking loss, shear force, or color, and meat with higher n-3 PUFA levels
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exhibited better tenderness, juiciness, and overall acceptability without exceeding oxidation
thresholds that cause off flavors [1].

5. Microalgae Cultivation Systems for Sustainable Agriculture and
Animal Feed

Microalgae cultivation systems present a transformative opportunity for sustainable
agriculture and animal feed production. The ability of microalgae to thrive in challenging
environmental conditions makes them ideal candidates for enhancing livestock production
while minimizing resource inputs.

5.1. Sustainable Resource Utilization

Microalgae are highly efficient in converting sunlight, carbon dioxide, and nutrients
into biomass, yielding a protein-rich feed source with a minimal ecological footprint. The
recovery of wastewater for microalgae cultivation has significant implications for biomass
production in water-scarce areas. In such areas, wastewater is frequently used as a water
source due to the unavailability of safer (cleaner) alternatives [50]. In other regions, non-
conventional water (NCW) is becoming the primary source for agriculture, as traditional
high-quality water sources decrease or are allocated to different purposes [50]. While
NCW can be a valuable resource, its use necessitates careful management to ensure food
safety. The WHO-FAO-UNEP guidelines [51] provide a robust framework for managing
water quality risks, emphasizing a multiple-barrier approach, effective treatment, rigorous
monitoring, and consideration of vulnerable populations. By applying these principles, the
potential benefits of NCW for microalgae cultivation can be realized while safeguarding
public health. Microalgae can efficiently recycle trace elements, such as nitrogen and
phosphorus, often abundant in wastewater, facilitating growth and biomass accumulation.
The impressive removal rates of chemical oxygen demand (COD), ammoniacal nitrogen,
and phosphorus—84%, 95%, and 97%, respectively—demonstrate the dual benefits of
treating wastewater while generating valuable algal biomass [35].

This bioremediation approach reduces hazardous solid sludge and enhances local
water resource management, alleviating seasonal water shortages. In addition, they can
grow using organic carbon sources such as straw extracts, as well as by-products of the
food processing industry, such as citrus peels and date palm waste [52]. Animal manure
can also be treated to improve the nutrient content [53], while sugarcane molasses serves
as an inexpensive carbon source [54]. Collectively, these glucose-rich materials, along
with domestic wastewater, not only enhance microalgae production but also contribute
to a circular economy by recycling waste, promoting sustainability, and improving food
security [34]. However, the use of wastewater must adhere to strict safety guidelines
outlined by the WHO-FAO-UNEP to mitigate potential health risks and ensure the safety of
the final product [50,51]. Cultivating microalgae in non-arable land and low-quality water
not only alleviates pressure on freshwater resources but also enables the valorisation of
marginal lands for productive use.

5.1.1. Efficient Biomass Production Process

The process of obtaining microalgae biomass involves several key steps.

• Culturing: Microalgae are grown under optimal conditions in PBRs, where factors
such as light intensity, temperature, and pH are carefully monitored and adjusted;

• Harvesting: After the desired biomass density is reached, microalgae are harvested
using techniques such as centrifugation, filtration, or flocculation, which efficiently
separate the biomass from the culture medium. Fresh biomass can be fed to animals,
preferably after breaking cells with mechanical media for improved digestibility;
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• Processing: The harvested biomass can be further processed into various forms, in-
cluding dried powder, pellets, or liquid extracts, making it suitable for incorporation
into animal feed or other applications.
Cultivation technologies, such as photobioreactors (PBRs), have greatly enhanced the
efficiency and scalability of microalgae production. PBRs provide a highly controlled
environment that optimize critical growth factors such as light exposure, temperature,
and nutrient supply, resulting in higher biomass yields compared to traditional open-
pond systems [55]. The closed design of PBRs minimizes contamination risks and
water loss, ensuring a more consistent and higher-quality biomass, especially for high-
value products like nutraceuticals and pharmaceuticals [55]. Among PBRs, bubble
columns stand out for their simplicity, offering controlled conditions for light and gas
exchange and nutrient delivery, while being easier to clean compared to more complex
systems such as tubular reactors. These reactors are ideal for producing microalgae
with specific biochemical properties, such as a high omega-3 content or antioxidant
activity [56]. Conversely, open bioreactors such as raceway ponds are shallow systems
where water and nutrients are circulated. Although more cost-effective and simpler to
operate, open systems are more vulnerable to contamination, evaporation, and envi-
ronmental variability, making them more suitable for large-scale, low-cost applications
like biofertilizer and animal feed production where water is not highly appreciated
(i.e., wastewater treatment).
Regardless of the PBR selected, first, the bioreactor is cleaned (and usually disin-
fected/sterilized), and the appropriate growth medium is added. Bioreactor inocu-
lation involves introducing a controlled amount of prepared cells into the bioreactor
to initiate the biological process. After inoculation, critical parameters such as tem-
perature, pH, and oxygen levels are monitored and adjusted to optimize growth
and ensure that the bioprocess runs efficiently. Once the culture reaches the desired
biomass concentration, harvesting begins. This can be performed in a continuous or
semi-continuous mode, where part of the culture is harvested regularly and replaced
with fresh medium (Figure 1b), or as a batch process when the entire culture is har-
vested at the end of the cycle (Figure 1a). To maximize light availability, which is
usually a limiting factor for biomass productivity, most microalgae cultivation systems
operate in semi-continuous or continuous modes [57–59]. These methods involve
regular or continuous addition of fresh medium while simultaneously harvesting
culture, ensuring optimal growth conditions and preventing light limitation in dense
cultures (Figure 1b).
The opposite operation mode is called batch, where cells and nutrients are incorpo-
rated at the beginning of the culture and left to grow for a determined period of time
before harvest (Figure 1a). Cells grow at different speed rates according to the local
environmental conditions (such as light, physiological state, and nutrient availability)
(Figure 1c). Harvesting is usually performed when cells are growing slowly, mainly
due to the biomass concentration being high, and light being strongly attenuated. The
operation mode will determine the velocity of biomass production and the volume of
water that must be handled.
Microalgae biomass harvesting methods are crucial to optimizing the efficiency and
economic viability of microalgae production systems. Several techniques are com-
monly employed, each with their advantages and limitations:

• Filtration is one of the most straightforward methods, which involves the separation
of microalgae from water using various types of filters. This method is often effective
for large-scale operations, but it can be energy-intensive and can cause cell damage if
not performed with care [60].
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• Centrifugation is another widely used technique that utilizes centrifugal force to
separate microalgae from the culture medium on the basis of density differences.
Although this method is highly efficient and capable of producing high concentrations
of biomass, it also requires significant energy input and specialized equipment.

• Flocculation is an increasingly popular method, in which chemical agents or natural
polymers are added to promote the aggregation of microalgae cells into larger flocs,
which can then be easily removed by sedimentation or filtration. This technique
is often less energy-intensive and can be cost-effective, particularly for large-scale
operations [61].

• Air flotation involves the introduction of air bubbles into the microalgae culture, causing
the cells to rise to the surface, where they can be skimmed off. This method has shown
promise related to its lower operating costs and reduced energy consumption [62].

• Forward osmosis (FO) is a promising energy-efficient technology for microalgae dewa-
tering, leveraging osmotic pressure to enhance algae cell recovery while minimizing
energy consumption. In FO, water molecules are driven across a semipermeable
membrane by an osmotic gradient, concentrating microalgae cells on the feed side
until an osmotic balance is achieved. The feed solution, comprising microalgae and
associated salts, is placed on one side of the osmotic membrane, while the draw solu-
tion is applied on the opposite side. The osmotic pressure gradient between the two
solutions drives the movement of water from the feed to the draw solution, allowing
an effective concentration of microalgae [63].
In general, the choice of the harvesting method depends on various factors, including
the specific microalgae species, the scale of production, and the intended application
of the biomass.
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if not performed with care [60]. 
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Figure 1. Differences between batch (left) and continuous (right) operation modes for a bubble
column to produce microalgae. On top: schematic representation of the column operation; (a) working
in batch between the operations of inoculation and the final harvesting, and (b) working in continuous
after inoculation. Bottom: feasible (ideal) evolution of biomass concentration during the same time (c)
after the first cycle of inoculation and up to the harvesting of the second cycle (total time = 57 days)
(d) after the first inoculation on day 0 and during the 57 days of continuous culture. Continuous
culture is established at day 13.
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5.1.2. Economic and Feasibility Issues

• Producing microalgae biomass is often considered expensive because it requires spe-
cialized equipment, significant energy inputs, and careful management of cultivation
systems, whether in open ponds or closed photobioreactors. Producing microalgae
also requires technical training to manage critical factors such as water quality, nutrient
supply, and aeration. Another challenge is the variability in the composition of microal-
gae, which can change significantly based on culture conditions, such as climate, light
availability, nutrient concentrations, and CO2 levels. These factors influence the levels
of proteins, lipids, and other valuable compounds in biomass, complicating consistent
production and requiring customized strategies for each cultivation environment.

Producing wet microalgae biomass (containing 10% to 20% solids by weight) in open
ponds on a scale of 200 to 300 tons per year is estimated to cost approximately 3.2 to
4.5 EUR per kilogram of dry weight [64]. Estimating the cost of microalgae production
involves considering various factors that contribute to overall expenses, such as capital
and operating costs, energy consumption, and cultivation resources. Capital expenditures
for large-scale microalgae cultivation include significant investments in large open ponds
or advanced photobioreactor (PBR) systems designed for higher productivity and better
control of cultivation conditions. Additionally, large tracts of land (non-arable), specifically
allocated for microalgae cultivation, are typically chosen based on water availability and
sunlight. Advanced systems for managing water and air/CO2 supply, often utilizing CO2

captured from industrial plants, automated and energy-efficient mixers, aerators, and in
some cases, artificial lighting for indoor PBR systems, can increase investment costs. Lastly,
high-efficiency harvesting and processing equipment, including centrifuges, filtration sys-
tems, and potentially spray dryers or freeze dryers for biomass processing, also contribute
significantly to overall capital expenditures. Operational expenditures for the cultivation
of large-scale microalgae can be significant due to the various inputs required. Nutrients,
such as nitrogen, phosphorus, and micronutrients, are often purchased in bulk, sometimes
sourced from industrial waste streams, to support large-scale production. The energy
costs are also substantial, driven by the need for mixing, aeration, artificial lighting (if
used), and energy-intensive harvesting processes. Integrating renewable energy sources
can help reduce these expenses. Water use is another major factor, especially when water
treatment and recycling systems are required, particularly in closed-loop photobioreac-
tors. In particular, costs for water, nutrients (fertilizers), and carbon dioxide account for
nearly 8% of the total production cost, indicating that efficient management of these inputs
is critical to maintaining economic viability. Labour costs include hiring a professional
workforce of managers, technicians, and labourers. Harvesting and processing also require
high-end equipment such as centrifuges and drying systems to refine microalgae into
specific products such as biofuels or food supplements. However, costs differ significantly
depending on the scale of the operation, whether on a family scale (100 L–500 L per month),
community level (volumes usually around 1000 L–1500 L), or large-scale/commercial
operation (usually over 10,000 L). For family-scale microalgae cultivation, basic cultivation
systems such as low-tech open ponds or small, homemade photobioreactors (PBRs), typi-
cally constructed from inexpensive materials like plastic containers, small tanks, or PVC
pipes, are suitable. Land or space is often a minimal expense, as it usually involves using a
small backyard or family farm. Additionally, basic equipment, such as manual aeration
tools or home-made mixing devices, can be employed to further reduce costs. Moderate in-
vestment in basic filtration, small centrifuges, or flocculation systems is required. However,
operational expenditures for microalgae cultivation on a family scale are relatively low,
making it a feasible option for small producers. Nutrients, often sourced from fertilizers or
organic waste such as manure, are essential but affordable. Energy costs remain minimal,
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as manual labour or simple, low-tech systems, such as solar or gravity-based setups, can
be used, stirring can be performed intermittently by hand, and aeration can be conducted
through basic methods. Water requirements are modest, typically drawn from local sources
or collected via rainwater harvesting. Labour costs are usually not a concern, as family
members often manage the system themselves. Harvesting and processing rely on simple,
labour-intensive techniques like cloth filtration or gravity settling, keeping expenses low
but requiring more manual effort. To test its feasibility, in our family-scale experiment,
we engaged secondary school students from Canjayar, Almeria, Spain, in a hands-on mi-
croalgae cultivation project using Arthrospira platensis (Figure 2). We provided the group
with 500 mL of this microalgae and, with the collaboration of their teachers and online
tutoring, they designed various bioreactors using readily available materials (Figure 2a–d)
and custom harvesting techniques (Figure 2e,f). Although they started using chemical salts
to produce the microalgae, they gradually changed culture media to be able to produce it at
home. Over the course of more than 12 months, the students maintained the growth of the
cultures, actively learning about the cultivation process and monitoring growth conditions.
Their efforts yielded impressive results, achieving concentrations of approximately 2 to
3 g per litre. This practical experience not only demonstrated the feasibility of small-scale
microalgae cultivation, but also highlighted the potential for educational initiatives to foster
interest in sustainable agriculture among young students.
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Spirulina; Figure (e) shows the harvesting systems designed by secondary school students and
(f) shows the drying system selected by the students.

At the community level, capital expenditures for microalgae cultivation include
medium-sized open ponds or photobioreactors, with higher infrastructure costs due to
the need for larger systems and higher quality materials. Land costs may be reduced if
community or shared spaces are used. Water and air/CO2 management systems, including
storage, plumbing, and air/CO2 input, might be included. Simple mechanical mixers or
aeration equipment, such as pumps and blowers, are needed for nutrient and Air/CO2

distribution. In addition, harvesting equipment such as basic filtration systems, centrifuges,
or flocculation setups can be required. Operational expenditures for microalgae cultivation
vary depending on the scale of the operation and the resources involved. Nutrient costs
increase with production, as more fertilizers or organic inputs are required to sustain
growth. Energy expenses also increase due to the need for pumps, aerators, and mechanical
systems to ensure proper mixing and lighting for optimal cultivation. Water use becomes
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more significant, often sourced from local systems, rainwater harvesting, or recycled water
solutions. Labour costs depend on whether the operation is volunteer-based or requires
paid workers to manage the system. Harvesting and processing costs, although generally
low, involve the use of simple equipment such as centrifuges or filtration methods to handle
the biomass.

When comparing microalgae cultivation on different scales, there are significant
differences in capital and operational expenditures, as well as in technology and labor
requirements. In essence, the family and community scales are more accessible, focusing
on low-cost, small-batch production, while large-scale operations benefit from economies
of scale, leading to greater productivity and efficiency, but at a much higher investment.

The use of microalgae in animal feed is defined by economic and feasibility issues,
as well as the specific nutritional requirements of livestock. Later in this article, we will
discuss the scale of production needed to meet the nutritional and economic needs of
animal feed, while addressing environmental sustainability and potential social benefits,
including the empowerment of women in microalgae-based enterprises.

5.2. Focus on Semi-Arid Regions

Globally, rangelands cover approximately 79 million km2, with 43% classified as arid
or semi-arid. These rangelands are essential for many pastoral communities, particularly
in arid and semi-arid regions, which account for 46% of global livestock production. In fact,
arid rangelands represent two-thirds of national rangelands and provide between 20% and
60% of livestock feed requirements [65].

Agriculture is the main economic activity in semi-arid regions, where water shortages
are prevalent. Smallholder farming systems in these areas typically focus on livestock
production, especially ruminants, due to their ability to thrive on unsuitable forage for
human consumption. In South Africa’s Limpopo province, an estimated 369,460 households
were engaged in farming activities as of 2016. Most of these households practiced only
livestock farming (43%), while others focused on only cropping (38%) or mixed farming
systems (18%). This reliance on livestock highlights its critical role in the agricultural
landscape of the region and food security [66]. The Caatinga region in Brazil illustrates the
dependence of approximately 26 million predominantly poor residents on natural resources
for their livelihoods. It provides sustenance through fuelwood harvesting, subsistence
agriculture, and the grazing of domestic herbivores, particularly goats. With around
9 million goats, representing 96% of Brazil’s goatherds, raised extensively and freely here,
they play a crucial role in providing protein and income to local communities [67].

Collectively, these studies illustrate the significant role of livestock production in
various agricultural systems, particularly in regions characterized by aridity and resource
constraints. As these communities face environmental challenges, livestock farming re-
mains a critical component of their livelihoods and food security.

Livestock not only provides direct food sources, but also improves food and nutrition
security by offering traction, manure, and income to purchase staples while creating jobs in
local communities. Increasing livestock productivity could improve food security, although
some scholars argue that significant contributions depend on favorable natural resources
for crop production [68]. Furthermore, microalgae could serve as a valuable supplement
for ruminant diets in these regions, where traditional feed may be scarce. Consuming
small amounts of ruminant products can help address nutrient deficiencies in human
diets, as they provide animal proteins, which are generally more digestible and efficiently
metabolized than plant proteins, and are also important sources of vitamins, minerals,
antioxidants, and essential nutrients like polyunsaturated fatty acids (PUFAs) [69].
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5.2.1. Challenges in Producing Microalgae Supplementation in Semiarid Zones

The integration of microalgae into animal feed will face several challenges, particularly
in regions where feeding practices rely on locally available crops for grazing and the use of
crop residues [65–67].

The production, processing, and distribution of microalgae-based ruminant feed in
arid areas can be prohibitive for small farmers who may already be operating on thin
margins. Additionally, the potential processing of microalgae into a usable feed format
would require specialized equipment and expertise, further increasing costs. Together, these
factors would create economic barriers that must be addressed to facilitate the adoption of
microalgae-based feed and enhance livestock productivity in arid regions.

To further evaluate the costs and demand for microalgae, we work with a model herd
size. A study in 2021 carried out in Brazil described small goat herds as those formed by
2–100 goats per household, with a mean of 22 goats per household [67].

Goats have specific nutritional requirements that vary according to their physiological
states and environmental conditions. On average, they consume approximately 1.8% to
2.0% of their body weight in dry matter daily. For maintenance, it is essential that goats
consume forage with a crude protein concentration of 7% to 9% and a total digestible
nutrient (TDN) value of 50%. However, these requirements increase significantly during
periods of heightened physiological demand, such as late gestation, lactation, and growth.
During these stages, does and kids require a crude protein concentration of up to 16%
and a TDN of approximately 70% [70]. Additionally, the nutritional needs of goats raised
in hot environments differ from those of goats raised in temperate climates. Research
indicates that goats in hot conditions experience a decrease in energy utilization efficiency,
necessitating higher metabolizable energy requirements. These variations underscore the
importance of tailoring nutritional models to meet the unique challenges and physiological
adaptations faced by goats in hot climates, ensuring optimal health and productivity [71].

A family holding 22 ruminants with an average weight of 40 kg per animal would
require around 1.5 kg to 2.8 kg of protein per day, which would represent around 2.5–4 kg
per day of microalgae biomass. This is completely unrealistic to be obtained on a family
or community scale, making microalgae unreliable as a sole source of protein in these
animals’ diets.

However, the production of polyunsaturated fatty acids (PUFAs) and antioxidants
remains a key goal, as these valuable compounds can improve animal health and improve
the quality of animal products. Data from different works show that approximately 15%
of dietary polyunsaturated fatty acids (PUFAs) escape ruminal biohydrogenation (BH) in
ruminants [72]. To increase the n-3 content in ruminant tissues and products, more PUFA
must be fed due to the significant losses incurred during digestion (about 85% of PUFAs are
hydrogenated), especially if the PUFA sources have relatively low digestibility. Therefore,
the diet of the ruminant must contain a higher amount of PUFA to ensure that a sufficient
level reaches the duodenum and contributes to tissue deposition and enrichment of the
product. It is clear that only PUFAs from sources unsuitable for human consumption should
be used in ruminant feed. In semi-arid regions facing challenges such as water scarcity,
climate change, and poverty, the incorporation of microalgae grown in low-quality water
emerges as a promising alternative, providing essential PUFAs without competing with
human food resources. A recent study on lamb diets supplemented with fresh microalgae
(Chlorella vulgaris) found that adding 0.5% dry matter (DM) increased beneficial omega-3
fatty acids such as alpha-linolenic acid (ALA) in the meat without affecting growth or
carcass traits. Higher doses (1% DM) did not improve omega-3 levels further. Thus, 0.5%
DM microalgae appears to be optimal for enhancing meat quality without compromising
lamb performance.
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The proposed herd model, based on an average weight of 40 kg per animal and a
dry matter intake of 2 kg per 100 kg body weight, would require the production of 88
g of microalgae per day, an achievable target. A hypothetical case of a 100 L bubble
column bioreactor operating in batch up to 4.5 g·L−1 or semi-continuous mode at an
average biomass concentration of 1 g·L−1 yields the results shown in Table 2. Batch
operation achieves a higher biomass concentration compared to semi-continuous mode.
However, batch mode produces only 75% of the total biomass compared to semi-continuous
operation over the same 57-day period, as cell growth occurs below the maximum rate for
most of the time. In arid regions, where water scarcity is a concern, comparing the water
volumes required for both modes is essential. As shown in Table 2, batch operation requires
approximately six times less water than semi-continuous mode, making batch cultivation
more water efficient in resource-limited environments.

Table 2. Estimate of biomass produced and volume of aqueous media required to operate a 100 L bub-
ble column to produce microalgae. It is assumed that the reactors operate at 90% of the concentrations
indicated in Figure 1 for each of the cases.

Batch Semicontinuous

Concentration when
harvesting [g·L−1] 4.5 1.0

Days of Harvesting [days] 27, 57 13, 14. . .57

Volume harvested each time from a
100 L bioreactor [L] 100 25

Biomass obtained from a 100 L
bioreactor [g] after 57 days 900 1200

(considering harvesting the bioreactor)

Volume of water handled
for culturing [L] 200 1200

To meet the target production of 88 g·day−1 (5.02 kg over 57 days), six 100 L bubble
columns operating in batch mode or five 100 L columns in semi-continuous mode would
suffice. The total water volume required for these 57 days would be 1200 L for batch and
6000 L for semi-continuous mode. The choice between these operating modes will depend
on factors such as water recovery potential, water availability, and the technology at hand.
However, this case study demonstrates that the production of microalgae biomass for the
proposed purpose is entirely feasible.

Concentrating microalgae cultures into a paste is essential for incorporation of mi-
croalgae into the solid animal diet. Among the different methods, gravity settling and
flocculation are cost-effective. Minimal equipment is required, although it can be time
consuming, especially for very dilute cultures. Adding natural flocculants to the culture
can help aggregate microalgae cells, increasing their size and weight, thus accelerating
the settling process and leading to higher biomass recovery rates. Natural flocculants that
can be sourced from arid zones include several plants and biopolymers that can help in
the aggregation of microalgae for concentration, such as mucilage from certain species of
cactus, guar gam from the seeds of the guar plant, and in regions where almonds and olives
are grown, the by-products of these industries can serve as natural flocculants [73–75].

Another possible approach is the use of forward osmosis to concentrate microalgae.
For this approach, semipermeable membranes and osmotic fluids must be easily available.
In this sense, the intestines of ruminants, such as cows and sheep, show natural water
permeability and resistance to fouling, which positions them as promising candidates for
FO applications. Regarding osmotic fluids, high-osmotic pressure fluids in arid zones
could include saline groundwater, desalination brine, concentrated solutions in evapo-
rative ponds, and nutrient-laden agricultural runoff. These fluids present opportunities
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for innovative water management and resource recovery strategies in these challenging
environments and in conjunction with the utilization of the intestinal tract in this manner
could not only improve the efficiency of concentrating microalgae cultures after harvesting,
but also align with sustainable practices.

5.2.2. Challenges in Adopting Microalgae Supplementation in Semi-Arid Zones

Another significant barrier is the need to adjust existing feeding protocols. Farmers
used to traditional practices may be resistant to adopting new methods, viewing changes
as unnecessary or risky. This resistance can stem from a lack of familiarity with microalgae
benefits, concerns about cost-effectiveness, and uncertainty regarding the impact on live-
stock health and productivity. Furthermore, integrating microalgae requires establishing
production facilities in areas where they can be cultivated sustainably, which may not
always align with existing agricultural infrastructures. Farmers may also need guidance on
effective supplementation strategies, including appropriate inclusion rates in animal diets
and the timing of microalgae application.

To address these challenges, it is essential to engage farmers through education and
outreach programs that highlight the nutritional benefits of microalgae and demonstrate
successful case studies. Providing technical support for transitioning to microalgae-based
diets can help alleviate concerns and facilitate smoother adoption. Collaborative efforts
between researchers, agricultural extension services, and local farming communities can
pave the way for the integration of microalgae, ultimately improving the sustainability and
resilience of livestock production systems.

5.2.3. Empowering Women Through Microalgae Cultivation

The role of women in the livestock sector in semi-arid regions is crucial, multifaceted,
and often underappreciated. Women are primarily responsible for the daily care of live-
stock, including feeding, watering, cleaning, and caring for sick animals. They often
manage smaller livestock such as goats, sheep, poultry, and sometimes cattle, depending
on local cultural norms. In many of these regions, women are also tasked with fetching
water for household consumption, livestock, and small-scale agriculture. This often in-
volves traveling long distances to access water, especially during the dry season when
water is scarce.

In widely spread areas, such as the Mtubatuba community of KwaZulu-Natal (East
Africa), in informal settlements in the north and northeast of Brazil (South America),
and in south Asia and India (Rajasthan and Gujarat), as well as in West Africa, such as
Cinzana in Mali, water shortages severely hinder subsistence farming, disproportionately
impacting women [76–79], who bear the responsibility for water management and food
production, but remain marginalized in rural development efforts. Despite their exclusion
from formal decision-making structures, women often exert an informal influence in their
communities. They organize themselves into water user groups, sharing information,
pooling resources, and advocating for better access to water. In some cases, these groups
lead initiatives to improve water access through small-scale projects, such as digging
wells, installing hand pumps, or constructing rainwater harvesting systems, often with the
support of local NGOs or development organizations. For example, the Sister Watersheds
project (2002–2008) aimed to address water issues and empower women in low-income
communities in Brazil and Canada by increasing their participation in water management
and policy [77]. The project linked universities and NGOs to develop educational materials
and training programs focused on water-related challenges, with a strong emphasis on
gender equity. It provided workshops for over 1450 participants, two-thirds of whom
were women, teaching them about water management, health, and environmental policy.



Biomass 2025, 5, 4 16 of 21

By building women’s capacity to participate in watershed governance, the project helped
amplify their voices in decision-making processes related to water access and sustainability.

Women collectives and cooperatives also play a vital role in pooling resources, shar-
ing knowledge, and increasing access to markets. As an example, the Barefoot College
exemplifies how effective water management stakeholder engagement can be significantly
enhanced by empowering women, particularly in rural communities [80]. By training older
women as solar engineers—referred to as “Solar Mamas”—the organization addresses
not only the pressing need for sustainable energy solutions but also challenges restrictive
gender roles that often limit women’s participation in vital sectors like water manage-
ment [80]. Evidence from the college’s innovative educational methods, which include
non-normative strategies such as color coding and sign language, shows that these women
gain the practical skills necessary to implement solar electrification projects that directly
impact their communities. This empowerment fosters a sense of ownership and leadership
among women, allowing them to contribute meaningfully to local water management
initiatives and ensuring that their unique needs and perspectives are incorporated into
stakeholder discussions.

Teaching women in vulnerable, arid communities to grow microalgae in brackish
water can have profound impacts on their livelihoods. Microalgae cultivation can reduce
livestock feed costs at the family level and, at the community level, surplus algae can be sold
for animal feed, biofertilizers, or even human consumption, providing a new income stream.
These skills and knowledge empower women to take on leadership roles in community-
based enterprises, creating employment opportunities and supporting economic stability.

By mastering sustainable practices such as microalgae cultivation, women can help
their communities adapt to challenges such as climate change, droughts, and water scarcity,
increasing their resilience to environmental shocks.

Women can form cooperatives around microalgae production, strengthening commu-
nity bonds and fostering collaboration. These networks can improve women’s social capital
and collective bargaining power, helping them access better markets and resources.

With better access to food, income, and water, women can provide more stable and
secure living conditions for their families, ultimately raising the overall standard of living
in their communities.

In summary, teaching women in vulnerable, arid regions to cultivate microalgae has
the potential to transform their economic opportunities, improve food security, improve
environmental sustainability, and empower them socially and politically. This multifaceted
solution not only addresses immediate problems such as water and food scarcity, but also
fosters long-term resilience and development in these communities.

6. Conclusions
In conclusion, this article explores the potential of integrating microalgae into livestock

production systems as a strategy to improve food security and sustainability in semi-
arid regions. Given the challenges posed by water scarcity, climate change, and resource
limitations, the incorporation of microalgae into ruminant diets emerges as a promising
avenue to improve livestock productivity.

The evidence presented highlights the significant role of livestock in various agri-
cultural systems, particularly in regions where pastoral communities depend heavily on
ruminants for their livelihoods. While utilizing the nutritional advantages of microalgae
can enhance the fatty acid profile of animal products, which is crucial for human health, it
should be viewed as a supplement rather than a complete replacement for existing protein
sources. By strategically incorporating microalgae biomass into ruminant diets, we can
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improve not only the quality of animal feed but also the nutritional quality of livestock
products, providing consumers with healthier options rich in essential fatty acids.

Furthermore, this article emphasizes the crucial role of women in livestock man-
agement within semi-arid regions. Empowering women through training in microalgae
cultivation not only enhances their economic opportunities, but also fosters community
resilience. By equipping women with the necessary skills to produce high-quality an-
imal feed, we can improve their families’ livelihoods while contributing to a broader
community development.

Ultimately, this paper advocates for a comprehensive approach that recognizes the
interconnectedness of livestock production, food security, and the innovative use of mi-
croalgae. By addressing the economic, social, and technical challenges associated with
microalgae integration, we can pave the way for a more sustainable and resilient agri-
cultural future in semi-arid regions. Collaborative efforts among researchers, farmers,
and policy makers are essential to realize the full potential of microalgae to improve food
security and sustainability, while acknowledging its limitations in replacing traditional
protein sources in livestock diets.
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